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Abstract 

Confining the delocalized fields of electromagnetic waves to the nanometer scale of 

metallic surface regions by exciting surface plasmons enables new methods of 

information transfer, energy conversion, red-ox chemistry and catalysis. Currently, Ag 

and Au are the most commonly used plasmonic materials, but neither is ideal. The goal of 

this work is to synthesize and characterize new Au- and Ag-based alloy materials with 

improved plasmonic response, low optical losses and high chemical stability by 

employing an electroless reduction method to deposit the alloys through co-deposition of 

silver and gold ions. The deposition kinetics of the ions in solution have been examined, 

followed by characterization of the resulting films to assess their quality, crystallinity and 

physical and chemical properties. We have employed spectroscopic ellipsometry (SE) to 

assess the optical and plasmonic properties, X-ray photoelectron spectroscopy (XPS) for 

film composition and electronic structure, X-ray diffraction (XRD) for film crystallinity, 

scanning electron microscopy (SEM) and high-resolution transmission electron 

microscopy (HRTEM) for their crystalline structure and morphology. The chemical 

stabilities of the alloy films have also been addressed by examining their stability upon 

exposure to various oxidants. Nanostructured alloy films deposited using the same 

chemistry on films patterned by electron beam lithography (EBL) yield large area, high 

quality, crystalline nanopillar arrays. These metamaterial arrays demonstrate plasmonic 

response which is determined by pillar diameter, periodicity and composition. The 

development of new high quality, crystalline, plasmonic alloy materials will enable new 

and improved performance in plasmonic and metamaterial research and application. 

 

Keywords:  Plasmonics; Au-Ag Alloy films; Single crystal; Planar surface 
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Chapter 1. Introduction 

1.1.  Surface Plasmons 

A plasma is an electrically neutral medium of unbound positive and negative 

particles and is sometimes referred to as a fourth state of matter.1 A plasmon is a quantum 

of plasma excitation. The quantization of the collective oscillation (Figure 1.1) of a 

conductive electron gas at a metal/dielectric interface is known as a surface plasmon 

(SP).2 Interest in surface plasmons has increased exponentially over the past two decades 

because of their many potential applications (Chapter 1.3) and their promise to affect new 

physical and chemical processes. The primary motivation of the work described in this 

thesis is to develop a new class of high quality plasmonic material with beneficial 

properties not available in existing plasmonic materials, such as surface smoothness, 

material uniformity, and crystallinity to improve and expand these applications, which 

require the abilities to control the material thickness, compositions and especially the 

optical properties. 

 

 
Figure 1.1: Illustration of Surface Plasmon (SP). 

Surface plasmons can be excited when the energy and momentum of incident 

photons couple with free electrons at the interface of the metal and dielectric materials. 

The conditions required to excite SPs are determined by their dispersion characteristics 
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and are generally obtained by solving Maxwell’s equations for electromagnetic waves 

incident on the materials. There are two general solutions and therefore two excitation 

modes of SPs, applicable to interfaces of different geometry.2,3  

One of the solutions of Maxwell’s equations describes the propagation of 

electromagnetic waves along the planar interface of a metal and a dielectric. This 

propagating mode is known as a Surface Plasmon Polariton (SPP). Collective electron 

excitation requires that both energy and momentum conservation be fulfilled for the 

photon to couple efficiently to the SPP. Generally, the momentum of a surface plasmon is 

greater than that of an incident photon of equivalent energy, preventing the excitation of 

SPPs directly through free space coupling by photons (Figure 1.2b). As a result, 

geometries that provide an additional momentum increase are required to couple light 

into SPPs. One common method is known as evanescent wave coupling, in which the 

generation of an evanescent wave with momentum along the metal dielectric interface 

achieved through total internal reflection, satisfies this momentum matching requirement. 

An example geometry is shown in Figure 1.2a. The Kretschmann structure has a thin 

layer of metal (yellow) on top of a prism (blue) and the incident light angle can be 

controlled to achieve total internal reflection. When the angle of the incident beam is 

adjusted to the resonance angle	𝜃, such that the total internal reflection occurs at the 

interface between prism and metal, photons tunnel through the thin metal and their 

evanescent field couples with the surface electrons, generating an SPP that propagates 

along the metal – air interface.4  
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Figure 1.2: (a) Kretschmann configuration to excite surface plasmon polaritons 

by prisms; (b) Dispersion relation of SPP indicating the momentum 
mismatch between light line (orange) and the surface plasmon curve 
(blue); and by employing Kretchmann prism (red), resonance can be 
fufilled at the common intersection.  

Under momentum matching conditions, light can be efficiently coupled to the 

SPP and represents a propagating wave solution to Maxwell’s equations defined by the 

wave vector, kx, along the interface: 

𝑘'(𝜔) =
,
-
( ./.0
./1.0

)2/4  ,    (Eq. 1.1)  

where em is the dielectric function of the metal and ed is that of the dielectric medium, 𝜔 

is the angular frequency, and c is the speed of light in vacuum. This dispersion equation 

for a SPP wave is obtained by applying boundary condition for p-polarization. kx 

describes the propagation along the interface, which has an infinite value if em = ed. in 

other words, equation 1.1 shows that when the real part of the complex metal permittivity 

is opposite in sign and magnitude to the dielectric permittivity, SPPs are resonantly 

generated at the metal dielectric interface. At the same time, these solutions display 

electric fields that decay exponentially in directions perpendicular to the metal dielectric 

interface, a phenomenon known as evanescent decay. The resulting electromagnetic 

energy density varies in the different media. The SPPs contain both electromagnetic 

waves in the dielectric medium and an oscillating electron plasma in the metal (Figure 

1.3). Both have evanescent wave character and decay exponentially with different length 

scales in the metal and dielectric.5 The decay length in the dielectric (typically hundreds 

of nanometers) is much larger than that in metals (typically tens of nanometers). 
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Figure 1.3: Illustration of evanescent decays of SP excitations. Different decay 

lengths of the evanescent fields are shown in both dielectric and metal. 

An alternative metal/dielectric geometry capable of supporting surface plasmons 

describes the solutions to Maxwell’s equations at the metal/dielectric interfaces of 

metallic nanoparticles and nanostructures. These non-propagating electromagnetic modes 

are known as Localized Surface Plasmons (LSPs). Excitation of the polarizable electron 

density of metallic nanostructures results in resonant excitation determined by the 

nanostructure size and shape.6 Similar to the resonant coupling of light to SPPs, the 

condition for resonantly enhanced nanostructure polarizability is described by Equation 

1.2, 

𝛼 = 4𝜋𝑎9 ./:.0
./14.0

 ,              (Eq. 1.2) 

where a is the complex polarizability of the radius of a metal particle. A resonance is 

expected when the denominator reaches a minimum: 

𝜀#(𝜆) = −2𝜀"                 (Eq. 1.3) 

In general, LSPs are confined excitations of non-propagating surface plasmons, 

localized on nanoscale structure(s). Incident light can excite LSPs by driving the 

collective oscillation of electrons in nanostructures, when the radius a of these structures 

is similar or smaller than the wavelength of the incident light. LSPs are characterized by 

large, resonantly enhanced electric fields that are greatest near the surface of the 

nanostructure, and rapidly fall off with distance from the surface. The interaction of 

electromagnetic waves with metallic nanoparticles has been the focus of much research 

!"

!#

z

|%&|



5 

effort in the past several decades.6 Specifically for noble metal nanoparticles and 

structures, resonant optical absorption occurs at visible wavelengths. The refractive index 

of the surrounding medium can affect the extinction peak (resonance position shows red 

shifts as 𝜀" increases), which plays a very important role in sensing applications.7 

Equations 1.1-1.3 indicate that the resonant excitation of surface plasmons 

requires that the wavelength dependent permittivity of the metal be negative, since the 

permittivity of dielectric materials is generally greater than zero at all wavelengths.8 

These “plasmonic metals” display negative real dielectric constants (Chapter 1.2) over 

certain wavelength ranges and are a major focus of the work presented here. Common 

plasmonic metals include Au, Ag, Cu, and Al. Their frequency dependent permittivities 

are negative in the infrared to visible spectral ranges, making them the primary focus of 

plasmonic investigations. Interband electronic absorption in these metals in the visible to 

ultraviolet spectral regions limits their plasmonic response at higher frequencies. For 

example, while Au possesses a negative permittivity in the infrared to visible spectral 

range, it undergoes d-sp interband electronic absorption at approximately 530 nm (2.3 

eV) preventing plasmonic activity and its use at shorter wavelengths. Interband 

transitions in silver occur at approximately 400 nm (3.0 eV), making it more attractive as 

a plasmonic material throughout the visible spectral range, however, the limited chemical 

stability of Ag which undergoes more ready oxidation than Au limits its broader use as a 

plasmonic material. The permittivity, electronic structure, and chemical characteristics of 

these metals determine their usefulness as plasmonic materials. 

Despite some of these metal dependent limitations, surface plasmons offer the 

possibility of localizing the 3-dimensional electric fields of delocalized electromagnetic 

waves, confining them to the 2 dimensions of the interface in the case of SPPs, and to the 

more confined nanometer scale of metal nanostructures in the case of LSPs. Thus, the 

excitation of surface plasmons provides a way to confine electric fields to nanometer-

scale regions, where the fields are correspondingly amplified, and can be used to enable 

new methods of information transfer, energy conversion and red-ox chemistry. As a 

result, the investigation of plasmonic materials and properties has been the focus of much 

recent attention.  
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1.2. Plasmonic Materials 

 As briefly introduced in the previous section, plasmonic materials are especially 

interesting since they can be used in many important applications such as nanoscale 

waveguiding and photocatalysis.9,10,11 In this section, the development and the properties 

of the commonly used plasmonic materials will be introduced and discussed in more 

detail. 

The plasmonic properties of materials are determined by their electronic response 

to incident electromagnetic waves, generally described by a material’s frequency 

dependent, complex dielectric function or permittivity, ε. Permittivity is the measure of a 

material's ability to resist an electric field in the polarization of the medium and the 

ability to resist external electromagnetic fields. Permittivity of a material has a complex 

nature due to the amplitude and phase response with respect to the driven force. The 

frequency dependence and complex nature of the permittivity indicates that a material's 

polarization does not change instantaneously when an electric field is applied and may 

display an amplitude and phase difference with respect to the applied field. This is 

particularly true for high frequency electromagnetic radiation where the inertial response 

of polarizable electrons results in an oscillating polarization within a dielectric material 

that is out of phase with its driving field, resulting in a negative real part of the 

permittivity at those frequencies. The complex permittivity is usually written as: 

e = e1 + ie2                                    (Eq. 1.4) 

where e1 is the real part and describes the material electronic polarization response 

interacting with an external electric field, and e2 is the imaginary part representing 

polarization losses through material absorption of the light.12 Light matter interactions are 

also sometimes described through the material’s complex refractive index (n = n0 + ik) 

since the complex refractive index and dielectric functions are directly related through e 

= n2. Here, n is the refractive index describing the dispersive characteristics of the 

material, while k represents the extinction coefficient of the material which describes the 

loss of the energy wave. The dielectric constant of a plasmonic material determines the 

resonance frequency of the LSPR thus affecting its applications.13  
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Materials that support surface plasmons require particular electronic 

characteristics, as described in Section 1.1. In general, materials with relatively large 

electron mobilities and large electron densities14 with relatively few interband optical 

transitions are preferred.15 There are many non-metal materials that have been 

characterized as plasmonic materials, such as nitrides and silicides, but few of them have 

the plasmonic response in the optical range.  Metals such as Au and Ag, are the most 

commonly used plasmonic materials with response in the infrared-visible range.1 

Nanoparticles of these plasmonic materials are very well studied as their sizes and shapes 

are relatively easy to control through chemical synthesis and their properties are 

understood comprehensively through accurate experimental and computational 

simulation.16–18 However, the usefulness of nanoparticles for plasmonic device 

applications is limited due to challenges associated with assembling, positioning, and 

electrically addressing them in device architectures.  

Gold has a higher reduction potential than other noble metals such as Ag or Cu 

and displays many desirable properties, such as an excellent resistance to corrosion. The 

high electron density makes it a valuable plasmonic material. However, gold is also low 

in abundance, making it expensive. Its plasmon lifetime is extremely short, resulting in 

ultrafast photothermal decay. Gold also has optical interband transitions near 530 nm and 

470 nm that prevents its use for plasmonics below these wavelengths.19 Gold has an 

electron configuration of [Xe] 4f145d106s1 and a valence band of d-electrons. For 

crystalline gold, the conduction band is formed from 6s and 6p orbitals, and light can 

excite both interband and intraband transitions. The interband transitions lead to 

absorption and large plasmonic losses in the short wavelength a visible regions, severely 

limiting the feasibility of many plasmonic applications.20 

In contrast, silver has an electron configuration of [Kr]4d105s1, and is similar to 

gold with its d-band filled with electrons and a single electron is in the highest occupied s 

subshell. Ag also has a much longer plasmon lifetime, and the expected threshold for 

silver interband transitions is at 420 nm. It has the lowest losses among all metals in the 

near visible range.15 Even though silver has relatively lower cost and lower losses than 

gold, silver is also not an ideal candidate for plasmonic applications. Silver has a lower 

electrochemical potential and its ionization energy is lower than gold, which increases the 
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tendency of silver to oxidize in ambient environments, and therefore limits its long-term 

stability and degrades its plasmonic response in many environments.21 

One strategy that is designed to take advantage of the positive plasmonic 

characteristics of silver and gold and could overcome their limitations is the synthesis of 

silver-gold alloy materials. These alloys may display improved hybrid plasmonic 

properties with response throughout the visible spectrum as well as improved chemical 

stability that is more characteristic of gold.15 This approach has been used historically as 

early as 862 BC, where Au and Ag alloys were employed to modify the hardness and 

create exotic colors of commercial jewelry through the high temperature annealing.22 

However, in order to obtain Au-Ag alloys that can be used in plasmonic applications, a 

high standard will be required to fabricate large area, single crystal alloy materials which 

display excellent performance.23 

 

1.3. Applications 

Research in the area of plasmonics is receiving increasing attention in recent years 

due to the extraordinary properties of surface plasmons and their use for novel 

applications. Two excitation modes of SPs are extensively valuable for advanced 

technology applications.24–26 Examples of plasmonically induced processes include 

plasmon-based energy conversion devices, plasmon-based information processing and 

transfer methods, plasmon-based sensors,27,28 biophysical studies,29 and new surface 

spectroscopy methods such as surface enhanced Raman spectroscopy (SERS) at 

plasmonic surfaces. This section will introduce the applications of both SPP and LSP in 

detail and their impact in plasmonic fields. 

SPPs offer a rapid way to guide and manipulate electromagnetic waves at the 

nanoscale, which enables new and interesting applications.25 Modern electronic circuits 

transport and store electrons in circuit elements that are currently at the several 

nanometer size scale. However, components of photonic systems that transmit 

information over long distances (fiber optics) are at the micrometer length scale.  This 

mismatch in dimension limits the integration of these technologies and hinders higher 
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performance levels for information technology. SPs offer the potential to bridge these 

length scales by capturing delocalized electromagnetic waves and confining their fields to 

the nanometer scale where they could be coupled to electronic circuit elements.28  Due to 

the ability to focus light to sub-wavelength dimensions and the corresponding amount of 

electromagnetic energy that can be stored in a plasmonic material, SPs are also suitable 

for energy applications.30  For example, light can be captured and harnessed in plasmonic 

photovoltaic devices.  New water splitting technologies are possible where photocatalysis 

driven by plasmon-induced hot charge carrier generation can lead to the capture of 

sunlight to form solar fuels such as H2 directly.  The viability and efficiency of these 

technologies can be enormously improved by developing new plasmonic materials with 

desired properties.31  

The research interest is also driven by Localized Surface Plasmon Resonance 

(LSPR) excitation.32 LSPRs can result in local electric field enhancements of several-to-

many orders of magnitude and provide the opportunity for new chemical and physical 

phenomena in these confined interfacial regions, which plays an important role in optical 

and imaging fields.33,34 Surface-enhanced Raman Scattering (SERS) is an example of 

utilizing these properties to enhance the local electromagnetic field and increase the rate 

of scattering of adjacent molecules.35 Another example is to employ metal plasmonic 

nanomaterials instead of fluorescent dyes, for biological labeling.36 LSPRs also provides 

the possibility of localizing thermal processes around nanostructures, as the energy can 

be converted to heat quickly.37 This is greatly applied in the medicinal and biological 

fields, such as bio-diagnostics,38 biological sensing39,40 and cancer therapy.41,16 Indeed, 

nanostructured plasmonic metal particles have been used in cancer- and tumor-treatment 

clinically. Those plasmonic particles are conjugated with molecules or ligands that are 

attracted by the target cells. Following LSPR excitation with white light, local thermal 

activation can either deliver a drug “payload” locally or induce sufficient heating to 

destroy the targeted cancer cells.42 LSPRs of metal nanostructures can be tuned by 

changing the sizes, shapes, and compositions of the nanostructures.43 Therefore, having a 

completely tunable plasmonic material can contribute to many biological and mechanical 

applications.44 
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1.4. Motivations and Overview 

As stated above, many of the applications would benefit from new plasmonic 

materials with controlled and improved physical and optical properties.45 Therefore, this 

work is intended to develop such materials that are high quality, single crystal, large area 

films with controllable properties. 

