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Abstract  

Noble metal nanoparticles strongly adhered on the dielectric matrices have been extensively studied 

because of their pronounced applications in optical devices based on tunable localized surface 

plasmon resonance (LSPR) absorption band. To develop optical devices by using LSPR, it is 

important to establish a method to disperse noble metal nanoparticles homogeneously on dielectric 

substrates and to tune the wavelength of LSPR. Compared with chemical synthesis methods, the 

noble metal nanoparticles formed by ion irradiation on the dielectric substrate draw significant 

interest in recent years because of the distinct optical properties due to homogeneous single layer 

dispersion of noble metal nanoparticles and no interlayer deposition on dielectric substrates. 

However, the detailed investigation of noble metal nanoparticles’ microstructure in the dielectric 

substrate and their relationship with the optical property have been rarely conducted. Therefore, a 

detailed investigation of ion irradiation induced surface nanostructuring of gold thin films on 

amorphous SiO2 substrate is conducted by scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). In addition, the dependence of optical property on surface 

microstructure was studied. Also, 100 keV Ar
+
-ion irradiation of Ag-Au bimetallic films on 

amorphous SiO2 and single crystal Al2O3 have been conducted, in order to investigate the 

dependence of optical property tuning behavior on the gold concentration and also on substrate 

structure. 

The main objectives of this research are highlighted in chapter 1; (a) to investigate the nanoparticles 

microstructure dependence on ion irradiation parameters; and (b) to investigate the optical properties 

dependence on the nanoparticles morphology. Chapter 2 gives a description of experimental 

procedures. The specimen preparation, ion irradiation condition, and the characterization methods 

including spectrophotometry, atomic force microscopy (AFM), SEM and TEM are described.  

In chapter 3, ion-beam induced suface nanostructuring and the burrowing of the nanostructures by 

the Ar
+
-ion irradiation are described. 100 keV Ar

+
-ions were irradiated to SiO2 substrate with 30 nm 

gold film on the surface with various fluences. The surface morphologies were investigated by AFM 

and SEM. Dewetting of Au thin films due to radiation-enhanced diffusion were observed. At the 

same time, the burrowing of the nanostructures into dielectric matrix was observed. The burrowing 

of these nanostructures was verified by cross sectional microstructure observation by TEM. Finally, 

a single layer of spherical Au nanoparticles which formed a single layer structure deeply embedded 

in the SiO2 substrate was obtained. The LSPR absorption band due to the localized surface plasmon 

excitation of these Au nanoparticles was also confirmed by photo absorption spectra. In addition, the 

dependence of the optical response on ion beam energy was studied and a shift of the LSPR 

absorption band towards the longer wavelength (red shift) with the increase of ion beam energy was 

obtained. 



In chapter 4, the control of various parameters sensitive to the LSPR absorption band (including 

particle size and shape) by irradiation fluence was described. Experimentally, 100 keV Ar
+
-ion 

irradiation of 30 nm Au(50%)-Ag(50%) films deposited on the SiO2 glass substrate was conducted. By 

increasing the irradiation fluence, the mean size of the nanospheroids decreased, the aspect ratio 

approached unity and the satellite nanoparticles were formed. It resulted in a shift of the LSPR 

absorption band towards the shorter wavelength up to an irradiation fluence of 1.0 × 10
17

 cm
−2

. The 

peak was then shifted towards longer wavelength because of the multi-sphere scattering effects due 

to the satellite nanoclusters. Further control of LSPR absorption band over a wider range has been 

achieved by synthesizing bimetallic nanoparticles fabricated in the form of alloys of two metals. 

Experimentally, 100 keV Ar
+
-ion irradiation of 30 nm pure silver, pure gold, and three different 

bimetallic Ag-Au films on SiO2 glass substrate have been conducted, and a single layer 

photosensitive Ag-Au bimetallic nanoparticles embedded in a SiO2 substrate was obtained. A 

remarkable LSPR peaks shifted towards the longer wavelength with the increase of the Au 

concentration was obtained. Gans theory has been used to model the optical response of these 

metallic nanoparticles embedded in SiO2 substrates. This theory accounts for the main effects 

associated with the major behaviors of the localized surface plasmon excitation.  

In chapter 5, substrate dependence was investigated by use single crystal Al2O3 substrate. The 

process of ion irradiation induced surface nanostructuring of 30nm Au-Ag bimetallic films on single 

crystal Al2O3 substrate was different from that on the amorphous SiO2 substrates due to the substrate 

structure difference. In case of single crystal Al2O3 substrate, higher fluence of 3.8 × 10
16

 cm
−2 

(in 

this study) was required to make the near surface amorphous. Therefore, ion irradiation can 

sufficiently increase the ion-induced viscous flow to burrow Au-Ag bimetallic nanoparticles into 

single crystal Al2O3 substrate. This further supported the present mechanism for the ion induced 

burrowing of rigid nanoparticles into viscous media. In addition, dependence of the LSPR absorption 

band on the chemical concentration for the Au-Ag bimetallic nanostructures was also observed; 

however, the tendency is diverted away from the tendency on the amorphous SiO2 substrate.  

Chapter 6 summarized the conclusions of all these studies. Based on the aforementioned results, ion 

irradiation is an effective approach in surface nanostructuring and in controlling the LSPR properties 

of the metallic films on dielectric substrates.  

  



Abbreviations: 

UV: ultraviolet; 

AFM: atomic force microscope; 

TEM: transmission electron microscope; 

SEM: scanning electron microscope; 

EDS: energy–dispersive spectrometry; 

LSPR: localized surface plasmon resonance; 

FCC: face–centered cubic; 

SERS: Surface enhanced Roman spectroscopy; 

TERS: Tip–enhanced Roman spectroscopy; 

QSA: Quasi–static approximation; 

ADDL: amyloid-beta-derived diffusible ligand; 

SUS: stainless steel; 

SADP: selected area diffraction pattern; 

LFIEF: Local Field Intensity Enhancement Factor. 
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1 Introduction 

1.1  The Importance of Localized Surface Plasmon Excitation 

Physical and chemical properties of low–dimensional solid–state systems have attracted 

considerable attention because of their technological significance. A striking feature of 

modern technology is the important role of the surface and near-surface regions of 

materials [1, 2]. Modern communications, complex data storage, electronic thin-film 

displays, biochips are products of innovative research employing surfaces and thin films 

in new and creative ways [3–6]. In the past decade, metallic nanoparticles either 

sustained on the surfaces or dispersed in dielectric matrices have been extensively 

studied experimentally as well as theoretically because of their pronounced optical and 

electrical properties (Fig. 1.1). The best–known optical property of metal nanoparticles 

embedded in glass is the localized surface–plasmon resonance (LSPR), and the formal 

explanation of this remarkable phenomenon was given by Gustav Mie [4, 7].  

 

Fig. 1.1: Sketch of homogeneous metallic spheres placed in an oscillating EM field. The conduction 

electrons are displaced as a whole, polarizing the sphere (    ), while the surface of the particles 
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exerts a restoring force   , so that resonance conditions can be established, leading to EM field 

amplification inside and in proximity of the particle. 

Metallic nanostructures with sub-micrometer dimensions exhibit very different optical 

responses with respect to their bulk counterparts [7]. An external EM field can penetrate 

inside the volume of the particles, shifting the free electrons gas with respect to the ions 

lattice; consequently, charges of opposite sign accumulate on the opposite surfaces of 

the particles, polarizing the metal and establishing restoring local fields (ER in Fig. 1.1). 

Therefore, in formal analogy with the Lorentz model, the particles can be viewed as 

oscillators, whose behaviour is determined by the free electrons effective mass, charge 

and density, but most importantly by the geometry of the particles. Under resonance 

conditions, the free electrons gas is coherently dragged by the external excitation, so the 

electric dipoles induced inside each particle become extremely large. Correspondingly, 

the local fields in proximity of the particles are order of magnitudes enhanced with 

respect to the incident fields, the scattering cross section is enormously amplified, and 

very strong absorption peaks are observed. Such collective excitations are commonly 

known as localized surface plasmons (LSPs); for common metals they are usually 

observed in the visible range (Cu, Ag and Au [8–10]).  
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Fig. 1.2: Important optical processes resulting from the interaction of light with a gold nanoparticle, 

viz. light absorption, Mie scattering, surface–enhanced luminescence and surface–enhanced Raman 

scattering from absorbed molecules. (Adapted from Ref. [14]) 

Noble metallic nanoparticles have been extensively studied both experimentally
 
and 

theoretically because of their appreciable applications in plasmonics (Fig. 1.2). There 

are many interests in synthesizing silica glass based metal–silica nanocomposites for 

their considerable applications in nano–optical devices, which have been widely used in 

ultra–fast optical nonlinear device [5], plasmonic applications in surface enhanced 

Raman spectroscopy (SERS) and recent development in tip enhanced Raman 

spectroscopy (TERS) [11–13], LSPR–based biosensor and biomedicine [14, 15], 

LSPR-based chemical sensors such as molecular, gas, and pH sensors [16, 17], catalysis 

[1, 2], solar energy utilization [6], and so on.  
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1.2  Localized Surface Plasmon Excitation Based Applications 

1.2.1 Surface enhanced raman scattering 

A Raman scattering event in a molecule is an instantaneous optical scattering process in 

which an incoming photon from the laser at 𝜔𝐿 excites a molecular vibration (with 

frequency 𝜔𝜈) while emitting a scattered photon at 𝜔𝑆 = (𝜔𝐿 − 𝜔𝜈). The incident 

photon does not need to be absorbed and induce electronic transitions in the molecule, 

and it can be considered as an interaction with a „virtual state‟ as depicted in Figure 1.3. 