Specifically, the goal of the research described in this thesis is to develop new 

gold- and silver-based plasmonic alloy materials to address the limitations of the 

individual metals. The focus of this work is to employ an electroless reduction method to 

deposit new Au/Ag alloys through co-deposition of silver and gold ions. The method is 

based on the work developed in our research laboratory by Ph.D. candidate Sasan V. 

Grayli to deposit noble metals from alkaline electrolyte baths containing noble metal 

salts. As the co-deposition of Ag and Au is established with controlled concentrations, 

the formation of the alloys and their composition are confirmed. Scanning Electron 

Microscopy (SEM) is used to check the quality of the surface and understand the 

variation of film thickness. Transmission Electron Microscopy (TEM), X-ray Diffraction 

(XRD), and X-ray Photoelectron Spectroscopy (XPS) are employed to confirm the 

fabrication of alloy materials and to establish their surface compositions. Spectroscopic 

Ellipsometry (SE) methods are used to investigate the utility of these hybrid alloy 

materials by examining their optical and plasmonic properties. SE provides the optical 

constants of the alloys to establish their plasmonic characteristics. As a result, optical, 

plasmonic, and chemical stability measurements are performed on these materials to 

determine their usefulness in plasmonic fields. The nanostructures of such well-

developed materials will also be designed and studied for different compositions as they 

are expected to have improved plasmonic responses.  

The potential impact of this work is to obtain new materials with improved 

plasmonic response over larger wavelength regions with high chemical stability, low 

optical losses, and controllable compositions. Different applications require materials 

with different properties. For example, an absorber requires relatively large imaginary 

part of permittivity while optical hyperlens devices typically prefer a smaller value.46 

Success in this work will enable improvements in plasmonic-based energy conversion 

devices, photovoltaic devices, which are expected to have smaller sizes (e.g. with 
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hundreds times thinner absorption layer), higher efficiency, tunable plasmonic response, 

and lower optical losses by simply controlling the composition and thickness of the 

films.47 Additionally, the sensitivity and range limitation of plasmonic microscopies can 

also be improved. For long-term application or devices in harsh chemical environments, 

newly developed materials are expected to be more resistant to oxidation, providing new 

options for medicinal and biological designs. 
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Chapter 2. Experimental Methods 

2.1. Introduction 

Due to the nature of this work, many instruments are required for the fabrication 

and characterization of these new materials. Each instrument provides unique information 

about the samples. Once the data obtained from each method is combined and compared, 

the properties of the newly developed alloy materials can be better understood. In this 

chapter, the electroless deposition method will be explained in detail, and each important 

instrument used in the fabrication and characterization of the alloy materials will also be 

introduced and discussed. The discussion is limited and focussed on the capabilities of 

each tool and their relationships to the current work.  

 

2.2. Electroless Co-Deposition Method 

A new electroless deposition method has been developed in our lab that enables 

the reduction of different noble metal salts from aqueous media to yield the growth of 

high quality, epitaxial, single crystal metal films in a relatively inexpensive and time 

efficient way which produces ideal alloy materials with high quality and controllable 

properties for applications in plasmonics. This method is based on metal ion reduction 

from metal hydroxide complexes formed in highly basic solutions. Under these 

conditions, the readily available hydroxide ions act as reducing agent for the metal ions. 

This process also allows the co-deposition of multiple species in the basic solution 

simultaneously which is the basis of formation of metal alloys. By mixing two or more 

metal ion solutions at specific concentration and volume ratio, alloys of controlled 

composition can be deposited into high quality alloy films.  
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2.2.1. Experimental Procedures  

Generally, 0.4 ml of solution(s) that contain 1.25 x 10-3 M metal ions from either 

the metal salt or acid (e.g. HAuCl4) is mixed in 15 ml of 1 M NaOH solution in the 

presence of a single crystal Ag(100) substrate formed through evaporation of 

approximately 500 nm silver onto a Si(100) wafer. Exposure of the Ag substrate to this 

solution in a 60°C water bath for a period of 2 hours leads to the deposition of 90 ± 5 nm 

of epitaxial single crystal metal film. In order to synthesize Ag-Au alloys, a 0.5 ml 

mixture of different ratios of 𝐴𝑢𝐶𝑙C
D ions (from HAuCl4) and Ag+ ions (from AgNO3) is 

prepared and the same deposition method is followed. A series of alloys with different 

compositions is synthesized by varying the relative Au- and Ag-based molar ratios, as the 

mole of total metal ion is kept constant (1.5 x 10-4 M). Initially, a composition of 25% 

(0.09 ml) of silver solution and 75% (0.27 ml) of gold solution was used to co-deposit 

alloys, followed by studying their properties. Then a series of 0%, 25%, 50%, 75% and 

100% of silver solutions were added respectively to make different alloy samples.  

2.2.2. Electroless Deposition Mechanisms 

When a silver substrate is exposed in a solution that contains gold ions, Galvanic 

replacement, an undesired spontaneous electrochemical process is expected to occur 

when 𝐻𝐴𝑢𝐶𝑙C is used in this electroless deposition, which produces 𝐴𝑢𝐶𝑙C
D ions in 

solution. It has been reported that the reduction potential of 𝐴𝑢𝐶𝑙C
D is 1.0 V, whereas that 

of Ag is 0.8 V.48 Thus the silver atoms from the film can quickly be oxidized while the 

gold ions be reduced to atoms on film surface which results in a poor quality, porous, 

mixed Au and Ag film. The goal of this work is to prevent galvanic replacement and 

produce high quality Au, Ag, and their alloy films.  

In this work, it has been shown that galvanic replacement can be eliminated by 

employing highly basic conditions. With the presence of an appropriate reducing agent, 

the deposition of high quality, single crystal Au can result. Initially, in the presence of 

high 𝑂𝐻D concentrations, 𝐴𝑢𝐶𝑙C
D is transformed to 𝐴𝑢(𝑂𝐻)C

D through ligand 

replacement:  



14 

𝐴𝑢𝐶𝑙C
D          →         𝐴𝑢(𝑂𝐻)C

D 
In this case, the excess hydroxide ions in solution act as a reducing agent. The 

proposed mechanism is shown below:49 

4 x             𝐴𝑢(𝑂𝐻)C
D + 3𝑒D → 𝐴𝑢 + 4𝑂𝐻D                   (E0  =  0.56 V) 

 3 x                        4𝑂𝐻D → 𝑂4	 + 2𝐻4𝑂 + 4𝑒D           (E0  = - 0.40 V) 
---------------------------------------------------------------------------------------------------------                       

                 4𝐴𝑢(𝑂𝐻)C
D → 4𝐴𝑢	+	3𝑂4	 + 6𝐻4 +	4𝑂𝐻D         (Ecell0 = 0.16 V) 

In comparison, the mechanism of producing high quality Ag films from silver 

nitrate is expected to be very similar to that of gold. This is due to the fact that two 

species are deposited under the same experimental conditions and follow the same 

procedures, both of which accomplished high quality, single crystal epitaxial films.  

Silver oxide is expected to form when aqueous silver nitrite is added to an alkali 

hydroxide:50 

2AgOH(aq) → Ag2O(s) + H2O(l) 
However, Ag2O is soluble in water and basic solution (in this work, solution pH = 

14). Ag2O degrades in hydroxide to produce Ag(OH)2- instantaneously. As a result, 

Ag(OH)2- is reduced to Ag with the presence of excess OH- as following: 

       4𝑂𝐻D → 𝑂4	 + 2𝐻4𝑂 + 4𝑒D                   (E0 = - 0.40 V) 

4 x     𝐴𝑔(𝑂𝐻)4
D + 𝑒D → 𝐴𝑔 + 2𝑂𝐻D          (E0 = 0.58 V) 

---------------------------------------------------------------------------------------------- 

             4𝐴𝑔(𝑂𝐻)4
D → 4𝐴𝑔 + 4𝑂𝐻D + 𝑂4 + 2𝐻4𝑂	     (Ecell0 = 0.18 V) 

This mechanism is supported with an experimental measurement based on the 

galvanic cell at 25℃. Initially, the reduction potential for 𝑂𝐻D	is obtained as a standard 

measurement: 

Zn½ZnSO4 (1.0M) ∥ NaOH (1.0M)½Pt 
The resulting cell potential is 1.51 V, whereas the Zn reduction potential is given 

as -0.76 V. Thus, the experimental reduction potential for 𝑂𝐻D	is obtained as 0.391 V, 

which is very close to the reported value of 0.391 V.51 Then the reduction potential for 

𝐴𝑔(𝑂𝐻)4
D is measured under the same experimental condition for depositing pure Ag 

film. After 0.39 ml of 1.25 x 10-3 M AgNO3, was added to the NaOH solution, the cell 
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potential showed a value of 1.135 V. The reduction potential of 𝐴𝑔(𝑂𝐻)4
D is thus 

corrected by concentration using the Nernst equation at 25 ℃: 

E	 = 	EP −	P.PRS4
T

𝑙𝑜𝑔𝑄.    (Eq. 2.1) 

As a result, the standard reduction potential for 𝐴𝑔(𝑂𝐻)4
D	is 0.583 V. Therefore, 

the mechanism for Ag deposition is confirmed to be very similar to Au deposition. 

 

2.3. Fabrication Experiments 

In this section the instruments required for the fabrication of the new single 

crystal alloy materials are described. The epitaxial growth of single crystal materials 

requires a single crystal template to be used as a growth substrate. In this work, we have 

employed single crystal silver (Ag(100)) substrates as a growth template, formed by 

evaporation of Ag onto Si(100) substrates under specifically controlled conditions. The 

method of depositing the single crystal Ag template is explained in detail in this section. 

 

2.3.1. Physical Vapor Deposition (PVD) 

 Physical Vapour Deposition (PVD) is a family of deposition techniques for 

producing thin films or coatings which typically employ high temperature and high 

vacuum systems. The high vacuum environment ensures high purity thin films with low 

levels of unwanted contaminations. PVD methods include vacuum deposition by thermal 

evaporation, electron beam evaporation, or sputter deposition. They are capable of 

depositing a wide range of film thickness, from a few nanometers to several 

micrometers.52 PVD is therefore widely used in many applications such as optical 

coatings.53  

This portion of the work has exclusively employed thermal evaporation and our 

discussion is limited to this method. A typical resistive thermal evaporation chamber is 

demonstrated in Fig 2.1. In general, by applying electrical energy to the resistive sample 

holder, a material evaporates as temperature increases and the molecules are vaporized 
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into the high vacuum chamber. The vapor travels and nucleates at the substrate above and 

forms layers of coating.  

 
Figure 2.1:  Module of a standard PVD chamber.(Adapted from ref 54) 

For this project, PVD is used to deposit silver films with orientated crystalline 

structures, which act as a template for further epitaxial growth of alloys. Silver has 

relatively good adherence to silicon after high temperature deposition. Prior to 

deposition, a native oxide-covered Si(100) wafer is RCA cleaned,55 which follows a 

standard set of wafer cleaning steps, to remove insoluble organic contaminants, ionic and 

heavy metal atomic contaminants, and the insoluble oxide layer. For the chamber 

preparation, six small solid silver pellets with 99.9% purity are added in a thermally 

circuited sample holder located at the bottom of the vacuum chamber for each deposition. 

Immediately prior to deposition, the wafer is washed in Buffered Oxide Etchant (BOE) 

for 45 s to remove any surface oxides. The cleaned wafer is attached to the underside of 

the sample holder positioned at the top of the chamber. Ag deposition is carried out at a 

rate of 3 Å/s, and approximately 500 nm of single crystal silver is typically deposited. 

After evacuation of the high vacuum chamber, the silver pellets are vaporised at a 

temperature of 650°C, where silver atoms evaporate and travel in vacuum toward the 

shuttered Si(100) substrate attached above. After the temperature of the substrate reaches 

360°C, the shutter is opened and layers of silver are deposited, as the gas phase atoms 

reach the electronic semiconducting silicon substrate, the atoms condense to form a 

uniform solid layer.56 As a result, a monocrystalline film is obtained at the end of the 

deposition. Substrate heating enables the deposited material to diffuse over the surface to 
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achieve greater film uniformity and film coverage.56 The Ag is then uniformly deposited 

via PVD onto the silicon wafer.  

Previous work in our laboratory has established that these conditions leads to the 

epitaxial deposition of silver, providing high quality Ag(100)/Si(100) substrates. The 

single-crystal property of the resulting shiny, reflective substrate is confirmed by XRD 

(see section 2.4.3). These substrates are subsequently used as templates for the growth of 

new single crystal epitaxial gold and silver alloy materials. 

 

2.4. Characterization Experiments 

This section describes various instruments that are required for the 

characterization experiments in this work. Following the single crystal silver template 

fabrication procedure employing the method described in the previous section, the Ag-Au 

alloy films are fabricated via electroless deposition as described in detail in Chapter 2.2. 

Understanding the unique properties of the newly deposited alloy films is the main focus 

of this work. This chapter describes the physical and optical properties of the new alloy 

materials examined using Scanning Electron Microscopy (SEM), Spectroscopy 

Ellipsometer (SE), X-Ray Diffraction (XRD), UV-Vis Spectroscopy, X-ray 

Photoelectron Spectroscopy (XPS), Transmission Electron Microscopy (TEM), and 

Inductively Laser Ablation Coupled Plasma Mass Spectroscopy (ICP-MS).  

 

2.4.1. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy uses a fine point focused electron beam to scan the 

surface line by line and provide the information of surface morphology and composition 

at high magnifications. By using SEM, the smoothness and quality of a sample surface 

can be visualized at the nanoscale, and the compositions of a material can be analyzed in 

detail. As shown in Fig 2.2, the electron beam produced from the electron gun goes 

through an accelerator and focusing magnet and is then focused on a sample. The 

reflected electrons are captured and analyzed by detectors.  
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Figure 2.2: Schematic of Scanning Electron Microscopy (SEM).   

 

In order to produce images, the high energy electrons from the accelerated 

electron beam interact with the specimen and produce secondary electrons (SEs) and 

backscattered electrons (BSEs).57 Specifically, surface morphology is mainly visualized 

by amplified SEs. As shown in Figure 2.3, SEs normally have a lower energy than the 

initial beam energy which is deflected and detected in a small angle. SEs are produced 

from the first few nanometers of the material surface when the incident electrons deliver 

kinetic energy to the sample. This inelastic interaction between the primary electron 

beam and the surface of the sample makes the electrons from the surface atoms gain 

enough energy to be ejected from their orbitals and form SEs.58 The SE detector is 

located at the side of the sample such that the images being produced have 3-D shadowed 

effects. Since only the number of electrons is being detected by the detector, images are 

collected in gray scale instead of color. BSEs are incident electrons reflected backwards 

at large angle with higher energy than SEs and show the contrast of different 

compositions of a sample. Typically, gray scale images are generated and a brighter 

shade indicates higher molar mass of material since more SEs and BSEs can reach the 

detector.59 Thus, when different shades are observed in one sample, it is very likely that 
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the sample contains different materials. As shown in Fig 2.3, There are also many other 

signals being produced during this procedure like photons, heat, and visible light, but 

they are not considered in this work. 

  
Figure 2.3:  The interaction between the incident electron beam and a specimen, 

including the nature of producing SEs and BSEs. 

In addition to the ability of obtaining high quality surface images, the tool is also 

capable of Energy Dispersive X-ray (EDX) measurements that can provide important 

information on electronic structure and the chemical compositions of a specimen. X-rays 

are generated based on the unique atomic number of materials as shown in Fig 2.4. Due 

to the interaction with the primary electron beam, atomic electrons are ejected from their 

original orbital to either a higher energy shell or from the atom entirely and leave behind 

positive holes. When electrons from higher energy shells are attracted to fill the holes on 

lower energy shells, X-rays will be released due to the energy difference in such 

transitions. The energy of this X-ray is detected and indicates the energy difference of the 

two shells, which depends uniquely on the elemental atomic number. Using this 

technique, elemental composition information can be obtained from the sample. 

<
Sample

<
<

Secondary 
Electrons 

X-ray Photons 

Incident Electron 
Beam

Backscattered 
Electrons



20 

       
Figure 2.4: The generation of X-ray and illustration of EDX measurement.  

Note that when a metal surface is scanned by SEM, contaminations have to be 

considered since the high energy electron beam can break hydrocarbons from oil or 

grease in the air or on the sample, resulting in a carbon contamination layer on the 

specimen. This is the reason why a darker area is often observed when magnification 

changes. The higher the magnification and the electron beam current, the quicker the 

carbon forms on the surface.58 This fact makes the order of characterization procedures 

important for this work. For example, surface quality is often examined by SEM after 

other surface sensitive measurements such as XPS are completed. 

In addition to the visualization and analysis of sample surfaces, SEM is also used 

to study the inner sample by sputtering the sample with a Focused Ion Beam (FIB). The 

cross-sectional image of the sample can be viewed, and the corresponding thickness of 

films can be measured after tilting the stage. This technique can be used to remove 

unwanted materials or to assist in chemical vapor deposition to deposit desired non-

volatile materials precisely on the selected regions. In addition, this microscopy is also 

used to mill and lift-off thin pieces from a sample to prepare for further analysis, such as 

TEM measurements. The mechanism of Focused Ion Beam (FIB) milling is similar to 

SEM but utilizes ion beams instead of electron beams to sputter the surface and produce 

neutral atoms and secondary ions.60 A gallium ion source is commonly used to modify 

the surface and perform milling of the sample. The spot size of the FIB is typically less 

than 10 nm so that the sputtered shapes and sizes can be controlled at the nanometer 

length scale.61 When the incident ion beam is directed towards the sample surface, ions 
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change direction after interacting with nuclei and electrons from surface atoms, and have 

enough energy to kick out other atoms from their original lattice positions. Some lattice 

sites may remain vacant after smaller atoms, such as carbon and nitrogen, have been 

trapped in the spaces between metal atoms. Atoms with excess energy can either eject 

other atoms or find empty lattice spots and fit in. Both of which mean that crystalline 

structures can be damaged in the vicinity of the ion beam. Atoms and ions collide and 

will reach the surface and cause the surface atoms to escape to vacuum, leading to net 

loss of material when sputtering.62 For heavy ions like Ga, the ion source in the SEM 

used for these studies, the ions travel very limited distance into the solid. Incident Ga ions 

interact primarily with the sample surface, where the majority of damage and ion 

implantation is expected to occur.61 Ion implantation refers to a process in which ions 

from the original source come to rest in the material being detected. As damage occurs 

whenever an ion beam is involved, a protective layer such as platinum is often deposited 

over the surface, before FIB milling is carried out. This deposited layer protects the 

sample surface from being damaged and improves the accuracy of the measurements. 

Normally, large current beams are used for cutting through the sample, while lower beam 

currents are used for polishing procedures.61 After polishing, a sharp, clear, and high 

quality cross-sectioning of the sample can be obtained. Overall, combining FIB milling 

and SEM enables high resolution, high quality imaging for accurate information on film 

thickness.63   

For this project, a Thermo Scientific DualBeam SEM/FIB was used to check the 

quality of the sample surfaces, the thickness of alloys deposited with different alloy 

compositions, and for the preparation of thin films for TEM measurements. The sample 

quality is measured by imaging the surface, and the thickness of the alloy film is 

measured by the FIB milling procedure combined with SEM. Due to the high 

magnification, defects associated with the alloy surfaces, such as unwanted particles 

deposited from solution, grain boundaries, and pinholes can be viewed clearly at the 

nanoscale. Multiple spots at least hundreds of micrometers away from each other on the 

same surface are examined for reproducibility of quality of each sample. Aside from 

surface quality, thickness of samples is also very valuable to be understood in this work. 

By focusing and combining both ion beam and electron beam, the thickness information 

can be easily extracted. Initially, a layer of Pt is deposited on the selected region in order 
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to protect the sample surface from FIB preview damage. The ion beam is then used to 

mill through the sample and generate a hole that is wide enough for viewing. With the 

stage tilted 52 degrees cross-sectional images are obtained. Since samples are comprised 

of different material layers, gray scale differences are readily observed and enable the 

thickness of electroless deposited alloy films to be measured accurately. FIB Milling to 

detach a thin cross-sectional piece for transfer to the Transmission Electron Microscope 

(TEM) is also accomplished with this tool. 

 

2.4.2. Spectroscopic Ellipsometer (SE) 

Ellipsometry uses elliptically polarised light and is an optical and analytical 

technique that measures the dielectric function and thickness of a material by detecting 

the change in state of polarization upon interaction of light with the material.64 As shown 

in Fig 2.5, the incoming linearly polarized light reflects from the surface of the sample 

and results in different polarization intensity components as measured at a detector 

positioned to capture the reflected light. Thickness, surface roughness, and dielectric 

function are the major properties that create changes in polarization, specifically, in the 

amplitudes and phase changes of the polarization.  

 
Figure 2.5: Schematic showing an incident light wave interacting with a sample, 

and resulting in a change in its polarization. 

The ellipsometer is a very accurate and sensitive tool that provides thickness 

information at the Angstrom scale with high measurement efficiency. It is a high 

precision technique that does not require reference samples. This technique measures the 

reflection coefficients, which are known as ellipsometric parameters, for light polarized 

both perpendicular (rs) and parallel (rp) to the plane of incidence over a large spectral 
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range.65 For light of arbitrary polarization, the ellipsometer provides the wavelength 

dependent ellipsometric angle psi (Y) through the reflected amplitude ratio of s and p 

polarized light in angles, and delta (D), the phase difference of s and p polarized light 

striking the detector, providing optical information such as the permittivity of the 

samples. The relationship between the measured ellipsometric parameters is shown 

below: 

r =	 XY
XZ
	= 	tanYe_D	, where  tanY	 = |	XY

XZ
	|	, 0 < Y < 90.      (Eq. 2.2) 

From these parameters, the thickness and optical constants of thin films can be 

determined when fit with appropriate models. In order to relate these ellipsometric 

parameters to their properties, the Snell-Descartes equation (Equation 2.3) and Fresnel 

coefficients for different polarizations (Equation 2.4 – 2.7) are introduced: 

𝑛P 𝑠𝑖𝑛 𝜃P	 = 	𝑛2 𝑠𝑖𝑛 𝜃2		     (Eq. 2.3) 

Reflection: 

𝑟e = 	
Tf ghi jk	D	Tk ghi jf	
Tk ghi jk1	Tf ghi jf	

     (Eq. 2.4) 

𝑟l = 	
Tk ghi jk	D	Tf ghi jf	
Tk ghi jk1	Tf ghi jf	

     (Eq. 2.5) 

 

Transmission: 

𝑡e = 	
4Tk ghi jk	

Tf ghi jk1	Tk ghi jf	
     (Eq. 2.6) 

𝑡l = 	
4Tk ghi jk	

Tk ghi jk1	Tf ghi jf	
     (Eq. 2.7) 

where 𝜃P and 𝜃2 are the incident and reflected angles respectively, and 𝑛2 represents the 

reflective index of the sample material while 𝑛P is that for the surrounding material. It 

can be shown that the dielectric function of the material can be obtained from 

ellipsometer angles as follows:   
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𝜀 = 	𝑛24 = 	𝑛P4 sin4 𝜃P 	p1 +		r
2	D	s
21	s

t
4
tan4 𝜃Pu	          (Eq. 2.8)  

As shown in equation 2.9 and 2.10, Ic and Is represent the intensities of the 

reflected and transmitted signal respectively, which are measured directly from 

ellipsometry.   

𝐼- = 	 sin 2Y cosD               (Eq. 2.9) 

  𝐼l = 	 sin 2Y sinD             (Eq. 2.10)  

Spectroscopic Ellipsometry is a fast and accurate method that is capable of 

measuring and predicting the optical and structural properties of thin films, and is 

commonly used to characterize the thickness, roughness, and optical constants of new 

and existing materials.64 Following ellipsometric measurement, a model is then required 

for the theoretical calculation of Is and Ic over the full spectral range. The optical 

properties can be mathematically represented after fitting the experimental data to the 

theoretical model by simulations. For common materials, their optical properties are well 

understood, and the corresponding computer simulations, known as models, can be found 

in readily available libraries. For newly developed alloys with unknown physical 

properties, no standard models exist and their ellipsometeric parameters have to be 

deduced through fitting over their experimental spectral response. The Drude model is 

commonly used to fit the optical response of metals in their lower energy (infrared to 

near infrared) spectral region, incorporating the metal’s plasma frequency, free electron 

lifetime, and metal loss properties.66 In the UV/Visible region, Au has two interband 

transitions at approximately 530 nm and 470 nm while Ag has only one at 420 nm.67 In 

order to include the band structure of these metals, Drude-Lorentz oscillators are added to 

the Drude model in order to represent their interband electronic absorptions. Iterative 

fitting and model parameter optimization are carried out to yield a best fit to the 

experimentally obtained ellipsometric data. Parameter optimization of the alloy films is 

carried out in a restricted search, based on the known parameter sets for films comprised 

of pure Au and pure Ag. Following this fitting process, the optimized ellipsometeric 

parameters of the alloy films are compared with those of known materials (e.g. pure Au 

and pure Ag) to understand the physical meaning behind the composition dependent 

trends and differences. 
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Being able to understand and tailor the optical properties of thin alloy films 

through composition control could yield materials with new plasmonic properties and 

have a significant impact on their potential applications. In these studies, we have used 

spectroscopic ellipsometry, a sensitive and contact-free method to examine the changes in 

optical properties as the alloy composition is systematically varied. A Horiba Jobin Yvon 

MM16 spectroscopic ellipsometer with spectral sensitivity from 430-850 nm was 

employed for these studies. This limited spectral sensitivity range was undesirable and 

restricted the modelling process, however, another tool with extended sensitivity range 

from 190-2000 nm was unavailable for these studies due to instrument failure. All 

ellipsometry measurements were carried out on films of sufficient thickness (~100 nm) to 

exceed the optical skin depth of these metal materials (25-50 nm) in order to ensure that 

optical responses from underlying film layers or film substrates did not contribute to the 

measured ellipsometric response. The measurements were used to determine the complex 

refractive index (n) and dielectric permittivity (ε = n2) of the electrolessly deposited Au, 

Ag, and Au-, Ag-based alloy materials.68 Since the ellipsometer only considers light 

reflection and transmission and does not account for light scattering from the thin film 

sample, surface roughness can negatively affect ellipsometric measurements. Fortunately, 

the deposition method employed here yields ultra-smooth thin films, minimizing any 

related uncertainty in optical properties. The optical properties of the deposited films 

obtained by SE are discussed in more detail in Chapter 3 of this thesis.69   

 

2.4.3. X-Ray Diffraction (XRD) 

XRD is a powerful non-destructive technique used to analyze the unit cell 

dimensions of crystalline materials. X-ray radiation is produced by converting the kinetic 

energy of electrons being accelerated through a cathode ray tube, and deaccelerated 

periodically when targeting on a metal.58 X-rays are electromagnetic waves with short 

wavelengths typically in the same range as atomic distances (on the order of 1 angstrom) 

in a crystal lattice, which provides the sensitivity of X-rays to crystalline atomic 

potentials and packing arrangements.70 By scanning the X-ray scattering and diffraction 

angles caused by a sample, it provides information about the long range order in the 

sample and the crystalline lattice spacing through Bragg’s Law.71 When taking the 
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measurements, X-ray photons are diffracted and scattered due to the interaction with the 

crystalline structure of a sample. Destructive interference of waves happens in most of 

the directions, where the resulting scattered waves are out of phase. A few of the 

directions in crystalline structures satisfy the condition of constructive interference, such 

that the resulting scattered X-ray waves are in phase and produce coherent X-ray 

scattering in various directions. These coherently scattered rays are collected since their 

intensities and angles can be used to deduce atomic positions and atomic species within a 

sample.72 According to Figure 2.6, Bragg’s Law connects the scattering angle and 

wavelength of the incident X-ray with the spacing between crystalline planes as below,73 

𝑛𝜆 = 2d	sin 𝜃 ,	     (Eq. 2.11) 

where n is the order of diffraction (an integer); d represents the interplanar spacing of 

crystal planes; 𝜃 is the Bragg angle to observe such planes; and 𝜆 indicates the X-ray 

wavelength. To produce substantial intensity in a specific direction that satisfies Bragg’s 

Law, diffracted (in phase) X-ray beams are collected from many atoms in many atomic 

planes, to yield an enhanced combination of a large number of scattered rays. Therefore, 

the lattice constant of a material can be identified by converting the diffraction peaks to 

the material’s unique d-spacing.74 X-rays incident on the sample at different angles can 

be diffracted by different crystalline planes, and from Bragg’s Law, the associated d-

spacings can be calculated to yield structural information about the material. 
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Figure 2.6: Schematic showing Bragg’s Law in the relationship of incident x-rays 

and multiple lattice planes of a sample. 

 

In general, XRD is commonly used for identifying crystallinity, the structural 

phases of crystalline materials, and their unit cell dimensions.75 In order to understand the 

crystallinity of deposited alloy films, 2D XRD of samples were measured. For these 

measurements, a Rigaku Rapid Axis X-Ray Diffractometer is used, and the samples were 

typically measured with a Cu source operated at 46 kV power, 42 mA current, and a 0.3 

mm collimator for the Cu radiation (Ka = 1.5406 Å). This instrument allows the 

detection of scattered X-ray signals on a large image plate detector. The collimated X-ray 

beam is directed toward and focused on a triple-axis sample stage capable of oscillation 

and rotation about its axes at constant speed. Care must be taken to obtain a high quality 

2D XRD diffraction pattern. After an alloy sample is placed on the sample holder, a 

noticeable particle on the surface that is visible from the CCD camera will be located to 

focus the view. The particle acts as an alignment tool to find the eucentric height and 

check the instrument focus after manually adjusting the position of the sample. Once the 

dot is consistently in good focus when rotating the sample holder 180°, the scanning 

procedure can proceed by starting oscillation of the stage. Alloy samples are typically 

exposed for 6 minutes under rotation at 1°/s. The resulting scattered X-rays from the 

sample are collected on the image plate detector to capture a 2D XRD image. The results 
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provide information about the crystal lattice structures and atomic spacing of the new 

alloy materials. The diffraction measurements of alloys are expected to display unique 

lattice constants, distinct from those of their individual alloy components. However, since 

the lattice constants of the pure components Ag and Au are very close to each other 

(4.079 Å and 4.065 Å),74 it is difficult to resolve the diffraction peaks of Au-Ag-based 

alloys on Ag(100) substrates, thus it is difficult to obtain their the exact lattice constants. 

Resolution of these diffraction signals is even extremely challenging with the use of a 

high resolution XRD instrument. On the other hand, 2D XRD is a very efficient and clear 

way to identify whether or not the crystalline structure of a material is single or 

polycrystalline. When a single crystalline material is measured, the 2D XRD diffraction 

patterns appear as a series of diffraction spots on the area plate detector. In contrast, when 

a polycrystalline structure is measured, diffraction from the many disordered crystallites 

within the film give rise to diffraction arcs.76 On this basis it is straightforward to 

determine whether a thin film is monocrystalline or polycrystalline in structure, and this 

was the main use of the 2D XRD tool in these studies.   

 

2.4.4. X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS), is a surface-sensitive technique to 

analyze the chemical composition of materials, and to obtain information regarding the 

electronic structure, chemical bonding, and ionization energies of elements comprising 

these materials under ultra-high vacuum conditions. As shown in Fig 2.7, XPS works by 

irradiating a sample with an X-ray beam and quantifying the kinetic energy and number 

of electrons that are ejected from the inner shell of near surface species due to the 

photoelectric effect.77  
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Figure 2.7: Illustration of an X-ray providing energy to eject an electron from an 

atom’s inner shell. 

Specifically, a mono-energetic Al-Ka source (1486.6 eV) produces X-ray photons 

that can eject electrons from the inner shell of near-surface atoms and produce emitted 

photoelectrons, which are then detected by a spectrometer. In this case, the kinetic 

energies of the photoelectrons are measured and converted to binding energy by taking 

the primary X-ray source into account, 

𝐵𝐸	 = 	ℎu	– 	𝐾𝐸	– 	Y,     (Eq. 2.12) 

where Y is the work function of the material and is the difference between its Fermi level 

energy and vacuum level energy, hu is the known photon energy of X-ray, KE and BE 

are the electron kinetic energy and binding energy respectively. Therefore, the binding 

energy can be obtained via XPS studies to understand the chemical bonding between 

atoms in the sample and their oxidation states.78 

 XPS is a very useful tool for surface chemistry studies. Typically, X-rays can 

penetrate micron distances into the sample, but only the electrons within the escape depth 

from surface can be measured, typically a distance of approximately 3 – 10 nm. 