The scattering is instantaneous for both photons and they are directly connected through 

the scattering process.  

 

Fig. 1.3 A Raman scattering process is an instantaneous process in which the scattered photon is 

directly linked to the incoming one. Both photons are simultaneous and benefit from the 

enhancement provided by the SERS substrate. (Adapted from Ref. [11]) 

Local Field Enhancements 

A important aspect of metallic nanoparticle is the Local Field Intensity Enhancement 

Factor (𝐿𝐹𝐼𝐸𝐹) at their surface (i.e. by how much the intensity of the electromagnetic 

field is changed with respect to the intensity we would have had at the place without the 

metal). The local field intensity at a specific point is proportional to the square of the 
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electric field amplitude at that point: |𝐸(𝑟)|2. The 𝐿𝐹𝐼𝐸𝐹 at a specific point is then the 

normalized value of |𝐸(𝑟)|2 
with respect to the intensity of the incoming field at that 

point: |𝐸0(𝑟)|
2. Explicitly,  

𝐿𝐹𝐼𝐸𝐹(𝑟) =
|𝐸(𝑟)|2

|𝐸0(𝑟)|2
,                       (1.1) 

The 𝐿𝐹𝐼𝐸𝐹 expresses the change in local intensity at a specific point produced by the 

presence of nanoparticles. Any optical technique that depends on the intensity of the 

light at a specific point will hence be linked to the 𝐿𝐹𝐼𝐸𝐹 and depending on whether 

the optical process involved will be enhanced or quenched (𝐿𝐹𝐼𝐸𝐹 is >1 or <1). 

 

Fig. 1.4 Schematic illustration of surface enhanced Raman spectroscopy. (Adapted from Ref. [12]) 

The |𝐸|4 Factors Approximation to SERS Enhancement Factors 

If we have an isolated molecule in which Raman processes are occurring, and we are 

detecting that as a Raman signal in the far field, and if we put the molecule in an 

environment where the laser field is enhanced by a certain amount through an 𝐿𝐹𝐼𝐸𝐹. 

We will produce more Raman processes since an increase in the 𝐿𝐹𝐼𝐸𝐹 at 𝜔𝐿 is 

equivalent to increasing the laser power. We will therefore observe more scattered 

photons at 𝜔𝑆. On the other hand, if we put the molecule in a place that enhances the 
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emitted field at 𝜔𝑆 (Figure 1.3). This will increase the Raman intensity too. 

Hence, the Raman process benefits from both the emission and excitation enhancements, 

that is, the 𝐿𝐹𝐼𝐸𝐹 at both 𝜔𝐿 and 𝜔𝑆, and this leads to an 𝐸𝐹 for SERS of the form. 

𝐸𝐹 = 𝐿𝐹𝐼𝐸𝐹(𝜔𝐿) × 𝐿𝐹𝐼𝐸𝐹(𝜔𝑆)                   (1.2) 

The difference between the 𝐿𝐹𝐼𝐸𝐹 at ωL and that at ωS can sometimes be ignored in 

many cases. This is due to the fact that ωL−ωS (Raman shift) is sometimes small 

compared to the typical frequency ranges where the 𝐿𝐹𝐼𝐸𝐹 shows substantial changes. 

Taking into account that the 𝐿𝐹𝐼𝐸𝐹 at a given point is given by Equation (1.2), the 

SERS EF at 𝑟 with all the above approximations included reads 

EF~𝐿𝐸𝐼𝐸𝐹2(𝜔𝐿) =
|𝐸(𝑟)|4

|𝐸0(𝑟)|4
,                     (1.3) 

This is the so-called |𝐸|4 approximation for the SERS enhancement. Despite its many 

approximations and simplifications, it provides a very useful estimate for the actual 

experimental SERS enhancements in a single molecule located at 𝑟. A schematic 

illustration of a typical surface enhanced Raman spectroscopy is show in Figure 1.4. 

Tip-Enhanced Raman Scattering (TERS) 

A major breakthrough in SERS in the last few years has been the introduction of the 

related technique tip-enhanced Raman scattering (TERS) [11, 13]. Coupled plasmon 

resonances are not limited to gaps between objects with the same geometries, but rather 

exist for any pair of metallic interacting objects. An important case of coupled plasmon 

resonances happens between a flat metallic surface and a tip, as displayed schematically 

in Fig. 1.5, under which configuration a tip-enhanced Raman scattering works. If we set 
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the external field direction along the axis of the tip, in which case the plasmon 

resonance resulting from the interaction between the surface and the tip couples most 

efficiently. Figure 1.5 shows a 𝐿𝐹𝐼𝐸𝐹 map at 620 nm where the clear presence of a hot 

spot in between the tip and the surface can be seen. This is the position that a deposited 

molecule on the substrate would be occupying under the tip.  

 

Fig. 1.5 A typical TERS geometry: a flat substrate and a tip (both made of gold in this case) are 

brought together with a gap of a few nanometers in between. (Adopted from Ref. [11]). 
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1.2.2 Surface plasmon resonance based colour filter 

Daisuke Inoue et. al. [18] have demonstrated an aluminum red-green-blue (RGB) color 

filter. The RGB color filters made from Al films containing various arrays of shaped 

sub-wavelength holes, created using electron beam lithography. 

Figure 1.6 shows optical microscope images of various shapes of holes in Al films. The 

color bars are due to hole arrays with different periods and shapes. The numbers beside 

the photographs give the periods of the hole arrays corresponding to the color bars. The 

side-lengths of the squares and triangles, and the diameters of the circle are half as large 

as the period. The microscope images at the top are the corresponding SEM images.  

Figure 1.7 shows an optical microscope image of an Al color filter. This filter has 

equilateral triangular shaped holes, periodically arranged on an Al film. The side lengths 

of the holes are 210 nm, 170 nm and 150 nm, and the lattice constants are 420 nm, 340 

nm and 300 nm, for the red, green, and blue colors, respectively.  
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Fig. 1.6 Optical microscope images of aluminum color filters with (a) circular holes arranged on a 

hexagonal lattice, (b) triangular shaped holes, (c) circular holes arranged on a square lattice, and (d) 

square holes. The numbers beside the photographs give the period of the arrays in nanometer. 

(Adapted from Ref. [18]) 

 

Fig. 1.7 Optical microscope image of aluminum color filter with triangular shaped holes. (Adapted 

from Ref. [18]) 
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1.2.3 Localized surface plasmon resonance based bio-sensing  

Metal nanoparticles LSPR absorption found large applications for chemical and 

biological sensing, due to sensitive spectral response to local surface environment and 

ease of monitoring the light signal due to the strong light scattering and absorption [8, 9, 

14]. Even the slightest change in the dielectric surrounding leads to a detectable shift of 

the resonance energy. That is the reason why metallic nanoparticles are very suitable for 

sensing applications. The spectral sensitivity, defined as the relatice shift in resonance 

wavelength with respect to the refractive index change of surrounding materials, is 

dependent on the SPR absorption position and width, which in turn depend on metal 

type and on particle shape. As decribed in the previous sections, silver is more sensible 

than gold to surface environment and nanorods are better than spheres in reason of a 

plasmon absorption band more sharp and intense. 

Localized Surface Plasmon Resonance Wavelength-Shift Sensing 

The most common method for LSPR sensing is the wavelength–shift measurement, in 

which the change in the maximum of the LSPR extinction curve is monitored as a 

function of changes in the local dielectric environment caused by analyte adsorption. 

This relationship is described in Eq. 1.4 [14], and has been demonstrated for a number 

of systems in which either the bulk-solvent refractive index or the length of a molecular 

adsorbate (i.e., a linear alkane chain) is changed. 

∆𝜆max = 𝑚Δ𝑛 *1 − 𝑒𝑥𝑝 (
−2 

𝑙𝑑
)+,                 (1.4) 

here 𝑚  is the bulk refractive–index of the nanoparticles; Δ𝑛  is the change in 

refractive-index of the adsorbate; is 𝑑 the effective adsorbate layer thickness; and 𝑙  
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is the characteristic EM–field–decay length.  

This sensitivity to local environment can be expanded to sensing biological molecules 

such as proteins and antibodies [15, 16]. Initial demonstrations of this principle 

measured the shift in 𝜆max  on binding of either streptavidin or antibiotin to 

biotinfunctionalized nanoparticle arrays (Fig. 1.8). Perhaps the most biomedically 

relevant demonstration of LSPR sensing has been the work in which a biomarker for 

Alzheimer‟s disease, amyloid–beta–derived diffusible ligand (ADDL), has been sensed 

using LSPR spectroscopy [15].  

 

Fig. 1.8 Representive experimental set-up and procedure for localized surface plasmon resonance 

(LSPR) sensing. Transmission UV-visible spectroscopy is used to monitor the optical absorption of 

Ag nanoparticles. (Adapted from Ref. [14]) 
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1.3  Overview of the Various Methods for Surface Nanostructuring 

There have been impressive developments in the field of nanotechnology in recent years, 

with chemical and lithographical methodologies being developed to synthesize NPs of 

particular size and shape. Purely chemical synthetic routes like innovative colloidal 

self–assembly [19–22], lithography methods like nanosphere lithography [23, 24], laser 

irradiation [25], electron irradiation [26], and ion irradiation [36–38] have been 

developed for manufacturing high efficiency platforms for the LSPR–based sensors.  

1.3.1 Colloid chemical methods. 

Nowadays, colloidal chemistry can produce a myriad of metal NPs in solutions with a 

variety of morphologies from sphere to complex core–shell, with very good control of 

the size distribution [19–22]; this control over the size, composition, and morphology of 

the NPs in a system can produce dramatically different absorption features in the visible 

or near–infrared spectrum (Fig. 1.9) [19]. However, the synthesis of these structures, in 

particular within a matrix, is a significant challenge. 
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Fig. 1.9 (a) Photograph of the aqueous dispersions of starch stabilized Au, Ag and the various Au-Ag 

alloy compositons. The Au-Ag mole ratios are: (1) 0.0:1.0; (2) 0.25:0.75; (3) 0.5:0.5; (4) 0.75:0.25; 

(5) 1.0:0.0. (b) The corresponding surface-plasmon absorption bands for these five samples. 

(Adapted from Ref. [19]) 

The silanized glass coverslips were subsequently immersed in a colloidal gold solution 

to form a self-assembled monolayer of the gold colloids on both sides of the glass 

coverslip (Fig. 1.10) [20]. The immobilized colloids were used in the applications of 

SERS and LSPR based biosensors. 

 

Fig. 1.10 Schematic of the steps involved in the fabrication of the immobilized colloidal gold sensor 

chip on glass. Glass substrate was functionalized with APTES to provide an amine-terminated 

surface for formation of a monolayer of gold nanoparticles (AuCM). 
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1.3.2 Nonosphere lithography 

Nanosphere lithography is an inexpensive and simple method to fabricate large arrays of 

nanoparticles with well controlled size and shape. Nanosphere lithography fabrication 

begins with the self-assembly of size-monodisperse polystyrene nanospheres to form a 

deposition mask (Fig. 1.11). Then, metal is deposited through the nanosphere masks 

using thermal or electron beam evaporation. After the removal of polysryrene 

nanospheres, well ordered 2D triangular nanoparticle arrays remain on the substrates. 

By changing the nanosphere diameter and the deposited metal thickness, nanoparticles 

with different inplane width, out-of-plane height and interparticle spacing can be 

produced [23, 24]. 

 

Fig. 1.11 Schematic illustration of Ag nanoparticle fabrication procedure using nanosphere 

lithography. (Adapted from Ref. [14]) 

Uauaslly, a Cr adhesion layer is deposited between Ag nanoparticles and a glass 

substrate, for the purpose of improving the adhesion of Ag nanoparticles to glass, was 

observed to cause an abnormal peak shift of extinction spectra in nonspecific reactions. 

Also, the undesired peak shift misleads molecule detection in non-specific reactions. 
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1.3.3 Quatum beam irradiation 

(a) Laser beam irradiation 

Cobalt films ranging in thickness from 1 and 8 nm were deposited by e-beam 

evaporation onto optically smooth SiO2 surfaces in vacuum [25]. The morphology 

following double-beam laser irradiation is shown in Figs. 1.12a–c. The typical pattern 

evolution for films with 𝑕0 > 2 𝑛𝑚 begins with spatially periodic film rupture at 

length scales equal to the interference spacing at the early stages. Longer irradiation 

yielded the formation of long, cylindrical-like “nanowires” and continued irradiation 

resulted in the breakup of these nanowires into particles. The final particle state is 

characterized as a quasi-2D array, comprised of the longer range order due to periodic 

laser intensity and the shoter range order resulting from the breakup of the nanowires. 

Experimental measurements of the trends in neareast neighber particle spacing 𝜆𝑁𝑁2 

and the corresponding particle radius 𝑟𝑝2with film thickness 𝑕0 are shown by open 

squares in Figs. 1.12 d and e, respectively. Both quantities increased as 𝑕0
1 2⁄

. These 

results are in contrast with what was observed from single-beam uniform laser 

irradiation. In Fig. 1.12 d(closed circles), the scaling behavior of the spatial correlation 

in the final stable nanoparticle state is shown for varying initial film thicknesses. The 

observed trend with 𝑕0 was in agreement with classical linear TFH dewetting theory. 



18 

 

 

Fig. 1.12: SEM images depicting the stages of pattern formation for double-beam interference 

irradiation of an 6 nm film as a function of increasing number of laser pulses n: (a) periodic 

rupture,(b) nanowires, and (c) final nanoparticle state which exhibits both LRO and SRO. Co rich 

and SiO2 rich regions correspond to bright and dark contrasts, respectively. Self-organized length 

scales vs initial film thickness: (a) 𝑕0
1 2⁄

 dependency for the particle radius from double-beam 

interference irradiation(open squares) and 𝑕0
5 3⁄

 dependency from single-beam irradiation (closed 

circle). (b) 𝑕0
1 2⁄

 dependency for the particle spacing from double-beam irradiation (open squares) 

and 𝑕0
2 dependency from single beam irradiation  (closed circle). The dashed lines are trends with 

the indicated exponents of 𝑕0. (Adapted from Ref. [25]) 
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(b) Electron beam irradiation 

Electron-beam-induced nanoparticle formation from thin (5–30 nm) Au film on smooth 

SiO2/Si substrates was obtained. Au nanoparticles were formed by dewetting of the 

melted Au on the SiO2/Si surface [26]. The generated nanoparticles had positional 

correlation and a dominant wavelength, which varied linearly with the initial film 

thickness. 

Figure 1.13 shows SEM images of the surface morphologies of Au, which originally 

existed as thin films of different thicknesses on smooth SiO2/Si substrates, after 

irradiation with an electron beam. In this case, the electron-beam diameter was 14.2 μm, 

the beam current was 82 μA, and the irradiated area was 346 μm × 346 μm. After 

irradiation with the electron beam, the Au films broke up into nanoparticles. Au 

nanoparticle formation was obtained for the film thickness of 5–30 nm. Also, the 

positional correlations and average diameters of the generated nanoparticles were 

plotted as a function of film thickness (Figure 1.13e and f). It is seen from the figure 

that the dominant wavelength and also the average diameter vary linearly with the initial 

film thickness.  
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Fig. 1.13 SEM images of Au films with different thicknesses after electron-beam irradiation. The Au 

films had thicknesses of (a) 30 nm, (b) 20 nm, (c) 7.5 nm, (d) 5 nm. (e) Positional correlation and (f) 

average diameter of Au nanoparticles as a function of initial film thickness. (Adapted from Ref. [26]) 
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1.4 Overview of the Ion Irradiation Surface Nanostructuring 

Ion-beam processing of materials greatly enriches the materials science and provides 

new opportunities for synthesizing materials with unique microstructures and properties 

[27, 28]. In the following, we will develop the theoretical framework to understand 

these materials problems involving irradiation.  

In the case of low-dose irradiation, the Ar ions implanted, after stopping and 

thermalization, are dispersed through out the volume of the dielectrics and are well 

separated from each other. The energy of the implant is transferred to the matrix via 

electron shell excitation (ionization) and nuclear collisions. This causes 

radiation-induced defects, which, in turn, may reversibly or irreversibly modify the 

material structure. Various types of crystal structure damage have been observed in 

practice: extended and point defects, cascade collsions, surface crosion, amorphization, 

precipitation of a new phase made up of host atoms or implanted ions, etc. As show in 

the Fig. 1.14, there are about 2.4 atoms (including oxygen and silicon atoms) sputtered 

away for one 100 keV Ar ion bombard the SiO2 surface. In addition, there are about 

1400 vacacies and 1400 interstitials produced along the path in the slow down process 

for the Ar ion, even though most of the vacancies and interstitials will annihilate 

afterwards [29]. The blue region illustrates the interstitials and vacancies distribution in 

the SiO2 and the red region illustrates the implanted argon ions distribution. As they 

both had a nonuniform distribution in the substrate, they will diffusion due to the 

concentration gradient, which will result in the radiation enhanced diffusion and mass 

transfer. Furthermore, a brief description of the ions slow down process in solid material 

is introduced in the following: 
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Fig. 1.14 Schematic illustration of a 100 keV Ar ion slow down in SiO2 substrate. 