Furthermore, quantitative analysis for measured intensities is corrected based on spin 



30 

orbit splitting, measured peak areas ratios, and sensitivity factors for each element, which 

provides accurate and precise information on composition percentages. In compounds 

where ionic or covalent bonds occur, the peak position of electron kinetic energy (or 

equivalently electron binding energy) might be shifted compared to those materials 

without such bonds. The bonding energies in these compounds can be measured, and the 

composition of materials can be obtained. The changes of core binding energy are due to 

either the change of electronic charge or the change of electrostatic shielding of the 

nuclear charge. For alloying, the element with higher electronegativity prefers to gain 

valence electron charge which results in a decrease of electron binding energy due to 

additional shielding of the nuclear charge, whereas the lower electronegativity element is 

expected to lose electrons and lead to an increase in binding energy.79 XPS is very 

sensitive to surface changes making it extraordinarily well suited for measuring the 

binding energies of thin films with similar composition ratios with an ultra-high 

resolution. 

XPS instruments can also perform ion beam etching and depth-profiling by 

sputtering the surface in order to measure the composition or binding energy of the 

deeper layers of a specimen. This helps the understanding of thin film structures and 

composition changes associated with thickness. XPS sputtering works in a similar 

manner to SEM ion beam milling except that, unlike SEM, the ion beam used in XPS is 

an Ar ion beam. In general, XPS measurements within set wavelength ranges are taken 

each time after the sample is sputtered with desired power and etching time. 

For this project, Axis Ultra DLD XPS was used to confirm that the alloys were 

successfully produced by examining the XPS spectral shifts of the alloys compared to the 

electron binding energies of the pure alloy components. Survey spectra were measured in 

the range of 0-1200 nm, with 1eV step size, 1 sweep and 100 𝜇s dwell time. Because of 

the inelastic collisions of the emitted electrons, the noise level of a survey scan is high 

and cannot provide accurate and reliable composition information. A survey scan is 

commonly used to estimate the peak positions of individual chemical species comprising 

the film and prepare for further high-resolution scans to better understand chemical 

composition.80 All high-resolution spectra were measured with 0.1eV step size. Ag 3d 

and Au 4f peaks are measured with 1 sweep, 1000 𝜇s and 2000 𝜇s dwell time 

respectively, whereas C 1s and O 1s are scanned with 3 sweeps and 500 𝜇s dwell time. 
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As this work involved single crystal Ag and Au, spin-orbit splitting has to be considered 

when taking XPS measurements. Generally, 3d and 4f orbitals appear as doublet splitting 

energy levels with a ratio of 2:3 due to their degeneracy.81 The Ag 3d orbital splits into 

3d3/2 and 3d5/2 levels, whereas the Au 4f orbital splits into 4f 5/2 and 4f 7/2 spin-orbit 

levels. Those peaks can be assigned from their unique binding energies. For qualitative 

measurements, when electrostatic interactions between electrons and nuclei change, 

shielding of nuclear charges from electrons (adding or removing electrons), leads to 

binding energy changes. Binding energy increases when valence electron charges are 

removed, while it decreases when additional valence charges are added to atoms. It is for 

this reason that chemical bonding changes cause the electron binding energy of an 

element to change. Therefore, new materials can be separated from the pure metal 

components, and the identities can be confirmed when shifts are observed in the electron 

binding energies of alloy samples. The relative intensities of the XPS spectral features of 

the alloys can also be compared to those of the pure metals to identify elemental alloy 

compositions. Thin film composition and uniformity of composition can be measured by 

depth profile studies as described previously. For all depth profile studies described here, 

the same sputter rates defined by sputter time and ion beam power are employed. By 

plotting the composition changes of pure Ag and Au components in different alloys 

samples as a function of time, the uniformity of the alloy can be confirmed; the thickness 

of the film can be calculated based on the sputter rate and time; and the compositions of 

the alloy film can be compared with the salt compositions in the initial aqueous solution 

that is used to deposit the film. In this way, it is possible to calibrate the deposited film 

composition with solution metal salt concentration. 
 

2.4.5. Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a sensitive and powerful technique 

that is able to provide atomic scale information about materials. The high energy electron 

beam is generally produced from either a heated tungsten filament or a field emission 

pointed tungsten filament. TEM transmits through a thin sample, such that the resulting 

scattered and diffracted beams are analyzed to produce images for studying the internal 

structures of a material under high vacuum.82  
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As shown in Fig 2.8, TEM focuses the electron beam on a sample via a condenser 

lens and provides information in much more detail than other optical microscopes.83 

TEM uses broad static transmitted electron beams or diffraction patterns to study the 

crystalline structures of materials, their composition, and the growth of layers of 

materials with a high resolution. Comparing with conventional optical light microscopy, 

they both have similar principles of operation except that TEM uses electrons instead of 

light. However, the wavelength of the high energy electron beam (2.5×10-11 m) is much 

smaller than that of visible light, which makes TEM a very powerful tool to study the 

details of internal structures with higher resolutions.82 Currently, TEM methods can 

achieve energy resolution of 0.9 eV and point-to-point resolutions of 0.25 nm due to the 

elastic scattering interactions localized at atomic nuclei where the coulomb potential is 

screened.84  

 

 
Figure 2.8: Schematic of Transmission Electron Microscopy (TEM). 

In general, electrons interact with sample atoms strongly by elastic and inelastic 

scattering.85 There are three operating modes of TEM that have been used most 

frequently, Bright Field (BF), Dark Field (DF), and Selected Area Electron Diffraction 

Pattern (SAED). Dark field images rely on a Bragg reflection beam, where it has a high 

scattering angle. Bright field images employ the primary electron beam at low scattering 
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angle. For crystalline samples, BF and DF generate diffraction contrast, which is the 

difference in intensity of electron diffraction of the cross-section of a sample.63 BF and 

DF images are produced from incoherent elastic scattered electrons shown in Fig 2.9, 

which are affected by material thickness, density, and atomic mass. Materials that are 

thicker or with higher molar mass experience more scattering such that the corresponding 

area shows a darker shade.82 SAED is selected in BF mode that provides information on 

electron diffraction, and the selected area apertures can reach as small as 50 

micrometer.86 Electron diffraction of a specimen can be obtained, and as for single 

crystal, isolated dots in a pattern are expected. Typically, for a SAED diffraction pattern, 

the center spot is obtained by transmission beam whereas other spots are obtained from 

diffraction beam, which result in a higher intensity in the center.58 TEM has similar 

mechanisms as with X-Ray Diffraction. However, electron beams can be more easily 

focused to very small spots and so the diffraction pattern is measured from a microscopic 

region. When the diffraction angle is very small, the beam diffracted from the sample can 

be focused to a spot and a diffraction pattern will form when all crystalline planes in the 

specimen contribute to the diffraction. Unlike, the relatively large X-ray beam size in 

XRD, the electron beam in TEM illuminates only a few microns to provide the same 

internal structure information. 

 
Figure 2.9: Interaction between incident high energy electron beam and a sample.  
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The Fourier Transform of the electron-microscope image can be obtained by 

SAED and FFT. A Fast Fourier Transform (FFT) algorithm is used in high resolution 

TEM (HRTEM) to study the orientation and crystalline structure of the sample. FFT 

images show planes of the reciprocal lattice space of materials to obtain the periodicities 

and diffraction patterns of the selected material region from a digitally recorded image. 

FFT of a single crystal always produce a regularly discrete diffracted pattern, whereas a 

polycrystalline tends to be continuous.  

In addition, atomic periodicities can be resolved by HRTEM. Phase contrast, 

which results from the difference in refractive index of different materials, plays a very 

important role in understanding the lattice structuresobtained via HRTEM. When two 

materials have different crystalline structures or different lattice constants, an interference 

fringe will be observed such that the diffracted spots cannot align along a zone axis at the 

interface. This helps to examine the epitaxy of alloys as they are directly contacting the 

single-crystal substrate via electroless depositions in this work. Therefore, the crystalline 

properties and growth nature of the alloy materials can be understood at nanometer length 

scale. 

TEM has high requirements on sample preparation since it has to be electron 

transparent. In order to qualify, the requirements that electron beams can pass through 

and produce a highly magnified image (more than 10R times), specimens have to be less 

than 100 nm thick to be transparent. Since Au and Ag are electron dense materials, 

samples containing these elements need to be thinner than a few tens of nanometers in 

order to enable TEM examinations. The ultra-thin specimen is usually prepared by FIB 

milling. At the first stage, a Pt protection layer is deposited on a selected area and two 

trenches are cross-sectionally milled with high energy ions in vacuum on both sides 

leaving the sample piece in between. This process is completed with a 15 kV voltage and 

a 25 pA current under a vacuum pressure of 3×10-5 torr with rotations of the sample for a 

relatively fast etching. After a period of time, the center piece is less than 1 𝜇m and is 

polished with a smaller current slowly to control the thickness and make sure the sample 

is not completely polished away. When the sample piece is milled down to a proper 

thickness that can overcome the high energy electron beams, it is then transferred to the 

TEM chamber by combining FIB and chemical vapor deposition equipped on the SEM 

tool. 
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For this project, the Hitachi 8100 TEM was used to study the distribution of 

elements and crystalline structures of alloys. DF, BF, FFT or SAED images are obtained 

at 200 kV with different magnifications. The lattice structure and lattice constants are 

obtained, as well as their crystalline properties. Elemental mapping is measured by 

scanning the electron beam point by point on an assigned area to present the distributions 

of each of the composite elements in the alloys. This provides strong evidence of whether 

Ag and Au ions are co-deposited as a new alloy material or are being deposited 

physically separately on the substrate. Furthermore, the diffraction results can be 

compared with XRD results, and the epitaxial growth of the materials can be confirmed.  

 

2.4.6. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is a mass spectroscopy 

method that separates ionized sample atoms and provides information about sample 

concentration and composition, which typically appears as mass-to-charge ratios.87 ICP-

MS is most commonly used for measuring liquid samples, but it also can measure solid 

films by using laser ablation, which performs a direct elemental analysis of solid 

samples.88 Initially, solid samples are converted to aerosol when a laser ablates the 

surface, while liquid samples are being converted to aerosol by a nebulizer.89 Then these 

atoms go through a high temperature argon plasma source in the ICP torch to be 

converted to positively charged ions.87 Those ions go through an interface region in 

vacuum, and are guided to a mass spectrometer. The complete setup is shown in Fig 2.10. 

The mass spectrometer is capable of filtering off the interfering ions and allowing only 

analytes to go through the detector. The percentage of each metal element is then traced 

quantitively.90 It has the ability to detect the relative percentage of most of the elements 

and their isotopes for a given specimen, and report the concentration information 

simultaneously. The method employs a calibration line from standard samples and 

provides information of each composition based on the measured intensity.91  
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Figure 2.10: Schematic showing ICP-MS laser ablation procedure (figure adapted 

from87). 

ICP-MS is very useful to determine the compositions of unknown samples, with 

the presence of standard samples. A few samples with known compositions, where their 

compositions cover an anticipated range, are needed to establish a standard calibration 

curve based on the measured intensity of ion signal as a function of composition. Usually 

the calibration curve is very linear, so the intensity of elements of interest from unknown 

samples can be back-calculated by measuring and plotting the signal against this 

calibration curve, to determine the unknown composition. This method is called external 

standardization and is typically employed when the standards are very similar to 

unknowns.89 Generally, highly accurate calibration curve can be generated when pure 

elemental standards are used. At the same time, multielement standards have to be 

measured when analyzing multielement unknowns.92 ICP-MS is also capable of 

measuring individual isotopes and provides information on exact isotope ratios of a 

sample, which can be calculated by dividing the intensity of the reference isotope by the 

intensity of isotope of interest.  

For this project, ICP-MS is equipped with a 213 nm Nd-YAG laser and is used for 

analysing the percentage levels of both Ag and Au including their isotopes in unknown 

alloys as a function of sample thickness. This measurement provides information not only 

on film compositions but also confirmed the uniformity of the films along the measured 

distance at each sputter pulse. When the percentage level of each component stays 

relatively constant after each pulse, we have reason to believe the composition along 

hundreds of micrometers are the same and the film is uniform. To set up, the samples are 
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loaded to the chamber which can be viewed and adjusted to assign desired laser ablation 

patterns. The components of the alloys, pure Ag and pure Au films, are measured first as 

external standards for unknown alloy series. All of the unknown alloy films with different 

compositions are deposited to achieve similar thickness as the pure Au and Ag films (200 

± 20 nm). Their thickness has been confirmed by SEM cross sectioning measurements. 

Before sputtering, a test run was carried out first on 200 nm pure gold and pure silver 

films to determine the appropriate measurement parameters for this work. The pulse 

energy has to be tuned such that it is sufficient to sputter enough atoms from the 

electrolessly deposited films without interference from the underlying PVD deposited 

silver film. The energy is adjusted between 1% - 10% of maximum laser pulse energy, 

and a significant source of silver from the PVD Ag underlayer is observed when the laser 

ablation pulse energy is greater than 8% of the maximum pulse energy. It was found that 

5% of maximum pulse energy was the best choice for Au. In addition to pulse energy, the 

laser spot size and repetition rate are also important ablation factors and were optimized 

to generate large ion concentrations from the electoless films without contamination from 

the underlying PVD Ag film. As a result, for alloy sample measurements, pulses of 5% of 

maximum laser pulse energy with small sputtering diameter (25 𝜇m) and repetition rate 

(4 Hz) is used to ensure the resulting data is consistent and accurate. ICP-MS measures 

the sample compositions from the entire film including both bulk and surface regions, 

allowing for direct comparison with composition measurements obtained via XPS depth 

profile methods, as described above. Alloy film composition experiments are described 

further in Chapter 3. 
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Chapter 3. Physical and Chemical Properties of Au-Ag 
Plasmonic Alloy Films Deposited through Epitaxial 
Electroless Deposition 

3.1. Introduction 

Interest in surface plasmons (SPs) and their technological applications has 

increased exponentially over the past two decades.93 Their novel properties can be 

exploited for application in information processing and energy harvesting, and permit 

local field manipulation to yield negative refractive index and subwavelength resolution 

through engineered plasmonic metamaterials. The excitation of SPs results in rapid 

photon-to-hot electron conversion which can be exploited for new solar energy, 

photosensor, and photocatalyst applications. This wide range of potential applications has 

generated enormous interest and activity in the understanding of plasmonic materials and 

the structures that can be engineered from them. As a result, the plasmonic properties of 

noble metal thin films and nanostructures have been and continue to be the topic of active 

research interest. 

Despite the great potential for noble metal-based plasmonic structures, the fixed 

optical properties of noble metal materials limit their use in nanophotonic structures that 

operate at optical frequencies. One strategy to overcome this limitation is the design and 

fabrication of new noble metal materials with tunable optical properties that can be 

achieved through chemical alloying. Here we investigate this strategy in conjunction with 

a new electroless deposition chemistry that enables the fabrication of ultra-smooth, 

epitaxial, single crystal noble metal films developed in our research laboratory. Here we 

describe its application to the formation of new single crystal noble metal films 

comprised of Au-Ag alloy materials deposited from solutions of readily available Au and 

Ag salts. Our research group has previously demonstrated the application of this 

chemistry to yield high quality monocrystalline Au thin films and nanostructures that 

demonstrate significant performance improvements compared to polycrystalline films 

and nanostructures deposited by conventional PVD methods. The chemistry is 

compatible with subtractive nanometer scale patterning methods (e.g. FIB milling), as 

well as widely used additive patterning (lithographic) methods such as electron beam 
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lithography. Our research group has shown that single crystal plasmonic materials 

provide significant benefits over their polycrystalline counterparts, including improved 

nanometer-scale pattern transfer and performance yield, enhanced thermal and 

mechanical stability that enables significantly greater local field enhancements, and 

reductions in grain boundary losses that lead to rapid plasmon decay.94 

In this chapter we demonstrate that this chemistry can be used to yield new Au-

Ag plasmonic alloy materials with tunable, composition-dependent properties. The 

fabrication of the alloys has been described in detail in Chapter 2. Here we describe the 

use of this chemistry to deposit ultra-smooth, epitaxial, single crystal alloy films of 

controllable thickness. The films are characterized to provide a description of their 

composition-dependent physical, chemical and optical properties. 