Electronic Excitation 

As an ion impinges on a solid it begins a series of collision with both the electrons and 

the ion cores of target atoms. The collisions with electrons are more numerous owing to 

their larger number and cross section, but since their mass is small they do not much 

alter the trajectory of the incoming ion, nor do they usually result in atomic 

displacements. In most materials, therefore, these inelastic collisions can be treated 

simply by assuming that the electrons form a viscous background that extracts energy 

from the fast–moving ions and slows them down. The energy loss of ions due to these 

inelastic excitations is characterized by the electronic stopping power 𝑆 (𝐸). 

Defect Production 

Ions are also slowed down in a solid by the elastic collisions between the projectiles and 

target atoms; this slowing can also be characterized by a stopping power 𝑆 (𝐸). These 

collisions, however, can lead to displacement damage, whereby a knocked-on atom 
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recoils away from its initial lattice site. Typically, an atom must receive ≈25 eV of 

energy to create a stable interstitial–vacancy (Frenkel) pair. Many recoil atoms receive 

much higher energies, as discussed below, and these recoils can undergo a series of 

secondary recoils with target atoms displacing them as well, and indeed, many of these 

secondary recoil atoms can create yet additional displacements in tertiary recoils, and so 

on. In this way, a displacement cascade evolves. When the energies of recoil atoms fall 

below 25 eV, the atoms continue to be displaced from their lattice sites, however, the 

separation between the interstitial–vacancy pair is too small to avoid spontaneous 

recombination owing to the strong elastic interaction between the two defects.  

Sputtering 

In the process of ion irradiation, the incident ions penetrate into target and transfer their 

kinetic energy to the target atom by creating cascade of collisions among the substrate 

atoms or through other processes such as electronic excitations. Most of these atoms 

will come back to their original locations but some of them, especially those atoms 

located in the first layer or two of the surface that receive recoil energies greater than the 

sublimation energy (≈5 eV) with momentum directed away from the surface can be 

sputtered into the vacuum [30]. As a consequence, the surface continually erodes during 

irradiation. The amount of erosion is measured by the sputtering yield,  , which is 

defined as the mean number of atoms removed from the surface of a solid per incident 

particle: 

 =
   𝑟         𝑟          𝑟      

         𝑝 𝑟   𝑙 
,                (1.5) 
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For amorphous and polycrystalline targets, Sigmund revealed that the sputtering yield is 

proportional to the energy accumulated by ions. More importantly, Sigmund proved that 

sputtering yield is larger for troughs than for crest [30]. Many surface features induced 

by ion bombardment, including ripple and nanodot formation are based on this theory.  

Preferential Sputtering 

Generally, the composition of the target, the parameters of the incident ion beam, and 

experimental geometry contribute to the sputtering yield. It is common that partial 

sputtering take place in alloys. In general, partial sputtering yields are different, and this 

leads to surface compositions that differ from the bulk composition. Once sufficient 

material has been removed and steady state achieved, the alloy compositions are 

constant in time, albeit inhomogeneous just below the surface. In steady state, the alloy 

components must sputter at rates proportional to their bulk compositions (not their 

surface compositions). 

Thermal Spikes 

The displacement cascade just described evolves in time over a period of a few tens of 

ps. Beyond this period the atomic energies fall below 5 eV and the collisions can no 

longer be considered as two-body events, but rather many-bodied. Indeed, as a 

molecular dynamics simulation of a 10-keV collision event in the ordered B2 phase of 

NiAl shows in Fig. 1.15, all of the atoms localized in a small volume are set into motion. 

Further analysis indicate the local temperature can rise significantly above the melting 

temperature for several ps, giving rise to liquid-like diffusion and defect clustering on 

subsequent cooling [31]. Notice in Fig. 1.15 the rather well defined solid–liquid phase 
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boundary. At the end of the recoil event shown in Fig. 1.15, only 25 Frenkel pairs are 

created (ξ(10keV) = 0.27) while ≈2000 atoms relocate from their initial lattice sites. 

 

Fig. 1.15 Position of atoms in a cross-sectional slice, one lattice parameter thick, during a 10-keV 

event in β-NiAl. (Adapted from Ref. [31]) 

Ion-Beam Mixing 

Materials under ion irradiation undergo significant atomic rearrangement and this 

process effectively introduces surface nanostructuring on the dielectric surface [27]. The 

most obvious phenomenon is the atomic intermixing that occurs at the interface 

separating two materials during ion irradiation (schematically shown in Fig. 1.16). As 

an energetic ion (100 keV Ar
+
 ion in this case) penetrates a solid, it slows down by 

deposition energy both to the atoms and to the electrons of the solid. During the nuclear 
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collision, target atoms are displaced from their lattice sites. When the high energy 

collisions occurs near the interface (the interface of Au and SiO2), the target atoms 

recoiled forward and resulted in the transport of atoms, which is known as recoil mixing. 

In addition to recoil mixing, multiple displacements of target atoms resulting from a 

collision cascade surrounding the ion track happens, producing secondary recoil atom 

displacements, and this process is commonly referred as cascade mixing. As the 

irradiation fluence increases, a continuous mixed layer is formed at the interface, as 

indicated in red circle in Fig. 1. 16. Therefore, ion beam mixing attracts much attention 

for their ability to produce ion modified materials with higher solute concentrations at 

lower irradiation fluences than can be achieved with conventional high–fluence 

implantation techniques.  

 

Fig. 1.16 Schematic illustration of ion irradiation induced interface mixing. 
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Ion Induced Amorphization 

Many irradiated materials have been shown to undergo a crystalline to amorphous 

transition during irradiation at temperatures sufficiently far below the crystallization 

temperature of the amorphous phase. Covalently bonded systems are particularly 

conducive to amorphization, with even pure elements Si and Ge undergoing 

amorphization during irradiation [32]. In the thesis, we concern ourselves only with 

how this phase transition depends on the conditions of the irradiation, and therefore we 

will simply assume that the accumulation of defects and disorder eventually leads to 

amorphization.  

Radiation-Enhanced Dffusion  

At elevated temperatures the high concentrations of defects produced in the cascade can 

migrate throughout the material and begin to restore equilibrium. Radiation-enhanced 

diffusion is typically treated within a mean-field theory approach using chemical rate 

equations. During irradiation at elevated temperature, the defect concentrations typically 

reach their steady states long before the phase transformations take place, and spatial 

variations in the steady-state concentrations often remain small, so that the defect 

concentrations are easily obtained. Genarally, at low temperature, the migration of 

defects is negligible and the diffusion is controlled by ion-beam mixing [33, 34]. As the 

temperature is increased, defect diffusivities increase. The concentration of point defects 

in this regime is controlled by the production rate and recombination, giving rise to a 

temperature-dependent diffusion coefficient. At still higher temperatures, the point 

defects migrate to sinks, rather than recombining. This behavior is very different from 

that arising from thermal diffusion. The thermodynamic reason for the dewetting of the 
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metal film is the high interfacial energy and hence the continuous film is unstable on the 

substrate. Kinetically, the occurrence of this process requires the mass transportation of 

the metal atoms, indicating that mobility of the metal atoms is significantly enhanced by 

ion irradiation. 

Irradiation-Induced Viscous Flow 

Irradiation of materials under an applied stress at elevated temperature can lead to 

enhanced creep rates and stress relaxation owing to the increased concentrations of 

point defects. Therefore, unusual plastic deformation has also been observed during 

irradiation at temperatures where defects are immobile [35].  

Figure 1.17 shows snapshots obtained from a MD simulation of 10-keV self-ion 

bombardment of Au at different instants of time [35]. As the cascade event evolves, the 

local volume heats above the melting temperature and pressures of ≈1–10 GPa develop 

in the core. The pressure associated with the thermal expansion and the solid–liquid 

transformation causes mass to flow onto the surface. With time, the pressure relaxes and 

a small volume of liquid is left in the surface region. When the liquid cools and 

resolidifies, however, atomic mobility becomes negligible and many atoms are left 

frozen on the surface. As a consequence, there is a net flux of mass onto the surface, 

leaving many vacancies below the surface, which condense into dislocation loops. It is 

also observed that a mound forms on the surface around each impact, owing to the 

excess material. In some cases craters are also formed, surrounded by a rim. These 

features add roughness to an irradiated surface and generally they contribute far more 

roughness to a film than simple sputtering.  