 

3.2. Film Quality and the Crystalline Nature 

Figure 3.1 shows the results of scanning electron microscopy imaging 

experiments performed on films deposited from solutions containing a 2:1 molar ratio of 

AgNO3 and HAuCl4 (denoted 67% Ag:33% Au or Ag0.33:Au0.67). By convention, the 

alloy compositions are usually referred to by the relative molar ratios of the metal salts 

that are used in the electrolyte bath used for film deposition. This does not necessarily 

reflect the composition of the as-deposited film. The film compositions have also been 

determined as part of this work and are discussed in more detail later in this Chapter. 

Figure 3.1(a) shows an almost featureless image of the film’s top surface. This type of 

image is typical for high quality, electrolessly deposited noble metal films reported in this 

thesis and results from a clean, ultra-smooth, planar film containing very few surface 

defects. The inset of Fig. 3.1(a) shows the typical film structure described throughout the 

thesis. The supported alloy film is deposited onto a single crystal silicon wafer (Si(100)) 

with approximately 500 nm of Ag thermally evaporated onto it. Deposition under the 

conditions described previously in Chapter 2.2, yields a high quality single crystal 

Ag(100) layer. The quality of the electrolessly deposited alloy films is generally 

determined by the quality of this underlying Ag film. Figure 3.1(b) shows a cross 

sectional SEM image of the Ag0.33:Au0.67 film deposited for a period of 2 hours. The 
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image shows a horizontal band of approximately 110 nm thickness between the Pt 

protective top layer and the supporting thermally evaporated Ag layer, indicating uniform 

alloy film deposition. Figure 3.1(c) shows a similar cross-sectional SEM image of a film 

deposited from the same electrolyte bath, but for a period of 4 hours. The alloy film 

thickness in this case is approximately 200 nm, indicating that film thickness can be 

controlled by deposition time. Previous experiments in our research group on the 

electroless deposition of pure Au films show that the film thickness can be precisely 

controlled by deposition time down to the few-nanometer film thickness limit. 
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Figure 3.1: (a) Top view SEM of a Ag0.67Au0.33 alloy film. Inset: typical electroless 

deposited film structure: alloy film (yellow), PVD deposited Ag (dark 
gray), and silicon (light gray); (b) Cross-sectional image of 67:33 
(%Ag : %Au in solution) alloy deposited for 2h and (c) for 4h. 
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The quality of the deposited films was assessed further in order to determine their 

crystalline nature. Deposition of an alloy film is distinct from deposition of a film 

mixture of phase-segregated Ag and Au components. 2-dimensional X-ray diffraction 

(2D-XRD) and high resolution transmission electron microscopy (HRTEM) studies were 

conducted on an alloy film of Ag0.50:Au0.50 composition to investigate this point further.   

The results of these studies are presented in Figure 3.2. Figure 3.2(a) shows the 

2D-XRD diffraction image of a Ag0.50:Au0.50 film. The image shows diffraction intensity 

in well-defined spots that originate from the single crystal Si(100)/Ag(100) substrate 

support structure. In addition to these localized diffraction signals, the 2D-XRD 

diffraction pattern shows the appearance of diffraction arcs at constant Bragg diffraction 

(2θ) angles. These diffraction arcs are characteristic of polycrystalline materials and 

result from diffraction from the atomic planes of individual crystallites that are oriented 

over a large range of angles with respect to the substrate. In contrast, 2D-XRD from the 

Ag0.50:Au0.50 alloy film (Fig. 3.2(b)) results only in localized diffraction spots that 

originate from both the Si(100)/Ag(100) substrate structure and from the deposited alloy 

film, indicating deposition of a single crystal film with the diffraction spots of the alloy 

film aligned with those of the supporting substrate. Note that diffraction from a single 

crystal alloy film would give rise to unique diffraction spots that appear at diffraction 

angles that differ from those of either Ag or Au, while diffraction from a mixed film 

should give rise to diffraction from both Ag and Au.  

Unfortunately, the very small difference in lattice parameters between Ag and Au 

prevents us from observing these effects directly with the limited resolution of the 

diffractometer. Fig. 3.2(c) shows the HRTEM elemental maps of the thin film sample. 

The two side-by-side images show the distribution of Ag and Au in the sample. Regions 

of intense green in the left portion of the left image correspond to the Ag(100) single 

crystal support layer. The less intense green region adjacent to the Ag(100) layer 

corresponds to the alloy film. The uniform intensity throughout the alloy layer indicates 

that the Ag composition within the alloy film is uniform. The lower intensity green 

relative to that from the supporting Ag(100) region indicates that Ag is present in a lower 

overall concentration in the alloy region, consistent with the reduced Ag composition of 

the Ag0.50:Au0.50 film. The image to the right shows the distribution of Au atoms in the 

sample which appear in red. The uniform distribution of intensity found only in the alloy 
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film region suggests uniform Au deposition. The uniform distribution of Ag and Au in 

the alloy film shows the formation of an alloy film instead of the formation of a 

segregated mixed film. HRTEM of the sample in the Ag/alloy interface region is 

presented in Fig. 3.2(d)-(f). At high resolution (Fig. 3.2(f)), the image shows a well-

defined interface with continuity of the lattice fringe pattern throughout the interface 

region. Fast Fourier transform of the image in Fig. 3.2(f) results in the hexagonal lattice 

arrangement illustrated in Fig. 3.2(g). The indexed FFT image of the interface region 

shown in Fig. 3.2(f) indicates a single uniform crystalline structure across the interface, 

consistent with epitaxial electroless deposition of the alloy film. 
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Figure 3.2: 2D-XRD diffraction image of (a) a Ag0.50:Au0.50 polycrystalline film 

and (b) a Ag0.50:Au0.50 alloy film indicating single crystal structure; (c) 
HRTEM elemental mapping images of a Ag0.50:Au0.50 alloy film cross-
section, where green represents the distribution of Ag and red 
represents the distribution of Au material in the sample; (d)-(f) 
HRTEM images of the Ag0.50:Au0.50 alloy sample in the region of the 
Ag/Alloy interface; (g) indexed FFT image of the interface region 
shown in (f) indicating a single uniform crystalline structure across 
the interface. 
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3.3. Alloy Film Formation  

X-Ray photoelectron spectroscopy (XPS) studies of the deposited films were 

conducted to confirm the alloy nature of the films, to assess their chemical nature and 

electronic structure, and to measure the extent of film uniformity. As discussed in 

Chapter 2, XPS provides information about the orbital energies from which 

photoelectrons are generated. In the absence of direct confirmation of alloy deposition 

through XRD measurement due to the close similarity in lattice parameters for Au and 

Ag, XPS can provide confirmation through shifts in the binding energies of ejected 

photoelectrons upon alloy formation. Deposition of mixed films of Au and Ag without 

alloy formation should result in no binding energy shifts and the detection of 

photoelectrons from Au and Ag orbitals only, with well-known binding energies, whereas 

the formation of an alloy is accompanied by changes in electronic structure and 

corresponding binding energy shifts.   

 
 

(a)
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Figure 3.3: XPS spectrum showing shifts for (a) Ag 3d and (b) Au 4f for pure 

silver, pure gold, and 5 alloy compositions; (c) plasmonic loss region 
shifts of pure Ag and alloys. 

(b)

(c)
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Figure 3.3(a)-(c) shows high resolution XPS spectra of the Ag 3d and Au 4f spin 

orbit doublet peaks measured from single crystal thin films of pure Ag, pure Au and Au-

Ag alloys of different compositions. The insets in Fig 3(a) and 3(c) show binding energy 

shift details of the Ag 3d5/2 and Au 4f7/2 spin orbit resonances, respectively. The binding 

energy positions for Ag and Au pure metal films are indicated with solid lines, whereas 

the dashed lines represent the maximum shift observed among alloys with respect to the 

pure metals. For the pure Ag film (Fig 3a), the Ag 3d3/2 and Ag 3d5/2 occur at 368.2 eV 

and 374.2 eV respectively, with spin orbit coupling splitting of 6.0 eV. For the pure Au 

film (Fig 3c), Au 4f5/2 and Au 4f7/2 are measured at 87.7 eV and 84.0 eV, with spin orbit 

coupling splitting of 3.7 eV. The Ag and Au binding energy positions and doublet 

splitting values are in good agreement with the reported literature, confirming that the 

pure films are in their metallic states.95,96  

The Ag 3d and Au 4f spin orbit splitting for all alloys remain the same as that of 

the pure metal films.97,96 Nevertheless, with increasing concentration of Au in Au-Ag 

thin film alloys, the Ag 3d5/2 peak shifts to lower binding energy to a maximum of 0.2 eV 

(Fig. 3a). This indicates that Ag is receiving charge from Au. On the other hand, 

increasing the dilution of Au with Ag results in Au 4f7/2 shifting to higher binding 

energies up to 0.1 eV for the highest Ag content (Fig.3c). Table 3.1 summarizes all 

measured binding energy shifts with respect to the pure metals. The resulting trends are 

contradictory to the expected binding energy shifts based on the electronegativity 

difference between Au and Ag, but are in agreement with previously reported 

experimental results for Au-Ag alloys.98,99  

Figure 3(b) illustrates the details of the plasmon loss regions of the Ag 3d peaks 

of pure films and alloys. These plasmon loss peaks result from the inelastic scattering of 

the photoelectrons from the free electrons of the metal’s plasma as they travel through the 

metal. These loss features are very strong when Ag is in its zero oxidation state, while 

they are not observed in high resolution spectra of Ag compounds where Ag has higher 

oxidation state.96 Plasmon loss peaks are not generally observed in pure gold films since 

the plasmon dephasing time in gold is so rapid, broadening gold’s plasmon resonance 

extensively. For a pure Ag film, intense plasmon peaks are observed at 377.8 eV and 

371.8 eV of binding energy, confirming a zero oxidation state for Ag films. These loss 

features are also observed for the alloy films but gradually become diffuse as Ag is 
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diluted with more Au, following the same binding energy trend as previously observed 

for Ag 3d peaks in Fig 3(a).   

 

Table 3.1: Binding energy of Ag 3d and Au 4f peak for all alloys and pure 
metals.  

 
 

Based on the electronegativity difference between Au and Ag (i.e. Au: 2.54 and 

Ag: 1.93), when Au is interacting with Ag to form alloys, it would be expected that Au 

would attract electrons from Ag, shifting the Au 4f peak of the Au-Ag alloy to lower 

binding energies with increasing Ag concentrations. Correspondingly, the Ag 3d peak of 

alloys is expected to shift to a higher binding energy as the remaining electrons would 

experience a stronger attraction by the nuclei. The increased flow of s-like electron 

charge onto the Au sites upon alloying with Ag has been previously reported by 

%Ag : %Au

Binding Energy / eV

Ag 3d Au 4f

0 : 100 374.21 368.21 --

25 : 75 374.15 368.14 87.71 84.03

33 : 67 374.11 368.12 87.70 84.03

50 : 50 374.06 368.06 87.68 84.01

67 : 33 374.05 368.05 87.68 84.00

75 : 25 373.99 368.00 87.68 84.00

100 : 0 -- 87.66 83.98
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Mossbauer isomer shift (IS) experiments79 while more recently, density functional theory 

(DFT) investigations of the electronic structures of Au and Ag binary clusters concluded 

that partial charge transfers from Au to Ag can occur upon alloying since the energy of 

the Ag 5s orbital is much higher than that of the Au 6s orbital.99 This partial charge 

transfer is then responsible for significant electrostatic stabilization of clusters and the 

formation of hybridized orbitals of s-d character.99 However, the experimental results of 

this work on single crystal thin films show a conflicting binding energy trend for both Ag 

3d and Au 4f, indicating that a more complex interaction is taking place during the 

alloying process. 

Our results are consistent with previously reported results by Watson and co-

authors,100 who also measured very small shifts of Au 4f peaks towards higher binding 

energy upon Au-Ag alloy formation, although their work did not involve thin film 

structures. To explain the contrasting results from photoelectron and Mossbauer 

measurements, Watson et al. proposed, based on band theory, a charge compensation 

model.79,100 According to this model, Au d orbitals play a dominant role in alloy 

formation as d electron transfer to Ag creates 5d holes.101 Au gains electrons into its 6s 

orbital that compensates the overall charge imbalance due to the creation of 5d 

holes.99,102 The s-type charge gain matches but is slightly larger than the d charge loss, 

resulting in small net charge flow onto the Au site.100 The redistribution of those 

electrons causes further re-arrangement of electrons on the Au 4f orbital,79,103 which 

leads to electrostatic energy gain that results in enhanced binding energy of Au 4f.100 The 

detailed quantification study of relating the 5d density decrease and the Au 4f peak 

energy shift is still under investigation.104 This model has been confirmed more recently 

by X-ray absorption near-edge fine structure experiments.79,103 

In summary, our results of XPS binding energy shifts on a series of single crystal 

Au-Ag alloy thin films provide clear evidence on charge flow from Ag to Au sites as well 

as from Au to Ag sites as a result of the alloy formation process and overall charge 

redistribution. The observation of plasmon loss peaks in the XPS spectra of pure Ag and 

Ag-Au alloy films confirms the metallic nature of the single crystal alloy materials. 
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3.4. Alloy Film Compositions 

X-Ray photoelectron spectroscopy has also been used to examine the surface and 

bulk alloy film compositions by collecting XPS-based sputter depth profiles. Fig 3.4(a) 

and (b) display the atomic concentration percentages of both Ag and Au as a function of 

etching time for alloys deposited from electrolyte baths containing 25:75 and 67:33 

(%Ag : %Au) molar ratios, respectively. The etched thickness can be obtained by 

multiplying the corresponding sputter rates of Ag and Au by the sputtered times. The 

determination of accurate film thickness measurements and their correlation with etching 

time would require SEM cross-sectional imaging procedures, as described previously. 

However, these measurements would contaminate the sputtered film and prevent the 

acquisition of further accurate composition measurements and were therefore not carried 

out. 

Each data point indicates the film’s component composition obtained through 

integration of the Ag and Au XPS spectra as the alloy film is sputtered. Figure 3.4(a) and 

(b) show the alloy surface composition before sputtering (shaded in red), the composition 

revealed by sputtering through the bulk of the alloy films (shaded yellow), and that 

obtained while gradually sputtering into the Ag(100) silver substrate (shaded blue). The 

data shows a substantial difference in Ag and Au surface atomic concentrations compared 

to those within the bulk alloy film. This is attributed to the different sputter rates of Ag 

and Au from the alloy film and should not be interpreted as a large difference between 

alloy film composition at the surface and within the film. Higher sputtering rate leads to 

faster removal of the material. Thus, the material being left behind showed a modified 

surface composition. In general, the alloy composition is determined by the surface 

composition before any sputtering. The uniformity of component atomic concentrations 

while sputtering through the alloy films (yellow shaded regions) indicates the alloy film 

compositions are uniform throughout the films, in agreement with the HRTEM elemental 

map observations for the 50:50 alloy composition images of Fig. 3.2(c). Further 

sputtering in the region of the alloy/Ag(100) substrate interface (shaded blue regions) 

yield increasing Ag concentrations and corresponding decreases in Au, as sputtering 

through the alloy film and into the underlying silver substrate occurs. As expected, the 

Ag concentration approaches 100% and that of Au approaches 0%. On the basis of these 
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XPS measurements obtained from alloy films with significantly different compositions, 

we assign the as-deposited film compositions to those observed at the alloy surfaces and 

conclude that compositions are relatively uniform throughout the alloy film. This method 

was employed to determine the film composition for each alloy. 
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Figure 3.4: XPS depth profiles of alloys with solution concentration of 

(%Ag : %Au): (a) 25 : 75, (b) 67 : 33. 

Alloy SubstrateSurface

(a)

Surface Alloy Substrate

(b)
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As-deposited alloy film compositions were also measured independently with 

laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). This method 

employs a laser to ablate material from the surface of the alloy film. The Ag and Au 

contained within the ablation plume are ionized, mass selected, and quantified through 

ion counting to yield information about film composition. In order to obtain meaningful 

composition information, it was necessary to establish the appropriate laser ablation 

conditions. Laser ablation was carried out on 200 nm thick films of pure Ag and Au, as 

well as on Ag-Au alloy films. These studies were carried out on films exposed to 

different incident laser powers in order to ensure that ablation occurred only from the 

alloy films and did not extend to the underlying Ag(100) substrate. The total ion counts 

from silver and gold ions was then used to infer the atomic concentrations and alloy 

composition within the film. Table 3.2 shows the comparison of Au:Ag ratios measured 

from freshly deposited films using the two very different measurement techniques; XPS 

and LA-ICP-MS. While XPS provides composition information from approximately the 

top ten nanometer escape depths of photoelectrons from sample surfaces, ICP-MS 

provides average film composition determined by the laser ablation conditions (from 

approximately the top 200 nm of alloy films under the conditions employed here).  
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Table 3.2: Experimental measurements of alloy film compositions. Film 
compositions are compared with solution compositions in Au/Ag ratio 
employing laser ablation ICP-MS and XPS in this work. 