 



29 

 

 

Fig.1.17 Evolution of a 10-keV cascade in Au. This event is initiated by a Au impinging on the 

surface at 0 K. Atoms located within a cross-sectional slab 0.4 nm thick are shown. (Adapted from 

Ref. [35])  
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In conclusion, ion-beam technology provides a unique and exciting way of modifying 

the near-surface region of a solid; controlling its surface properties, adding beneficial 

impurities in the near-surface region, modifying the crystallinity, and providing a 

control and specificity that exceeds almost all other methods of surface modification. In 

metals and insulators, as well as in the more familiar case of semiconductor physics, 

new approaches that control atomic displacements, defect creation and evolution often 

pose interesting physics problems and lead to specific applications. Ion-beam science 

and engineering have already made extraordinary impacts in current silicon technology 

for communications, surface hardening for structural improvements and materials 

modification to create solids with new properties. Over the last decades, ion beams have 

been increasingly used to synthesize and explore properties of metallic or 

semiconductor alloys and compounds outside of equilibrium phase diagrams depending 

on the combination of thermodynamical and ion-beam energy deposition parameters, 

and the outcome may be either a known or a novel phase, ordering or disordering.  
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Previous works of ion induced nanostructuring of metallic films on SiO2 substrate 

Ion induced Pt films rupture on SiO2 substrate have been reported by 800 keV Kr
++

 ion 

irradiation [36, 37], and they ascribed this rupture behavior to be ion irradiation induced 

dewetting. In addition, the mechanism of the irradiation induced dewetting was ascribed 

to be the radiation enhanced diffusion. Figure 1.18 shows the SEM images of 3 nm Pt 

films on SiO2 substrates irradiated by 800 keV Kr
+
 at several doses. Pt films dewet from 

the substrates and form nanoscale patterns at 2×10
14

 cm
−2

. The patterns coarsen with 

continuing irradiation up to a dose of 6×10
15

 cm
−2

. At higher dose, 2×10
16

 cm
−2

, the 

patterned structure disappears, leaving Pt nanoparticles with the size of 10−20 nm. The 

exposed surface fraction of the substrate in each image is plotted as a function of dose in 

Fig. 1.19a. The lateral correlation lengths of the Pt nanopatterns are obtained by taking 

the autocorrelation of the images; these are shown in Fig. 1.19b. The increase of 

exposed surface fraction and lateral correlation length with irradiation dose is evident in 

these figures, increasing from 16% and 15 nm at 2×10
13

 cm
−2

 to 92% and 50 nm at 2

×10
16

 cm
−2

. 
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Fig. 1.18 SEM images of 3 nm Pt/SiO2 irradiated by 800 keV Kr
+
 at room temperature. Bright areas 

correspond to Pt. The doses are shown on the upper right corner of each image in the unit of ions 

cm
−2

. The image sizes are all 300×300 nm
2
. (Adapted from Ref. [36]) 

 

Fig. 1.19 Evolution of exposed surface fraction (a) and lateral correlation length (b) with ion 

irradiation dose, extracted from SEM images of 3 nm Pt/SiO2 irradiated by 800 keV Kr
+
 at room 

temperature. (Adapted from Ref. [36]) 

Using the technique of ion-beam sputtering on gold (Au) metal films, metal nanocluster   

nanostructure materials are synthesized on silica glass substrates by 100 keV Ar ion 

irradiation [38]. Optical absorption spectroscopy results reveal the formation of metal 

nanoclusters on the glass substrates. Red shift of the surface-plasmon resonance 

position due to the sputtering induced size reduction of Au nanoclusters on the silica 

substrates has been explained. Size reduction in this case is further corroborated with 

the scanning electron microscopy results. 

Electron scanning microscopy shows the surface morphology of the Au films as a 
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function of Ar
+
 ion doses. A continuous and smooth film of Au initially turned to be a 

discontinuous film and finally resulted in Au nanoclusters (Fig. 1.20c) with gradual 

increase of the ion doses. Average cluster size of Au atoms is measured to be around 50 

nm in the high dose (7×10
16

 ions/cm
2
) irradiated samples. The characteristic optical 

absorption peak of Au nanoclusters have developed with the increase of ion irradiation 

doses. The optical response peak around 550 nm is attributed to the surface-plasmon 

resonance absorption in Au nanoclusters. Interestingly, there is a red shift of resonance 

peak position with the increase of ion doses in the case of Au samples (Fig. 1.21). The 

shift in the resonance absorption peak by about 20 nm towards longer wavelength has 

been observed for the highest dose irradiated samples (1×10
17

 ions/cm
2
) with respect to 

the samples irradiated with 5×10
16

 ions/cm
2
. This may be explained as a result of 

decreasing the average size of Au nanoclusters with the increase of Ar
+
 ion irradiation 

doses. 

 

Fig. 1.20 SEM micrographs of (a) as-deposited Au film on silica, Ar
+
 irradiated Au films with ion 

doses (b)1×10
16

, (c)7×10
16

 ions/cm2, and (d) histogram plot of Au nanoclusters obtained from the 

image(c). (Adapted from Ref. [38]) 
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Fig. 1.21 Optical absorption spectra of Au nanoclusters formed during the ion-beam sputtering of 

metallic films with various Ar
+
 ion doses. (Adapted from Ref. [38]) 
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1.5  Objectives of The Thesis 

Since the begining of ion beam mixing technique by Tsaur and Mayer in 1981 [39], a 

variety of experiments have been performed on the surface nanostructuring of metallic 

films deposited on dielectric substrate [32-38]. The investigation of ion induced 

sputtering [30], the ion induced dewetting due to radiation enhanced diffusion [33, 34], 

and ion induced burrowing mechanism was first proposed in 2002 and it is presently 

considered to be caused by radiation enhanced viscous flow [40-42]. However, the 

studies of optical properties of these nanostructures fabricated by ion irradiation are still 

limited. In addition, the behaviors of the surface plamon exication of these nanoparticles 

on fabrication parameters are still unclear. 

P. Gangopadhyay et. al. [38] used 100 keV Ar ion irraidation of 40 nm Au thin films 

deposited on silica glass. Au nanoclusters were synthesized and optical absorption 

spectroscopy results reveal the localized surface plasmon resonance excitation of metal 

nanoclusters on the glass substrates. The shift of the surface-plasmon resonance position 

towards longer wavelength (red shift) is ascribed to be the sputtering induced size 

reduction of Au nanoclusters on the silica substrates. However, there is a discrepancy 

between Mie‟s predictions of the dependence of surface-plasmon resonance position 

shift on nanoparticles size. Under Mie‟s prediction, the surface-plasmon resonance 

position shift towards short wavelength as decrease the nanoparticle [43]. Therefore, I 

suppose there are some other effects such as nanoclusters shape, chemical component 

change and also the effect of the substrate will have contributions to the red shift of the 

the surface-plasmon resonance position. The detailed discussions of these effects on 

surface-plasmon excitation behavior are given in the following: 
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(A) Sputtering modifies the nanoclusters shape and size 

The most important effect is the ion induced dewetting of metallic films on the 

non-wetable dielectric substrate under energetic ions irradiation. The island films shape 

is strongly related to the dewetting behavior under ion irradiaiton, which is different 

from the electron and laser beam irradiation [25, 26]. After the dewetting process, the 

sputtering will modify the shape of the nanostructures as the sputtering yield is depends 

on the surface morphology (Sigmund‟s prediction). Therefore, this will cause a shift of 

the surface plasmon absorption position according to Gan‟s prediction. However, this is 

not verified by experiment yet. 

The nanoparticles sizes are also strongly related to the irradiation parameters (beam 

energy and irradiation fluence) and also the metallic films‟ thickness. This is a stainght 

forward result: the retained Au films decreased as increase the ion irradiation fluence. 

Therefore, the nanostructures size will inevitably decrease as increase the irradiation 

fluence. In addition, the sputtering yields are enhanced for the nanoclusters on the 

dielectric substrate [42]. Therefore, this will cause a shift of the surface plasmon 

absorption position to the shorter wavelength according to Mie‟s prediction. However, 

in the Gangopadhyay‟s pioneer work pulished in 2010, a shift of the surface plasmon 

absorption position to the longer wavelength as increase the irradiation fluence was 

observed, and the underlying mechanism is not clarified yet. 

(B) Ion beam irradiation induced embedment and satellite nanoparticle formation 

The substrate effects should be taken into consideration. Xu et. al [41] conducted the 

cross sectional observation of the metallic films behavior on SiO2/Si substrate under  

800 keV Kr ion irradiation, and they discovered the burrowing effects of nanoparticles 
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into SiO2 substrate under ion irradiation. The burrowing of the nanoparticle in the 

dielectric substrate increases the surrounding dielectric function, which leading to the 

red shift of the LSPR peak position. The detailed study of nanoparticles‟ burrowing 

effect was studied in detail by Klimmer et. al. in 2009 [42], and they concluded the 

single crystal sapphire has such low viscoucity that the burrowing effect is neglected. 

Therefore, the optical response of nanostructures on sapphire substrate needs to be 

clarified. 

In addition, satellite nanoparticles formed around the main nanoparticles for the higher 

fluence irradiation, as already observed by Xu et. al. [41]. Latter, G. Pellegrini et. al. 

have studied ion irradiation effect on satellite nanoparticle formation around the core 

nanoparticle [44, 45]. In addition, they have a detailed study of the strong coupling 

effects of satellite nanoparticles with core nanoparticle on the optical response 

(multi-sphere scattering effects), in which generalized multi-scattering Mie theory is 

applied to model the surface plasmon absorption position shift behavior. They 

confirmed the shift of surface plasmon absorption position towards the longer 

wavelength due to this strong coupling. However, this effect is not studied 

experimentally in the optical response of nanoparticles fabricated by ion irradition 

technique. 