 
 

Table 3.2 shows the comparison of Au/Ag ratios measured from freshly deposited 

films using the two very different techniques, XPS and ICP-MS. In Table 3.2, the mole 

ratio of Au/Ag in the electrolyte solution is shaded with yellow, whereas the 

corresponding Au/Ag ratios obtained from film composition measurements is shaded in 

blue. The film compositions measured by the two independent techniques are in close 

agreement, although both differ systematically from what may be expected based on the 

relative electrolyte solution concentrations. Silver appears to deposit preferentially to 

gold in that the as-deposited film composition is systematically richer in Ag than the 

electrolyte bath from which it was deposited. Results from both techniques support the 

conclusion that Ag is enriched within the alloys. Previously published literature has 

reported the same trends for Ag enrichment in Au-Ag alloys.105,106 

There are two hypothesis that could explain the silver enrichment observed in this 

work. Silver ions require one electron to be reduced to atoms while gold ions need three. 

Solution Composition Film Composition

%Ag : %Au Mole Ratio
Au/Ag

LAICP-MS
Au/Ag

XPS
Au/Ag

25 : 75 3.0 1.7 ± 0.4 1.7

33 : 67 2.0 1.1 ± 0.3 1.3

50 : 50 1.0 -- 0.7

67 : 33 0.5 0.4 ± 0.1 0.4

75 : 25 0.3 -- 0.3
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With an abundance of hydroxide reducing agent in solution, silver is expected to be 

reduced more quickly than gold, which could result in silver enrichment of the films.  

Another possible explanation is related to thermodynamics. As both Au and Ag have very 

close melting points, according to the Hume-Rothery rules,107 upon the formation of 

alloys, to minimize the total free energy of the system, the alloy surface prefers to enrich 

with the element that has lower surface free energy, or the component that interacts more 

actively with its surrounding environment.108 It has been reported that the surface energy 

of silver face centered cubic (fcc) is lower than that of gold fcc.109 As a result, the Au-Ag 

alloy surface favors enrichment with Ag, which is consistent with the experimental 

results in this work.  

 

3.5. Optical Properties of the Alloy Films 

One of the primary motivations for investigating Au-Ag alloys is to fabricate new 

materials with improved plasmonic properties. While Au is perhaps the best known and 

most commonly used plasmonic material, it is far from ideal. Gold undergoes ultrafast (< 

10 fs) plasmon decay into hot electrons and holes and displays broad spectral features. 

These hot carriers can undergo scattering from electrons and phonons and result in a 

rapid photo-thermal conversion and local heat generation. In addition, Au displays a d-sp 

interband electronic absorption transition at approximately 520 nm, making it 

unattractive for plasmonic applications at this and lower wavelengths. Ag, in contrast, is 

characterized by narrow spectral features and its lowest interband electronic transition at 

400 nm makes it useful as a plasmonic material throughout the visible spectral region. 

The opportunity for Au-Ag plasmonic alloys that could take advantage of silver’s 

superior electronic properties and Au’s chemical stability and oxidation resistance would 

allow tunable plasmonic optical response and represent new opportunities in this research 

area. In order to assess the optical properties of the new single crystal alloy materials 

described here, spectroscopic ellipsometry was performed on pure silver and gold films, 

and on five different Au-Ag alloy compositions. 
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Figure 3.5: Dielectric functions of electroless deposited pure Ag, pure Au, and 

their alloys measured by Spectroscopic Ellipsometer. A systemic 
change as a function of gold concentration is clearly presented. 
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Figure 3.5(a) and (b) show the measured imaginary and real parts of dielectric 

functions for the pure metals and five of their single crystal alloy thin films. 

Measurements are taken in the spectral range of 1.4 – 2.9 eV (430 nm – 850 nm). 

Interband transitions play an important role in determining the dielectric functions of 

materials. In the high energy region of that investigated, gold is known to have an 

interband transition at 2.5 eV, while Ag shows an interband resonance at approximately 3 

eV.66 Alloys are expected to show systematic shifts between the two limiting metal 

characteristics and Fig. 3.5 demonstrates this expected behavior. Figure 3.5(a) shows the 

imaginary part of the permittivity function for the seven metal films. The low energy 

portion of the permittivity is dominated by Drude contributions, while the high energy 

portion is dominated by interband electronic transitions. Pure silver films show small 

imaginary components throughout the visible region, with small Drude contributions at 

energies below 1.6 eV. In contrast, pure gold films show large imaginary permittivities 

with contributions beginning at 1.8 eV and increasing in magnitude with increasing 

energy to a maximum at approximately 2.8 eV.  

In the high energy region, the alloys show a systematic decrease in imaginary 

permittivity with increasing silver composition toward the pure silver limit. In the low 

energy Drude region, the imaginary permittivty is low for pure gold and pure silver films. 

However, for all alloy compositions, the imaginary part of the permittivity in the Drude 

region is significant and increases in magnitude systematically with silver composition up 

to approximately the 50:50 composition. This can be understood by the fact that Au and 

Ag atoms are distributed randomly in the alloy crystalline material, destroying the 

periodicity of the structure. This localizes the electronic wave function and lowers the 

mean free path of the conduction electrons for alloys, resulting in increased electronic 

damping for alloys compared to pure metals, thus increasing the imaginary part of the 

permittivity.66 The dielectric functions of the pure metals are in excellent agreement with 

the literature.110, 111 In addition, it is reported that the amplitudes of absorption peaks for 

single crystal alloys are much lower at longer wavelength than polycrystalline or 

nanoparticle alloy materials of the same compositions, indicating lower optical 

losses.66,112  
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Fig. 3.5(b) shows the real part of the permittivity function for pure Au, pure Ag 

and the 5 alloy films. All films show negative permittivity in the wavelength region 

studied, indicating that they are capable of supporting surface plasmons. The real 

permittivities decrease systematically from pure gold toward pure silver with increasing 

Ag composition.   

In summary, the optical properties of single crystal Au-Ag alloy films provide the 

ability to systematically tune the optical properties of the plasmonic materials from pure 

gold to those of pure silver. 

 

3.6. Chemical Stability Studies on Alloys 

Most materials suffer from the environment in different degrees of interactions, 

most of which cause levels of damage to the materials. These interactions can affect their 

physical and chemical properties thus their functionalities. There are generally two types 

of deteriorations of metal materials, corrosion and oxidation.113 Plasmonic materials are 

normally being used in devices without harsh environments, so material corrosion is not 

the major concern. However, the speed of oxidation directly affects the long-term use of 

the plasmonic materials, and thus the lifetime of the devices. Improving the chemical 

stabilities for these materials is a critical challenge that has to be accomplished. In this 

section, the chemical stability of the novel Au-Ag plasmonic alloy materials is 

investigated and discussed. 

The chemical stability for Au-Ag alloy nanoparticles are well studied, and their 

alloys are commonly treated with 2%-3% peroxide. The times taken for the alloy 

nanoparticles to become completely oxidized are recorded and compared.114,115 Similarly 

in this work, the alloy films were exposed to highly oxidizing solution, and the time 

required for each film to become fully oxidized was recorded and compared. The alloy 

films are expected to take longer to be completely damaged compared with that of the 

pure silver film due to the presence of gold. In addition, since the high quality, single 

crystal planar films with large area are obtained, these films are expected to have a much 

improved chemical stability compared with that of nanoparticles, thus a much stronger 
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oxidizing environment is used. Specifically, the single crystal alloy films were exposed to 

30% hydrogen peroxide solutions, where in other literature, nanoparticles are typically 

exposed to solutions about ten times milder. 

When exposed to a solution of 30% hydrogen peroxide, the pure silver film was 

completely etched within 4 minutes. In comparison, when the alloy films are immersed in 

the aqueous 30% H2O2 solution, no obvious changes were observed on any films for at 

least 15 minutes. It was observed that high silver content films showed evidence of being 

etched (started bubbling) before the films with enhanced gold content.  Interestingly, at 

about 16 minutes, the 3:1 (%Ag : %Au in solution) film was detached from the 

underlying substrate, followed by the detachment of 2:1 (over 20 minutes), 1:1 (over 30 

minutes), 1:2 (over 40 minutes), and 1:3 films (over 60 minutes), which can be 

interpreted as an increasing order of film stability.  

These results reveal that the underlying pure silver films were etched from the 

edges before the alloy films, which confirmed the improvement of the chemically 

stability of all alloys. Comparing the chemical stability with the pure silver film, all alloy 

films showed a significant improvement which meets the requirements for fields of 

plasmonic applications, material science, and nanotechnologies.  

 

3.7. Summary 

In conclusion, new Au-Ag plasmonic alloy materials with tunable thickness, 

composition, and optical constants were successfully synthesized and characterized. 

Additionally, the chemical stabilities of these alloys were also examined in this work and 

all alloy compositions demonstrated improved stability over silver. The synthetic method 

we employed was an electroless reduction method, where the alloys were deposited 

through co-deposition of silver and gold ions on a templating silver substrate. The 

resulting large area, ultra-smooth, single crystal alloy films show remarkable 

improvements in their physical and optical properties compared with their individual pure 

metals: they possess both low optical losses, a preferred characteristic of Ag and high 

chemical stability, a preferred characteristic of Au. For example, alloy films deposited 
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from electrolyte solutions containing (%Ag : %Au) compositions of 67 :33 and 75 : 25 

show minor optical absorption losses at wavelengths below 600 nm (approximately 2 

eV), and demonstrate improved oxidation resistance than silver. The development of 

these high quality, crystalline, plasmonic alloy materials will enable new options for 

improved performance in plasmonic and metamaterial research and applications. 

In this work, the deposition conditions were optimized primarily for the synthetic 

procedure. The film thickness, composition, and the corresponding properties are 

controllable by fine-tuning the relative metal ion concentrations in solution and the 

deposition time. The surface quality of the film was validated by Scanning Electron 

Microscopy (SEM), and the thickness was measured by cross-sectional Focus Ion Beam 

(FIB) milling. The formation of the alloys and the compositions of the surface were 

studied by X-ray Photoelectron Spectroscopy (XPS). Additionally, the results of surface 

compositions were compared with the bulk compositions which were determined by 

Inductively Coupled Plasmon Mass Spectroscopy (ICP-MS). A good agreement was 

achieved. The single crystalline structure and uniformity of the alloy films was 

corroborated by X-ray Diffraction (XRD) and High-Resolution Transmission Electron 

Microscopy (HRTEM). Furthermore, the optical properties of these alloy films were 

determined by Spectroscopic Ellipsometry (SE). The chemical stabilities of the alloy 

films have also been addressed by examining their stability upon exposure to various 

oxidants.  
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Chapter 4. Plasmonic Properties of Nanostructured Ag-
Au Alloy Films 

4.1. Introduction  

Surface plasmons refer to the collective oscillations of electrons that can be 

excited at the surfaces of nanoparticles or nanostructures when interacting with light. 

This interaction enables the amplification of electromagnetic fields in confined areas at 

the nanoscale and is a powerful way of overcoming some of the limitations of traditional 

optics in the fields of nanoscience and nanotechnology.116  The established electroless 

reduction and co-deposition method produces epitaxial, ultra-smooth, monocrystalline 

Au- and Ag-based plasmonic alloy materials of controlled composition and thickness, as 

described in Chapter 3. Meanwhile, the Localized Surface Plasmon Resonance (LSPR) 

properties of nanostructured alloy materials fabricated by this method remain unexplored. 

Nanostructured alloy materials are expected to take advantage of the beneficial properties 

of both Ag and Au117,118 and offer the possibility of new properties associated with the 

tunable electronic structure of their alloys. Nanostructured materials offer the additional 

potential for free space coupling of light through direct LSPR excitation and to provide 

large field enhancement factors associated with the extent and scale of spatial 

confinement. In this chapter, the plasmonic properties of a series of nanostructured alloy 

materials are reported. The development of these new alloy materials with improved 

plasmonic response and chemical stability may enable new applications in nanoscale 

circuitry and information technology, energy harvesting, chemical catalysis, as well as 

new metamaterial research and applications. 

In this Chapter, the fabrication of nanostructured Au-Ag plasmonic alloy 

materials through subtractive and additive fabrication is described. Focussed ion beam 

(FIB) milling of uniform alloy films has been used to fabricate well defined crystalline 

nanohole array structures, while the use of electron beam lithography (EBL) allows a 

simple method for additive patterning to yield large area high quality crystalline 

nanopillar arrays. We describe the application of these procedures to fabricate high 

quality monocrystalline nanostructured alloy films. The quality and crystallinity of the 

resulting nanostructures was then assessed by scanning electron microscopy and 
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HRTEM. The sizes and shapes of alloy nanostructures was optimized and evaluated with 

different compositions. The plasmonic activity of the nanostructures was then measured 

via Two-Photon Photoluminescence (2PPL) spectroscopy and integrating sphere-based 

absorption measurements to determine their wavelength-dependent resonant LSP 

response. 
 

4.2. Subtractive Patterning of Single Crystal Au-Ag(100) Alloy 
Films 

Subtractive patterning refers to the removal of material from a substrate, 

occurring at a moving point or over a larger area simultaneously. Here we restrict 

ourselves to the single moving point case, where we employ the focused ion beam (FIB) 

milling capability of the Helios SEM tool in 4D LABS’ Nanoimaging facility. One of the 

nanometer scale plasmonic structures commonly fabricated is a nanohole array. When 

mounted on transparent substrates, nanohole arrays are capable of displaying 

extraordinary optical transmission (EOT) properties. EOT refers to the greatly enhanced 

transmission of light through a subwavelength aperture in an otherwise opaque, 

periodically patterned metallic film. The plasmonic EOT response enables orders of 

magnitude higher transmission efficiency to occur than that predicted by classical 

aperture theory. Nanoholes are commonly fabricated by sputtering a small region of the 

surface to a desired depth with an energetic beam of incident gallium ions. This milling 

process is repeated at many pre-determined positions on the surface to yield a periodic 

array of milled features (holes) on the surface. Optimization of the milling parameters 

requires establishing the appropriate ion beam current, dose, and dwell time to achieve 

the desired surface patterning characteristics, including sputtering rate, depth, diameter, 

and periodicity. These milling parameters are material-dependent and crystallinity 

dependent. We have previously demonstrated the advantages of FIB milling in single 

crystal structures as opposed to polycrystalline structures. Pattern transfer quality is 

dramatically improved in single crystal materials due to the absence of the many 

randomly oriented crystallites characteristic of polycrystalline films, which display 

anisotropic milling rates. Instead, milling into a uniform single crystal film yields 
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exceptional quality patterning capability with sharp edges and high definition patterned 

features. 
 
The FIB milling of alloy nanohole arrays is described in Figure 4.1. The process 

begins with an electrolessly deposited single crystal alloy film, which defines the desired 

composition of the resulting nanohole structures. Employing 30.0 kV voltage and 18 pA 

current, nanoholes are obtained in the alloy films. The diameters and depths of the 

nanoholes can be controlled by adjusting ion beam current, whereas the periodicity can 

be controlled by appropriate selection of the pattern parameters. Once the desired 

parameters of a standard pattern are decided, the same procedure can be easily repeated 

to produce large area nanoholes arrays.  

 
Figure 4.1  Fabrication process of nano-hole arrays by Focused Ion Beam (FIB) 

milling. 

 

4.3. Nanohole Fabrication and Characterization 

Nanohole arrays were patterned and milled with a Focused Ion Beam (FIB) 

equipped on the FEI Helios Microscope as shown in Figure 4.2. All SEM images 

employed a voltage of 15.0 kV and current of 0.1 nA at 35x magnification after being 

tilted to 52 degrees. Different ion beam currents and sputter times result in different 

depths of the nanoholes. All samples were milled with 2.0 pA ion beam current, and the 

diameter was set to be 250 nm. The milling depth for (a), (b), (c), and (d) is 70 nm, 140 

nm, 280 nm and 560 nm respectively.  It is observed that nanohole patterns showed very 

high uniformity and periodicity, as the central distance between each nanohole and the 

diameter are controllable. This enabled the possibility of measuring the plasmonic 

properties quantitively on the new alloy films, which are further discussed below. 
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Figure 4.2: On a 1:2 (Ag:Au) alloy film, nanohole arrays were milled by FIB 

milling with a variety of depths: (a) 70 nm depth; (b) 140 nm depth; 
(c) 280 nm depth; (d) 560 nm depth. 

The resonant plasmonic response of nanostructures is normally expected to be 

more enhanced when the structures show high contrast and sharp edges and well-defined 

boundaries. Cross-sectional SEM images of the nanohole arrays are taken in order to 

assess the quality of the structures more carefully and to determine optimized milling 

parameters to improve milling performance. The shape and depth uniformity of the 

nanohole arrays can be observed clearly from their cross-sectional images, displayed in 

Figure 4.3. The main bright contrast region at the bottom represents the alloy film, while 

the dark shade inside the nanoholes is a carbon protection layer. The light shade at the top 

corresponds to the Pt protection layer. As shown in the images, nanoholes with different 

depths all result in smooth corners. The images also show that that the walls of the 

nanoholes are not vertical. Instead, the diameter of the bottom of the well is smaller than 

the top, generating a trapezoidal shape.  
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Figure 4.3: Example cross-sectional images of nanohole arrays indicating depth 

difference and shape of the nanohole arrays with depth of: (a) 70 nm; 
(b) 280 nm; (c) 560 nm. 

Despite the successful fabrication of high-quality single crystal alloy nanopillar 

arrays, attempts to monitor their plasmonic response were unsuccessful. Since the 

nanohole arrays were milled into opaque substrates, EOT measurements were impossible 

to conduct. Attempts to detect two-photon photoluminescence (2PPL) from the nanohole 

arrays were also unsuccessful due to the lack of a suitable wavelength illumination 

source. While no successful measurements of plasmonic response from the nanohole 

arrays were obtained, this is most likely due to the inappropriate choice of methods used 

to detect their plasmonic signatures. Methods to release the patterned alloy film from its 

underlying opaque substrate would enable EOT measurements and are currently under 

investigation in our laboratory. Integrating sphere-based absorption measurements should 

enable the direct observation of the local surface plasmon resonant absorption features of 

the nanohole arrays. However, integrating sphere-based absorption measurements require 

larger patterned areas because of the relatively large spot size of the white light source 

used for these measurements. Patterning such large area nanohole arrays with the serial 

milling method of the available FIB tool is expensive and time-consuming.    

In summary, high quality single crystal alloy nanostructured films have been 

fabricated through focussed ion beam milling into ultra-smooth alloy films deposited 

through epitaxial electroless deposition chemistry. The resulting structures contain a high 

definition periodic array of nanoholes of tunable depth. The approach can be easily 

extended to nanohole arrays of different diameter and periodicity to capture tunable 

plasmonic properties. Further work is underway in our laboratory to measure the 

plasmonic response of these nanohole array structures. Due to the difficulty in measuring 

the plasmonic response of these nanohole structures, efforts to make high quality single 
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crystal alloy nanostructures through additive fabrication methods were pursued and are 

described in the following sections.  

 

4.4. Additive Patterning of Single Crystal Au-Ag(100) Alloy Films  

Additive patterning refers to the addition of material to a substrate that can occur 

at a single moving point or over a larger area simultaneously to form a desired surface 

texture. Additive patterning has advantages over subtractive approaches because it does 

not generally result in the same extent of material waste and there is greater flexibility in 

the material composition of the resulting surface structures.  

 
Figure 4.4: Fabrication process of nano-pillar arrays by Electron Beam 

Lithography (EBL). 

The most common additive fabrication procedure for nanometer scale surface 

features relies on Electron Beam Lithography (EBL). The method and its application here 

are described in Figure 4.4. Initially, a polymer resist layer (approximately 200 nm 

thickness poly(methyl methacrylate) (PMMA-A4)) is coated on the electrolessly 

deposited single crystal alloy film. Illumination of a focused, high energy electron beam 

on nanometer scale regions of the PMMA film alters its local structure and solubility. 

Electron beam illumination of the PMMA resist in desired regions is carried out using a 

Raith e-LiNE EBL system. The electron beam exposure was performed with a 7 mm 

working distance and 20 μm aperture. A 20 kV electron beam with area dose of 1.0 x 200 

μC/cm2 is used to illuminate circular features in the resist layer. After the patterning, the 
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PMMA was developed in a solution of MIBK (methyl isobutyl ketone)-IPA 

(isopropanol) 3:1 for 120 s followed by 120 s of IPA rinse. This procedure provides a 

patterned resist layer (mask) comprised of an array of pores on the supporting single- 

crystal alloy film. The resulting restricted areas (pores) leave the space for the growth of 

the nanopillars by the same mechanism as used for high quality growth of the supporting 

alloy film. Following electroless deposition into the pores, the remaining resist material is 

removed from the surface by sonication in acetone for 1 minute, resulting in an array of 

nanopillars. Depending on the deposition time, the height of the nanopillars varies. 

Additionally, the grown height for larger diameter nanopillars is lower than that of 

smaller diameter ones, which is mainly due to the volume difference of the wells. Large 

area nanopillar arrays with designed diameter, height, and periodicity can be produced by 

this method, as shown in Figure 4.5. 

 
Figure 4.5: Example of large area nanopillar arrays on Ag0.75Au0.25 with 

diameters of (a) 250 nm; (b) 350 nm; (c) 450 nm; (d) 550 nm. 
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4.5. Synthesis and Characterization of Nanopillar Arrays 

Unlike the fabrication of nanohole arrays by FIB milling, the composition and 

quality of nanostructured surfaces is entirely determined by the quality of the alloy layer 

being patterned and the uniformity of the ion milling process in the layer. We have 

demonstrated that for single-crystal, epitaxial alloy layers, the quality of patterning is 

extremely high. In this section, we describe the design, fabrication, and characterization 

of “bottom-up” nanopillar alloy arrays in order to achieve monocrystalline nanostructured 

alloy films. The deposition concentration (total moles of metal ions available in solution) 

is optimized to achieve the desired height, diameter, periodicity and crystallinity of 

nanopillars. Characterization of the pillars by SEM and HRTEM is performed to ensure 

single-crystal alloy pillar deposition. Once the fabrication conditions are optimized, the 

plasmonic properties of the nanopillar arrays are assessed by direct and indirect 

plasmonic response measurements.  

 

4.5.1. Optimization Process for Nanopillar Arrays 

As described, the nanopillar fabrication process employs a PMMA-based electron 

resist masking layer. Unfortunately, this mask material can be etched by the highly 

alkaline conditions of the electroless deposition bath, limiting the available time for pillar 

deposition before the quality of the mask structure is degraded. In order to deposit 

enough alloy material in a relatively short time period, the pillar deposition conditions 

needed to be optimized. This section describes the attempts to optimize the deposition 

concentration of the nanopillars so that the deposition conditions give high quality 

nanostructures and can fill the restricted areas without overgrowth of the pores.  

To fabricate nanostructures on alloy surfaces effectively, the total concentration 

of metal ions in solution is adjusted. A comparison of electrolyte pillar deposition 

concentrations was carried out with concentrations ranging from half of that used to 

deposit the planar underlying alloy films to twice that concentration. Every sample 
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surface contained four patterned regions fabricated by EBL, each of which is a 500 µm x 

500 µm square region. The patterned PMMA cylindrical pore structures in each square 

have the same periodicity and depth. The central distance between any two individual 

pores in each square is 700 nm, and the depth of the EBL resist layer is approximately 

200 nm. Only the diameters are designed to be different in each of the four squares, and 

include pore diameters of 250 nm, 350 nm, 450 nm, and 550 nm. 

Figure 4.6 illustrates the effects of electrolyte concentration on pillar deposition. 

The figure shows tilt view SEM images of a series of 350 nm diameter pillars of 

Ag0.33Au0.67 composition. Fig. 4.6 shows nanopillars deposited from solution 

concentrations of (a) half the concentration; (b) the same concentration; and (c) twice the 

concentration as that used to deposit the underlying alloy film. From the SEM images, 

one can conclude that the quality of the nanopillars depended critically on the deposition 

concentration. Higher concentration leads to faster deposition of the alloy pillars but 

results in lower surface and crystalline quality. It is clear from Fig. 4.6(a) and (b) that the 

pillars deposited from the two lower concentrations are much smoother and well-faceted 

surfaces than the high concentration pillars (Fig. 4.6(c)) which appear to be deposited as 

multifaceted and possibly polycrystalline structures. With comparable quality pillars 

demonstrated in Fig. 4.6(a) and (b), the higher concentration deposition conditions of Fig. 

4.6(b) are preferred since this reduces exposure time of the PMMA mask film to the 

highly alkaline deposition bath. 

 
Figure 4.6: Tilt view SEM images (10 kV voltage and 0.1 nA current at 45 

degrees) of Ag0.33Au0.67 composition nanopillars with diameters of 350 
nm deposited from solution concentrations of (a) half the 
concentration; (b) the same concentration; and (c) twice the 
concentration as that used to deposit the underlying film. 

The crystallinity of the pillars in Fig. 4.6(b) and (c) were also examined by 

HRTEM. Both samples are prepared by FIB milling, where cross-sectional pieces of the 

sample are milled to approximately 50 nm in thickness. This procedure requires high 

500 nm

(c)

500 nm

(a) (b)

500 nm
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precision and relatively long tool time (six to eight hours of milling). In addition to 

undergoing extreme changes, the milled samples could be lost or damaged during the 

process. High resolution transmission electron microscopy (HRTEM) images of the 

interfaces between the film and a pillar are shown in figure 4.7, where the pillars are 

deposited with (a) the same concentration and (b) twice the concentration used for 

deposition of the underlying single crystal alloy film. The Fast Fourier Transforms 

(FFTs) of the images are also shown in the insets of each figure. Fig. 4.7(a), shows that 

the structure is continuous across the interface and that the FFT indicates deposition of a 

single crystalline domain, suggesting that the nanopillars were grown on the single 

crystal alloy film in a conformal epitaxial manner. In contrast, Fig 4.7(b) shows 

misalignment of the atoms across the interface, and the image FFT shows a continuous 

ring rather than distinct separated spots indicating that the pillars deposited at high 

concentration are polycrystalline in character. This may be due to the fact that Ag+ ions 

nucleate and form nanoparticles in solution under high concentration conditions and that 

some of these nanoparticles are embedded in the growing film and act as templates for 

polycrystalline growth. Note that we attribute this behaviour to Ag+ ions, since our group 

has previously demonstrated the ability to deposit single crystal gold pillars at even 

higher Au salt containing electrolyte concentrations.  

It is interesting to note that the FFT appearing in Fig. 4.7(a) from the single 

crystal alloy pillars shows some weak diffraction intensity spots, between the high-

intensity spots. Note that these weak diffraction spots are not visible in the HRTEM data 

from single crystal Ag(100). The spots can be assigned to the (100) diffraction from face 

centre cubic (fcc) metals which do not appear in the diffraction from pure materials due 

to the destructive interference of diffracting signals from adjacent (100) planes. In the 

case of an fcc alloy, however, the diffraction intensity originating from Ag and Au atoms 

differs, giving rise to imperfect destructive interference from adjacent (100) planes, and 

weak (100) interference. 
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Figure 4.7: HRTEM images and corresponding FFT shown for the interface 

region between the alloy film and nanopillars deposited from 
electrolytes of the (a) same concentration; (b) doubled concentration 
than that of depositing underlying films. Atoms alignment for region 
on left: underlying film and on right: nanopillar. 

In summary, Figures 4.5 and 4.6 helped to establish the requirements for growing 

high quality, epitaxial, single crystal nanopillar arrays. The appropriate concentration was 

determined to be that employed for the underlying film and represents a compromise 

between the 15-minute pillar deposition time, limited by stability of the PMMA mask in 

the 1 M NaOH-based electrolyte, and pillar quality. In this case, the resulting pillars are 

grown epitaxially and are single crystal, with smooth and faceted surfaces. These are the 

desired characteristics for further investigation of the plasmonic properties of the alloy 

nanomaterials.  

 

4.5.2. Fabrication and Characterizations of Different Compositions of 
Nanopillars  

Once the solution concentration is optimized to yield high quality nanopillars, 

nanopillars with different compositions are fabricated. In order to understand and 

compare the properties of the alloys nanostructures, pillars with diverse alloy 

compositions are fabricated, and include Ag0.33Au0.67, Ag0.25Au0.75, and Ag0.67Au0.33 

compositions, representing Ag:Au ratios of 1:2, 1:3, and 2:1. Higher silver composition 

nanopillars, e.g. 2:1 Ag:Au, are expected to provide more silver-like behavior. with 

narrower resonant frequency plasmonic responses than are observed for gold, but an 
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improved chemical resistance due to the presence of gold. Nanopillars with four different 

diameters are deposited simultaneously for a deposition time of 15 minutes at 60 °C for 

each film composition. The SEM images of the resulting pillars are obtained and 

compared.  

Example SEM images of the successfully deposited nanopillars of Ag0.33Au0.67 

composition are shown in Figure 4.8. Each image represents the top view of their 

different diameters: (a) 250 nm; (b) 350 nm; (c) 450 nm; and (d) 550 nm. The 

corresponding inset images show tilt view SEMs of the corresponding nanostructures at 

45 degrees. The image shows that all nanopillars show smooth surfaces and faceted 

structures. All pillars were deposited at the same time, and the thickness of pillars with 

different diameters can be easily distinguished. On the basis of these images, there is a 

clear correlation between the pore diameter and pillar height. The images show the 

smaller the nanopillar pore diameters are, the taller are the resulting pillars. This 

observation provides insight into the pillar growth kinetics and infers that in-plane growth 

proceeds at rates faster than those normal to the surface. Similar results have been 

observed for all other compositions. 
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Figure 4.8: Top view and (inset) tilt view SEM images of Ag0.33Au0.67 composition 

nanopillars for pillars of diameter (a) 250 nm; (b) 350 nm; (c) 450 nm; 
and (d) 550 nm diameter. 

The uniformity and elemental distribution of Ag and Au within the nanostructures 

has also been examined by HRTEM. Figure 4.9 shows the elemental mapping of a 450 

nm diameter nanopillar, with a composition of Ag0.33Au0.67. The image was taken under 

200 kV voltage and a magnification of 79,000 times. It reveals that the silver and gold are 

uniformly distributed within the film and the nanopillar. It can also be identified that the 

composition of pillars is very close to that of the underlying film, since the intensity of 

the color between the two are very close. An interesting observation that is revealed 

through the elemental mapping data is that in the immediate vicinity of the pillar/planar 

alloy film interface, a brighter color is observed in the silver image map (Figure 4.9a), 

indicating a higher contribution from silver at the interface. This additional silver 

deposition appears to come from Ag+ ions in the region immediately adjacent to the 

interface as indicated by a thin region of silver depletion and enhanced gold 
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concentration. The origin of this effect is currently unknown. It could originate from 

enhanced Ag deposition kinetics as a result of enhanced reduction from isopropyl alcohol 

(IPA). IPA is used to wet the pores of the PMMA mask prior to immersion in the alloy 

electrolyte bath in order to fill the generally hydrophobic pores with the aqueous 

electrolyte. So far, these are the only nanopillar elemental mapping studies that have been 

carried out. Further experiments on planar Au films should reveal whether this is due to 

the presence of IPA or is a more general observation. However, this confirmation will 

require further very time consuming and expensive HRTEM studies and is beyond the 

scope of this thesis. 

 
Figure 4.9: Cross-sectional TEM elemental mapping images indicating the 

distribution of (a) silver and (b) gold in a nanopillar of Ag0.33Au0.67 
composition. 

 

4.5.3. Absorption Measurements by Integrating Sphere 

Absorption measurements are typically performed by spectroscopic techniques 

such as UV-Vis spectroscopy using standard spectrometers applicable to primarily 

transparent samples. In most situations these methods are suitable for samples that scatter 

little or no incoming radiation. However, for reflective samples that scatter significant 

fractions of incoming radiation, quantification of a sample’s absorbance is more 

challenging and requires the use of an integrating sphere (IS) to capture light reflected 

and scattered from the samples. The integrating sphere is an optical component that is 
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coated internally with a uniform and highly reflecting material. Light emanating from the 

sample housed within the IS experiences numerous diffuse reflections from the inner 

walls of the integrating sphere and is eventually collected and used to measure the sample 

absorbance by comparison with an appropriate reference. In this section, the sample 

absorbance of single-crystal nanostructured alloy films of different composition are 

obtained and compared.  