(C) Ion mixing induced chemical concentration change 

Interface mixing is a well know phenomenon in ion beam irradiation technique. The 

poinnered work on ion induced interface mixing of metallic films on dielectric substrate 

(glass and sapphire) was dated back to 1980‟s, in which they used ion mixing to 

increase the adhesive of metallic film to the non-reactive dielectrix substrate [33, 34]. 
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Therefore, some Si atoms will recoil into the metallic island films and metal-silicon 

alloys formed in the nanostructures [39]. Therefore, this will have a contribution to the 

shift of surface plasmon absorption position. Unfortunately, there is no sufficient 

experiment result to clarify this issue. In addition, the local refractive index was 

increased because of the metal atoms dispersed in the dielectric matrix due to the 

irradiation induced forward recoiling, which is assumed to have a contribution on the 

red shift of the SPR absorption band. This also is not clarified experimentally until now. 

(D) The optical response dependence on chemical component of the deposited 

metallic films 

In general, the dielectric function of the bimetallic nanoparticles is different from the 

pure metallic nanoparticles. Therefore, the resulting surface plasmon excitation 

frequency lies in between that of the pure components, and depends on the relative 

amounts of the two components. However, there is no sufficient experimental study 

based on ion irradiation technique. 
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My Proposals 

In summary, there are many studies on ion irradiation induced surface nanostructuring. 

However, there are still a gap between the ion induced nanostructuring of metallic films 

and their optical properties, as discussed in the above. In general, these unsolved issues 

can be summarized into 3 categaries: 

1. The microstructure study is lack to clarify the relationship of nanoparticle‟s shape, 

size, and morphology (core-satallite structure) on the nanoparticles surface plasmon 

absorption behavior. 

2. The studies of nanoparticles optical response dependence on the substrate 

(embedding depth, amorphous or single crystal) are not sufficient. 

3. The studies of the nanoparticles chemical concentration (nominated chemical 

concentration and the impurities introduce by ion irradiation) dependence on their 

optical response is unclear. 

The aim of this thesis is to clarify these unsolved issures as many as possible. Due to the 

present experimental conditions and the time limitation, the experimental arrangement 

is proposed in the following: 

Firstly, the metallic films (various thickness) surface nanostructuring under Ar ion 

irradiation with various irradiation parameters (beam energy, current, and fluences) are 

analysized by AFM and SEM observation. The cross-sectional microstructure is 

characterized by TEM observation and selected area diffraction pattern. Also, the 

embedment depth could be obtained from cross-sectional TEM observation. In addition, 

SEM-EDS and TEM-EDS are used to get the chemical component concentrions in the 
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nanoscale. These informations are crucial important to clarify the dependence of 

nanoparticle‟s shape, size, and morphology (core-satallite structure) on surface plasmon 

excitation behavior. 

Secondly, bimetallic film is used to study the chemical component dependence on 

optical response. Ag-Au bimetallic film was used in my study because Ag-Au alloy has 

composition–dependent surface plasmon excitation behavior and because complete 

miscibility of Au and Ag can be obtained at any composition in both bulk materials and 

nanoparticles. Also, theoretical estimation to the surface plasmon excitation behavior is 

required to confirm the reliability of experimental results. 

Finally, ion surface nanostructuring of the same bimetallic films deposited on the 

sapphire substrate is conducted. The information based on surface plasmon excitation 

behavior of metallic nanostructures on sapphire is expected to estimate the substrate 

effects.  

In summary, dependence of irradiation parameters (fluence, ion beam energy) and 

substrate surface conditions (amorphous, single crystal) on surface nanostructuring and 

their optical response behavior by ion beam irradiation are experimentally studied and 

these informations are expected to solve the unclear issues pointed out in this section. 
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1.6  Outline of The Thesis 

The first chapter provides a brief and fairly general theoretical background, aiming to 

bridge the gap between ion beam surface nanostructuring and their optical properties. 

Chapter 2 gives a detailed description of the experimental procedures.  

Chapter 3: Highlighting the experimental results of ion-beam surface nanostructruring 

in Au thin film dielectric substrate systems. The dewetting of the Au films on 

the SiO2 glass substrate was occurred with the increase of the irradiation 

fluence, and a single layer of photosensitive gold nanoballs with highly 

spherical shape embedded in a SiO2 substrate was obtained. 

Chapter 4: Ag(50%)–Au(50%) bimetallic nanospheroids on the SiO2 substrate were 

formed Ar–ion irradiation. The mean size of the nanospheroids decreases 

and the aspect ratio approaches unity with the increase in the irradiation 

fluence, resulting in a shift of the LSPR peaks towards the shorter 

wavelength. In addition, a remarkable LSPR peaks shifted approximately 

linearly towards the longer wavelength with the increase of the Au 

concentration has been obtained. 

Chapter 5: the process of ion irradiation induced surface nanostructuring of Ag–Au 

bimetallic films on sapphire substrates was studied. Dependence of the 

LSPR on the chemical concentration was observed, and the LSPR peaks 

exhibited a tendency of red–shift with the increasing Au concentration.  

Chapter 6: In conclusion, ion irradiation is an effective approach in surface 

nanostructuring and in controlling the LSPR properties of the metallic films 

on dielectric substrates, such as SiO2 and sapphire, and the application of 

these nanocomposites in optical devices is expected.  
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2 Experimental Procedure 

2.1 Specimen Preparation 

Evaporation is a common method for thin film deposition [1, 2]. The vacuum allows 

vapor particles to travel directly to the target object (substrate), where they condense 

back to a solid state. Evaporation involves two basic processes: a hot source material 

evaporates and condenses on the substrate. In high vacuum (with a long mean free path), 

evaporated particles can travel directly to the deposition target without colliding with 

the background gas. Any evaporation system includes an energy source that evaporates 

the material to be deposited. Thermal evaporation is accomplished by passing a large 

current through a resistive wire or foil containing the material to be deposited. The 

heating element is often referred to as an evaporation source.  

In our study, Au and/or Ag thin films were thermally evaporated on mirror polished 

amorphous SiO2 or single crystal alumina (sapphire) substrates at room temperature by 

electrically heating the Au (purity, 99.5%) and/or Ag source in a 6.0 × 10
−5

 Torr 

vacuum placed on tungsten baskets (Figure 2.1). The thickness of the Au/Ag films was 

estimated by comparing the colors with that of the standard sample, which had been 

previously calibrated. The film thickness was also verified by transmission electron 

microscope, and a field–emission scanning electron microscope equipped with an 

energy-dispersive spectrometer was used for measuring the surface morphology and the 

chemical concentration of the as–deposited films. 
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Fig. 2.1 (a) overview of the thermal evaporation deposition equipment; (b) the Ag (Au) wires were 

put on the tungust basket in the vacuum chamber. 

For example, the 5 nm Au metallic thin films deposited on the SiO2 substrates, the 

optical micrograph exhibits a blue color (Fig. 2.2a,) and the surface shows a continuous 

net-work like patterns with cracks (SEM micrograph in Fig. 2.2b).  

 

Fig. 2.2 (a) optical micrograph and (b) SEM micrograph of 5 nm Au thin films deposited on the SiO2 

substrates 
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2.2 Ion Irradiation 

Subsequently, 10 nm and 30 nm Au films deposited samples were irradiated by 100 and 

250 keV Ar ions at ambient temperature with verious fluences and fluxes. Energies of 

the ions have been chosen in such a way that the range is wider than the Au film 

thickness, as calculated by the SRIM 2011 code [3], shown in Figure 2.3.  

 

Fig. 2.3 SRIM calculation of the 250 keV Ar-ion distribution in the (a) 10 nm and (b) 30nm Au 

metallic film deposited on SiO2 glass substrates; 100 keV Ar-ion distribution in the (c) 10 nm and (d) 

30nm Au metallic film deposited on SiO2 glass substrates. 

Figure 2.3 was calculated to set the Au film thickness to be 10 and 30 nm, the Ar ion 

beam energy to be 100 and 250 keV, and the total number of incidence ions to be 20000. 

Compared with Figure 2.3a and c, we can see 10 nm Au film has very limited effects for 

the Ar distribution in the SiO2 substrate, especially the 250 keV Ar has a much longer 

range in the substrate. It is obvious that for 250 keV Ar ions, the range (280 nm) is 
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much large than the range for 100 keV Ar ions (105 nm). Importantly, the 30nm Au 

film will have an effect on the Ar ions distribution in the SiO2 substrate. It is noticed 

that Ar ion distribution has a peak in the 30 nm Au films (Fig. 2.3b and d). However, 

250 keV Ar ions distribution peak in the 30 nm Au film is much smaller than that in the 

case of the 100 keVAr ions. Therefore, I conclude that thicker Au film and lower 

irradiation energy will induce more interaction between Ar with surface, and the 

pronounced surface nanostructuring by ion irradiation is achieved. Therefore, 100 keV 

Ar ion was choose to irradiated 30 nm metallic film deposited on dielectric matrix. 

Experimentally, samples with 10 nm and 30 nm Au films deposited on SiO2 galss were 

irradiated by 250 and 100 keV Ar ions, respectively, at ambient temperature to a 

fluences of 1.0 × 10
17

 cm
−2

. For the 10 nm Au film on SiO2 after Ar ion irradiation, the 

surface morphology is given in Fig. 2.4a and the corresponding cross-sectional TEM 

image is given in Fig. 2.4b. Compared with the case of 100 keV Ar ion irradiation of 30 

nm Au film, there was no homogenous Au nanoball embedded in the substrate. Only the 

Ar bubbles were clearly identified. This means the Ar atoms penetrated the Au layer 

and aggregated to from Ar bubbles. Therefore, thsese differences emphasizes that 

proper beam energy and gold film thickness are necessary to achieve Au nanoballs 

embedded in a dielectric substrate.  
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Fig. 2.4 SEM image of (a) 10 nm Au on SiO2 irradiated by 250 keV Ar ions to a fluence of 1.0 × 

10
17

 cm
−2

; (b) Bright field cross–sectional TEM image of 10 nm Au on SiO2 irradiated by 250 keV 

Ar ions to a fluence of 1.0 × 10
17

 cm
−2

; (c) SEM image of 30 nm Au on SiO2 irradiated with 100 

keV Ar ions to a fluence of 1.0 × 10
17

 cm
−2

; (d) Bright field cross–sectional TEM image with 

selected area diffraction pattern of 30 nm Au on SiO2 irradiated with 100 keV Ar ions to a fluence of 

1.0 × 10
17

 cm
−2

. 

Ar ion irradiation perpendicular to the specimen was performed using the 400 keV ion 

accelerator at High Voltage Electron Microscope Laboratory, Hokkaido University 

(Figure 2.5) [4]. A low pressure of 4.3 × 10
−3

 Pa was maintained inside the irradiation 

chamber. To ensure uniform irradiation, Ar beam was scanned and the current was kept 

between 1.0~2.0 A/cm
2
. Also, the target was continuously monitored by thermocouple 

and infrared thermal detectors, and the temperature at the beam spot was maintained 

below 150 °C.  
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400 keV Ion accelerator at High Voltage Electron Microscope Laboratory 

The ion implantor is part of the multi-beam high voltage electron microscope system, 

which has a sputtering ion source. Ar gas was used as a sputtering gas, Au, Fe, Ni, … 

can be sputtered and extracted from the ion source with a beam current around 0.2 A. 

the pressure in the ion source is aound 10
−3

 Pa. For the ion source, arc current is around 

50 mA; maximum filament current is around 180 A and filament voltage is around 

100V. The extraction voltage is 25 KV and the extraction current is around 0.3 mA; the 

implanting voltage can be increased to 375 KV. Ar ion was used in my study and the 

beam can be scaned with a frequency of 1.25 kHz. 

 

Fig. 2.5: A overview of the 400keV ion accelerator. 
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2.3 Surface Morphology and Microstructure Characterization  

2.3.1 Spectrophotometry 

A spectrophotometer is a photometer that measures intensity as a function of the light 

source wavelength, which is commonly used for the measurement of transmittance or 

reflectance of solutions, transparent or opaque solids, such as polished glass, or gases [5, 

6]. In addition, the common spectrophotometers are used in the UV and visible regions 

of the light spectrum. There are two major classes of devices: single beam 

spectrophotometer and double beam spectrophotometer. A double beam 

spectrophotometer compares the light intensity between two light paths, one path 

containing a reference sample and the other the test sample. 

 

Fig. 2.6 (a) A overview of the spectrophotometer (JASCO V–630). (b) Optical absorption spectra for 

Au nanoparticles with diameters of 45±5 nm (embedded in a silica matrix with 𝜀 = 2 25), in which 

the contributions to the optical absorption of interband transitions and SPs are indicated. 
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In my study, optical absorption spectra were recorded by using a spectrophotometer 

(JASCO V–630) with iRM-700 intelligent remote module (Fig. 2.6a), which has a 

double-beam spectrophotometer with single monochromator and silicon photodiode 

detectors, the detection range is between 190 to 1100 nm with a spectral bandwidth of 

1.5 nm. For example, there are Au nanoballs with a size of 45±5 nm formed on the 

sample of 30 nm Au film on SiO2 irradiated with 100 keV Ar ions at fluence of 1.0 × 

10
17

 cm
−2

. The photo absorbance spectrum was measured (Fig. 2.6b), which shows a 

locallized surface plasmon resonance (LSPR) band resulted from the collective 

excitation of the free electrons. At the shorter wavelength side, the absorbance is due to 

the electronic resonance resulted from the interband electron transition [6]. 
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2.3.2 Atomic force microscopy 

Atomic force microscopy (AFM) is a high-resolution type of scanning probe 

microscopy, with demonstrated resolution on the order nanometer. It is one of the 

foremost tools for imaging, measuring, and manipulating matter at the nanoscale. The 

primary modes of operation for an AFM are static mode and tapping mode.  

In my study, the surface morphology was analyzed using an atomic force microscope 

(AFM; KEYENCE VN–8000) (Figure 2.7d) working in the tapping mode. For example, 

the surface morphology of 30 nm Au on SiO2 irradiated with 100 keV Ar ions at 

fluences of 1.0 × 10
16

 cm
−2 

was obtained (Fig. 2.7a) with the contour map image (Fig. 

2.7b), with the coloured scale bar shown in the right side. In addition, the height profile 

along the horizontal line indicated in Fig. 2.7a can be obtained (Fig. 2.7c), and we can 

measure the nanostructures size and height, and therefore the volume. 

 

Fig. 2.7: (a) AFM image of 30 nm Au on SiO2 irradiated with 100 keV Ar ions at fluences of 1.0 × 

10
16

/cm
2
; (b); contour map image; (c) line profile along the horizontal line indicated in a, the hight of 

the nanostructure can be obtained at point 2 in a; and (d) a overview of AFM. 
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2.3.3 Scanning electron microscopy  

A scanning electron microscope (SEM) is a type of electron microscope that produces 

images of a sample by scanning it with a focused beam of electrons. The electrons 

interact with atoms in the sample, producing various signals that can be detected and 

that contain information about the sample‟s surface topography and composition. The 

electron beam is generally scanned across the sample, and the beam‟s position is 

combined with the detected signal to produce an image.  

 

Fig. 2.8: SEM images of 30 nm Ag75%–Au25% bimetallic film on SiO2 irradiated with 100 keV Ar 

ions to a fluence of 1.0 × 10
17

/cm
2
: (a) SEI image; (b) COMPO image; (c) TOPO image; (d) SEI 

image tilted 30 degrees; (e) Overview of SEM and (f) Overview of carbon coator. 
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The signals result from interactions of the electron beam with atoms at or near the 

surface of the sample include secondary electrons (SE), back-scattered electrons (BSE), 

characteristic X-rays. Secondary electron detectors are standard equipment in all SEMs, 

but it is rare that a single machine would have detectors for all possible signals. In the 

most common or standard detection mode, secondary electron imaging or SEI (Figure 

2.8a), Compo image (Figure 2.8b) and Topo image (Figure 2.8c) can be obtained. Also, 

the specimen can be tilted to a certain degree, in order to see the cross sectional 

morphology (Figure 2.8d). 

Nonconductive specimens tend to charge up when scanned by the electron beam, and 

especially in secondary electron imaging mode, this causes scanning faults and artificial 

image. They are therefore usually coated with an ultrathin layer of electrically 

conducting material. Conductive materials in this study for specimen coating is graphite. 

However, we need to control the thickness of the deposited carbon layer. Uausally, 10 

to 20 nm is enough for the dielectric substrate (Fig. 2.9a), if the graphite is over coated, 

(for example, more than 40 nm), we would get the artificial image (Fig. 2.9b).  

 

Fig. 2.9: SEM images of 30 nm Ag50%–Au50% bimetallic film on Sapphire irradiated with 100 keV 

Ar ions to a fluence of 1.0 × 10
16

/cm
2
 with carbon depositions of (a) 10 nm and (b) 40nm. 

The SEM has pronounced advantages, including the ability to image a comparatively 

large area of the specimen; the ability to image bulk materials (not just thin films or 



53 

 

foils); and the variety of analytical modes available for measuring the composition and 

properties of the specimen. Characteristic X-rays are emitted when the electron beam 

removes an inner shell electron from the sample. These characteristic X-rays are used to 

identify the composition and measure the abundance of elements in the sample. For 

example, point elemental concentration spectrum (Fig. 2.10), the line profile of 

elemental concentration (Fig. 2.11) and the elemental concentration maps can be 

obtained. 

 

Fig. 2.10 (a) Typical SEM micrograph of a post–irradiation annealed sample of Ag75%–Au25% 

bimetallic film on SiO2 at a fluence of 1.0 × 10
17

/cm
2
; (b) gold and silver point elemental 

concentration at point 001 indicated in (a) shows a molar ratio of approximately 1:5; (c) gold and 

silver point elemental concentration at point 002 indicated in (a) shows neglictable concentration.  
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Fig. 2.11 (a) Typical SEM micrograph of a post–irradiation annealed sample of Ag75%–Au25% 

bimetallic film on SiO2 at a fluence of 1.0 × 10
17

/cm
2
; (b) line profiles of oxygen and silica along the 

horizontal line indicated in (a); (c) line profiles of gold and silver along the horizontal line indicated 

in (a).  