In general, the optical absorption properties of a nanostructured plasmonic metal 

film are expected to display resonant features associated with the excitation of locally 

resonant surface plasmon modes. These LSPR modes are also expected to be directly 

affected by the pillar composition and the parameters of the nanostructures including 

diameter, height, and periodicity. Preliminary IS-based absorbance measurements of 

nanostructured alloy films of different composition are presented in Figure 4.10, where 

film absorbance is plotted as a function of wavelength (380 nm – 980 nm), for (a) 450 nm 

diameter, and (b) 550 nm diameter nanopillar arrays. As shown in these figures, resonant 

absorption of the nanostructured films occurs in this wavelength region, and the 

characteristic absorption features are composition dependent. The absorbance data 

obtained from nanopillar arrays of the same diameter, height and periodicity but different 

composition, show differences in their resonant absorption wavelengths and in the widths 

of these resonances. Specifically, pillars containing a larger silver component are 

narrower and better resolved than those containing higher gold compositions, which is 

consistent with the narrow plasmonic resonances of pure silver. As the composition 

changes, the position of the resonances also experiences a shift, as expected for materials 

with different dielectric properties in this wavelength region.  

As reported from the previous literature, Ag shows a narrow resonance with a 

relatively high intensity at approximately 380 nm, whereas for Au, a broader resonance 

with a lower intensity is commonly observed at wavelengths near 520 nm.119 The red 

dashed line in Figure 4.10 indicates the resonance position of pure Au, while that of pure 

Ag lies outside of the Figure’s spectral range.  Spectral features that appear to the left 

side of the red dashed line represent material-related, composition-dependent properties 

of the nanopillars, while resonant features to the right of the red dashed line are 

associated with the periodicity of the pillar arrays. Figures 4.10 (a) and (b) both show that 

for pillars of 3:1 Ag:Au composition (%Ag : %Au in solution), the absorption spectra 
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show a resonance at approximately 420 nm.  Note that this resonant feature lies between 

the expected resonance frequencies of pure Ag and pure Au nanostructures, indicating 

intermediate resonance frequency response for the alloy. Figure 4.10 (a) also shows 

highly resolved peaks whose composition-dependent resonances are related to the 

periodicity of the arrays for different film compositions in the range of 520 nm – 980 nm. 

The full width at half maximum (FWHM) of the resonances can be measured and 

compared. For pillars deposited from solution concentration ratios of 3:1, 1:2, and 1:3 

(%Ag : %Au), the measured FWHM of the resonances  (27 nm, 30 nm, and 32 nm, 

respectively) show a systematic increase in spectral width with increasing gold 

composition.   As expected, the results show that increasing silver content of the 

nanopillars leads to narrower resonances, characteristic of the longer plasmon decay 

times of silver and that the alloy shows intermediate electronic character. The results of 

these spectroscopic studies indicate that the alloys display intermediate behavior between 

Au and Ag, demonstrating composition-dependent plasmonic resonance widths and 

frequencies, suggesting that the optical properties of these plasmonic alloy nanostructures 

can indeed be tuned via material composition.  

The assignment of these spectral features to specific LSPR modes requires the 

help of finite difference time domain (FDTD) simulations to determine the 

electromagnetic (EM) field distribution in the nanostructured surfaces. FDTD simulations 

solve Maxwell’s equations in the time domain and describe the interaction of the 

incoming and scattered EM fields with the nanostructured plasmonic elements. They 

provide a description of the wavelength-dependent field distributions and can correlate 

the wavelength-dependent absorption resonances with these plasmonic modes. These 

simulations are of great interest to our research group and are currently under 

investigation, but are beyond the scope of this thesis.  
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Figure 4.10: Integrating sphere absorption spectrum for different compositions for 

pillar diameters of (a) 550 nm; and (b) 450 nm. 

 

(a)

(b)
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4.5.4. Resonant Plasmonic Response Studies on Alloy Nanopillars 

In this section the plasmonic response of monocrystalline, plasmonic alloy 

nanopillars is presented. Two-photon photoluminescence (2PPL) imaging has been used 

extensively to characterize the resonant behaviour of plasmonic nanostructures30-34 and is 

used here to provide insight into the nanopillar local field generation and plasmonic 

response. 2PPL measurements were carried out with a Leica TCS SP5 II laser scanning 

confocal microscope system equipped with an HCX PL APO CS 10x/0.4 IMM objective 

and a 75 MHz repetition rate, dispersion compensated, 140 fsec Chameleon excitation 

laser (Coherent) tunable from 680-1080 nm with a typical output power of 3.5 W at 800 

nm.  

Two-photon photoluminescence (2PPL) measurements are used as a measure of 

plasmonic excitation and provide information about the interaction between photons and 

electrons within the nanostructures. The plasmonic response is expected to depend on 

pillar shape, diameter, and height, pillar periodicity, as well as pillar alloy composition. 
120,121 By varying the wavelength of incident light and measuring the 2PPL emission 

intensity, the wavelength-dependence of LSPR excitation can be obtained. Figure 4.11 

shows the normalized 2PPL excitation spectrum of 250 nm diameter nanopillars of 

Ag0.33Au0.67 composition. The 2PPL excitation spectrum demonstrates resonant, narrow 

bandwidth response in the vicinity of 800 nm excitation. It is observed that the highest 

intensity occurs at 810 nm, where the resonant plasmonic response is identified, with the 

appearance of a weaker resonant feature at 875 nm. Shown in the inset of Fig. 4.11 is an 

image of the nanopillar array obtained by collecting the 2PPL emission, following 

excitation at 810 nm. The image demonstrates that the incoming electromagnetic field 

interacts strongly with the nanopillar array, localizing the field on the nanopillars, and 

inducing luminescence from the pillars. The image also shows that the 250 nm diameter, 

700 nm period pillars are easily resolved. 
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Figure 4.11: Sample normalized excitation spectrum for 250 nm diameter 

nanopillars of Ag0.33Au0.67 composition and the corresponding 
luminescence of the nanostructures. 

 

4.6. Summary  

In the work described in this chapter, nanostructured Au-Ag plasmonic alloy 

materials were fabricated via both subtractive and additive methods, and the plasmonic 

properties of the resulting nanostructures were examined. 

The subtractive fabrication procedure produced highly defined periodic arrays of 

nanoholes with tunable depth, by employing focussed ion beam (FIB) milling into high 

quality single-crystal alloy films deposited through epitaxial electroless deposition 

chemistry. However, it was very challenging to obtain the 2PPL plasmonic response of 

these nanohole structures.  At this point, the reasons for this difficulty are unclear.  

Further studies including FDTD simulations of the nanohole array absorption properties 

will be carried out to provide additional information    As a result of these difficulties, the 

additive fabrication method was pursued to produce high quality alloy nanopillars by 
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using electron beam lithography (EBL). The synthetic procedure for growing these large-

area, high-quality, single-crystal nanopillar arrays was established by examining different 

arrays deposited with various deposition concentrations. The quality and crystallinity of 

the resulting nanostructures were then assessed by scanning electron microscopy (SEM) 

and HRTEM. They were grown epitaxially and were single crystal, with smooth and 

faceted surfaces. Nanopillar arrays with different compositions were fabricated and 

examined.  

The plasmonic activity of these nanostructures was then measured via integrating 

sphere-based absorption measurements (IS) and 2-Photon Photoluminescence (2PPL) 

spectroscopy to determine their wavelength-dependent resonant localized surface 

plasmon response. The spectral features obtained by integrating sphere-based absorption 

measurements showed narrow and well resolved peaks for pillars containing a larger 

silver component, and resonance shifts of the spectrum were observed as the composition 

changes. This revealed that Au- and Ag-based alloy nanopillars showed improved 

plasmonic properties compared with that of pure gold. The 2PPL results also showed the 

strong interactions between the incident electromagnetic field and the nanopillar array, 

and the field was localized on the nanopillars, inducing pillar luminescence. In 

conclusion, the alloy nanopillars are plasmonically active, and presented improvements in 

resonance plasmonic responses. 
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Chapter 5. Conclusions and Future Opportunities 

5.1. Conclusions 

In this work, Ag-Au-based alloy films with different compositions were 

successfully synthesized by electroless chemical deposition methods recently established 

in our research laboratory. The work presented here extends the deposition method from 

pure metals to include the deposition of mixed metal binary alloys into high quality single 

crystal films. Their properties are also well understood based on the examination by 

multiple characterization techniques. This work presents strong evidence that these alloy 

films can be characterized as plasmonic: containing high metal-like free electron density 

and displaying negative real permittivity. Furthermore, these electrolessly deposited 

alloys take advantage of the plasmonic characteristics of silver and gold to display new 

and improved hybrid plasmonic properties with response throughout the visible spectrum. 

In addition, the alloys address the limitations of the individual metals by achieving 

improved chemical stability that is characteristic of gold, and by obtaining lower optical 

losses characteristic of pure silver. It appears that the newly developed alloys could 

potentially replace commonly used plasmonic materials such as gold and silver in fields 

of plasmonic research and applications. 

Specifically, the approach of this work was to first establish optimized solution 

concentrations and deposition conditions to be used in the electroless co-deposition 

method. This was achieved by varying the concentrations of each individual metal ion 

component and comparing the qualities of the resulting films. By maintaining the total 

number of moles of metal ions in solution constant, alloys with different film 

compositions are deposited by varying the Au/Ag salt molar ratios. In this way, the 

compositions of the produced alloy films were controlled, and all compositions were 

reproducible. The alloy film compositions were measured by X-ray Photoelectron 

Spectroscopy (XPS) and were in agreement with the bulk compositions measured from 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). These studies established the 

relationship between solution concentrations of the electroless alloy deposition baths and 

the resulting as-deposited film compositions.  
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The physical and optical properties of the alloys were also verified in this work. 

All alloys demonstrated excellent surface quality, confirmed by Scanning Electron 

Microscopy (SEM). The alloy film thicknesses were measured and compared by Focused 

Ion beam (FIB) milling and cross sectional SEM. The resulting film thicknesses of the 

alloys were consistent since they were deposited from baths containing identical total ion 

concentrations. At the same time, it has been demonstrated that the film thickness has a 

close to linear relationship with deposition time, implying that the thickness can be 

precisely controlled by simply modifying the deposition time. Another important fact is 

that all alloy films are validated as single crystal materials through 2 Dimensional X-ray 

Diffraction (2D-XRD), and High-Resolution Transmission Electron Microscopy (TEM). 

Once the fabrication of alloy materials was confirmed and the compositions of the films 

were established, the optical properties of the alloys were explored. The dielectric 

functions of each alloy film were investigated by Spectroscopic Ellipsometry (SE). It has 

been observed that all alloys demonstrated lower losses than gold in the high energy 

region of the visible spectrum. As gold is gradually more diluted by silver, the alloys 

showed systematically lower absorption at wavelengths of 400-500 nm where gold shows 

strong interband optical absorption. The deposited alloy films showed improved optical 

characteristics compared with gold, as their optical losses are lower. The 3:1 

(%Ag : %Au) alloy appeared to have the lowest losses among the alloys studied.  

This work also successfully demonstrated that the alloy materials could be 

deposited as single crystal nanostructured materials. High quality nanohole arrays of 

tunable diameter and hole depth composed of single crystal alloys were fabricated by 

focused ion beam milling. While these structures did not show measurable two-photon 

photoluminescence (2PPL) signatures, they are ideal structures to investigate 

extraordinary optical transmission. Methods to prepare these structures on transparent 

substrates are currently under investigation in our laboratory. Additive “bottom-up” 

patterning of nanopillar arrays with tunable diameter and alloy composition were 

fabricated using electron beam lithography methods. These alloy nanopillar structures 

demonstrated resonant plasmonic responses in the integrating sphere-based absorbance 

measurements and in 2PPL studies, where resonant excitation at 810 nm enabled plasmon 

induced, pillar-resolved, high resolution imaging of the nanopillar array. 
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The chemical stabilities of the alloy films were studied by observing film 

oxidation before and after exposure to oxidants. The chemical stabilities of alloys were 

significantly enhanced by comparing the oxidation time with that of pure silver. In this 

preliminary work, only the chemical stability of 3:1, 2:1, 1:1, 1:2, and 1:3 (%Ag : %Au in 

solution) alloy films were measured.  

 

5.2. Further Investigations 

In this thesis, only preliminary results on plasmonic measurements of the 

nanostructures are reported. The presented understanding of the physical and optical 

properties of the alloys allow further studies on plasmonic properties for all alloy 

compositions. There are also three open questions beyond the scope of this thesis which 

can be better understood by further investigations. 

It has been observed that silver appeared to have enrichment at the interface of the 

nanopillars and the alloy film. The reason for this phenomenon needs to be addressed by 

carrying out additional test experiments. One potential reason for this observation could 

be due to the wetting of the nanopores with isopropanol (IPA) prior to depositing 

nanopillars. The presence of the alcohol groups may affect silver ions by accelerating 

their reduction rate relative to gold. Confirmation of this will require an elemental 

mapping experiment depositing the same nanostructures without the presence of IPA. 

The difference between the two measurements can indicate the importance of IPA on the 

reduction and deposition rate for silver. Another reasonable hypothesis is that silver 

undergoes enrichment at the surface regardless of the concentration of other ions in 

solution. For single crystal alloy film deposition on evaporated Ag(100) substrates, silver 

enrichment could be possible but not observed, due to the difficulty in distinguishing 

enriched silver formed by electroless deposition from substrate silver. This point will be 

addressed by deposition of alloy films onto single crystal gold substrates, followed by 

HRTEM studies. Unfortunately, these HRTEM studies are very expensive and time 

consuming. 
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Integrating sphere-based absorption measurements provide information on the 

resonant plasmonic responses for both alloys and pure metals. The identity of each peak 

present in the spectrum can be assigned and understood in terms of the pillar properties 

with the help of finite difference time domain (FDTD) simulation as discussed in Chapter 

4. An important input to these simulations is the wavelength dependent permittivity data 

of the metal. While this data is readily available in the FDTD software for pure gold and 

pure silver, it is not generally available for alloys. However, since we have obtained this 

permittivity data as part of our ellipsometry studies, it can be imported into the software 

to perform appropriate FDTD simulations and spectral assignments.     

The chemical stability of the nanostructured alloy films can also be studied by 

evaluating the spectral changes in the resonant plasmonic response of the films upon 

exposure to oxidants through integrating sphere-based absorption measurements. In order 

to measure the chemical stabilities of alloys quantitatively, the integrating sphere 

measurement will be taken at regular intervals following exposure to strong oxidizing 

environments until the corresponding alloy resonance peaks begin to become altered 

through oxidation. The resulting stabilities can then be compared to those of pure Ag and 

pure Au pillars to assess the enhancement in chemical stability of the alloy 

nanostructures.  

The 2PPL measurements of nanopillar arrays were also obtained in this work. 

However, we have observed that some nanostructures display very weak luminescence, 

while others show very strong 2PPL signals. A more thorough analysis of the 2PPL 

response from the alloy nanopillar arrays and its dependence on nanopillar depth, 

diameter, and periodicity is required. The correlation between the resonant response of 

the nanopillars as obtained through absorbance measurements and the 2PPL needs to be 

established. In addition, the pure silver and pure gold nanopillars can be fabricated and 

measured in the same way as the alloy nanopillars, to establish the dependence of the 

plasmonic 2PPL response to composition. 

Surface enhanced Raman scattering (SERS) measurements can be obtained on 

these single crystal alloy materials to study the plasmon enhancement of alloy 

nanostructures. In addition, computational simulations on all alloys can be carried out to 
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confirm their optical and plasmonic properties, and to explain the experimental behaviors 

of alloys in detail.  

Ag and Au are excellent materials for research and application in plasmonics. In 

this work, by employing the electroless deposition method, Au- and Ag- based alloys 

were synthesized with controlled physical and optical properties. This work enables the 

abilities to design and fabricate novel plasmonic materials based on individual desires. 

However, the electroless deposition method is not restricted to the synthesis of only Ag 

and Au alloys and could be expanded to many other materials, which can be suitable for 

different applications. As mentioned in chapter 1, there are many materials that are 

characterized as plasmonic. Materials such as copper (Cu) and platinum (Pt), can be 

alloyed following the same electroless deposition procedure. Our lab has demonstrated 

the success of alloying copper and platinum with gold and silver respectively, which 

opens many possibilities for novel alloy materials and their corresponding physical and 

optical properties, providing a wider application range.   

This work has described the novel properties achievable with the formation of 

crystalline binary metallic alloys. The range of materials with potentially interesting and 

useful new properties is even further expanded by the possibility of ternary and 

quaternary alloy combinations. While this approach provides for an increase in the level 

of complication, studying such multi-element alloys can potentially benefit a much 

boarder application range as the materials can potentially exhibit brand new optical 

properties. The study of multi-element alloys will require much additional work and 

present a significant challenge; however, the benefits may be many.  

In summary, this work describes the successful synthesis and characterization of 

new, high quality, Au-Ag- based plasmonic alloy materials that display new and unique 

properties. In addition, the work represents a broader approach to access a new palette of 

useful materials through further development of other binary and multicomponent alloys.  

It is anticipated that the development of these and other new materials will enable new 

advances in nanoscale research and application.   
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