In my study, a field–emission scanning electron microscope (SEM; JEOL 

JSM–7001FA) (Figure 2.8e) equipped with an energy dispersive spectrometer was used 

for measuring the surface morphology and the chemical concentration of the specimens. 

As SiO2 and Sapphire have a poor conductivity, a thin layer of 10~20 nm carbon was 

usually deposited on the sample to increase the conductivity during SEM observation. 

The surface element concentration was evaluated by point energy–dispersive 

spectrometer (EDS) analysis (Fig. 2.10). The line (Fig. 2.11) element concentration 

patterns were indentified at nanoscale using the energy–dispersive spectrometer (EDS). 

Some of the line and surface chemical concentration profiles cross the surface were 

obtained when the SEM was operated at 6.0 keV. 
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2.3.4 Transmission electron microscopy  

Transmission electron microscopy (TEM) is a microscopy technique whereby a beam of 

electrons is transmitted through an ultra-thin specimen. An image is formed from the 

interaction of the electrons transmitted through the specimen; the image is magnified 

and focused onto an imaging device, such as a fluorescent screen, a layer of 

photographic film, or to be detected by a sensor such as a CCD camera. TEMs are 

capable of imaging at a significantly higher resolution owing to the small de Broglie 

wavelength of electrons. This enables the user to examine fine structures, even as small 

as a single column of atoms.  

In my study, microstructural characterization was performed by the cross–sectional 

transmission electron microscope (TEM; JEOL JEM–2010FE) operated at 200 keV, and 

the elemental concentration was obtained in the nanoscale by operating the TEM in the 

scanning mode, accompanied with an energy–dispersive spectrometer (Noran, Thermo 

Fischer Scientific). Cross–sectional TEM samples were prepared both by Precision Ion 

Polishing System (PIPS; JEOL AT–12310) and focused ion beam facility (JEOL 

JEM–9320FIB). A cold stage is used during oprating the PIPS and it is cold down by 

the liquid nitrgin. 
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2.4 Thermal Annealing Equipment 

A quartz tube furnace is an electric heating device extensively used in material research. 

The commonly used quartz tubes are made of 99.9% SiO2 and the maximum constant 

working temperature is 1200 °C. The length of the quartz tubes used in my study is 90 

cm (Figure 2.12d). The temperature is controlled via a feedback from a thermocouple. 

The temperature controllers allows the operator to program the heating, dwelling and 

cooling rates. Generally, dewetting occurs when the thin metallic film annealed [7] (Fig. 

2.12b), compared with the thin Au film before annealing (Fig. 2.12a). In addition, the 

photoabsorption changed (Fig. 2.12c).  

As the radiation induced defects can be removed by annealing at temperatures higher 

than 623 K, post–irradiation thermal annealing is usually employed to anneal ion 

irradiated samples [8]. Therefore, thermal annealing was conducted ex–situ under high 

vacuum (4.25 × 10
−5

 Pa) at 773 K for two hours in my study. After that, optical 

absorption spectra were recorded using the spectrophotometer and the SEM 

observations were used to examine the surface modification. Moreover, microstructural 

characterization was performed using the TEM. 
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Fig. 2.12 (a) 20 nm Au film as-deposited on SiO2; (b) 20 nm Au film on SiO2 annealed at 773 K for 

2 hours, (c) the photoabsorption spectra before and after the thermal annealing; (d) Overview of the 

thermal annealing system. 

  



58 

 

3 Ion Beam Surface Nanostructuring of Thin Au Film on SiO2 

Glass 

3.1 Introduction 

Surface–interface modification in metal–dielectric systems can be obtained using 

low–energy ion irradiation. Low–energy ions up to few hundred keV undergo nuclear 

stopping and the energy deposition is dominated by nuclear energy loss, which 

effectively induces mass transfer and therefore effectively introduces surface structuring. 

On the other hand, ion irradiation resulted in lattice damage and the microstructure 

evolution of the thin metal films on dielectric surface. The process of the ion beam 

induced surface nanostructuring on a dielectric substrate depends on the variation of 

irradiation parameters such as fluence, current and ion beam energy.  

In this study, ion induced surface nanostructuring of Au films deposited on the SiO2 

glass substrates was examined, and ion induced lattice evolution and the chemical 

concentration of thin Au films were investigated. Also, the effects of ion beam energy 

on Au nanostructures on the SiO2 glass substrates and on the photo absorption 

properties were also studied. 
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3.2 Experimental Details 

Au thin films were evaporated on mirror polished SiO2 substrates with an O–H density 

of 80–100 ppm (Shin–Etsu Chemical Co., Ltd.) at room temperature by electrically 

heating the Au source (purity, 99.9%) in a 6.0 × 10
−5

 Torr vacuum. The thickness of the 

Au films was estimated to be 30 nm by comparing the colors with that of the standard 

sample, which had been previously calibrated. Also, the film thickness was verified by 

cross–sectional transmission electron microscope (TEM; JEOL JEM–2010FE) 

observation. After the deposition, the surface morphology was analyzed using an atomic 

force microscope (AFM; KEYENCE VN–8000) working in the tapping mode. In 

addition, a field emission scanning electron microscope (SEM; JEOL JSM–7001FA) 

equipped with an energy dispersive spectrometer was used to verify the surface 

morphology and the chemical concentration. 

Subsequently, as–deposited samples were irradiated by 100 keV Ar ions at ambient 

temperature with fluences of 1.0 × 10
16

 cm
−2

, 2.0 × 10
16

 cm
−2

, 6.0 × 10
16

 cm
−2

, and 1.0 

× 10
17

 cm
−2

. In addition, the Ar ion irradiation at 150 keV was also carried out to a 

fluence of 1.0 × 10
17

 cm
−2

. Energies of the ions have been chosen in such a way that the 

range is wider than the Au film thickness, as calculated by the SRIM 2011 code [1]. Ar 

ion irradiation perpendicular to the specimen was performed. A low pressure of 4.3 × 

10
−3

 Pa was maintained inside the irradiation chamber. To ensure uniform irradiation, 

Ar beam was scanned and the current was kept around 2.0 A cm
−2

. Also, the target 

was continuously monitored by thermocouple and infrared thermal detectors, and the 

temperature of the beam spot was maintained below 120 °C.  
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After the irradiation, the photoabsorbance spectra were obtained using the 

Spectrophotometer (JASCO FP–6200), equipped with a UV measurement attachment 

(model FUV–420), at a wavelength range between 280 and 725 nm. After that, the 

AFM and the SEM were used to examine the surface modification. Microstructural 

characterization was performed by the TEM operated at 200 keV, and the elemental 

concentration was obtained in the nanoscale by operating the TEM in the scanning 

mode, accompanied with an energy–dispersive spectrometer (Noran, Thermo Fischer 

Scientific). Cross–sectional TEM specimens were prepared both by Precision Ion 

Polishing System (PIPS; JEOL AT–12310) and focused ion beam facility (JEOL 

JEM–9320FIB).  
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3.3 Results 

The process of the ion beam induced surface nanostructuring on a dielectric substrate 

depends on the variation of irradiation parameters such as fluence, current and energy of 

the ion beam. In this study, the fabrication of Au nanoparticles with controlled size and 

shape in a two–dimensional distribution can be achieved by applying the appropriate 

irradiation fluence, beam energy and Au foil‟s thickness [2-6]. 

3.3.1 Surface nanostructuring after Ar ion irradiation 

Surface morphology of the samples was examined before and after irradiation using 

AFM and SEM. Figure 3.1 gives the AFM images of samples irradiated with 100 keV 

Ar ions at the fluence of (b) 1.0 × 10
16

 cm
−2

, (c) 6.0 × 10
16

 cm
−2

, and (d) 1.0 × 10
17

 

cm
−2

.  
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Fig. 3.1 AFM micrographs (2.0 m × 1.5 m) with the Z scale of nm of (a) as–deposited SiO2, 

samples irradiated with 100 keV Ar ions at fluences of (b) 1.0 × 10
16

 cm
−2

, (c) 6.0 × 10
16

 cm
−2

, (d) 

1.0 × 10
17

 cm
−2

, and (e) the sample irradiated with 150 keV Ar ions at a fluence of 1.0 × 10
17

 cm
−2

.  

The corresponding SEM images are given in Fig. 3.2, in which the bright parts 

represents the Au films and the dark parts represents the exposed substrate. Therefore, 

the process of Au film‟s dewetting under Ar ion irradiation was clearly distinguished 

and finally the formation of nanodots was observed.  

 

Fig. 3.2 SEM images of (a) as–deposited SiO2, samples irradiated with 100 keV Ar ions at fluences 

of (b) 1.0 × 10
16

 cm
−2

, (c) 2.0 × 10
16

 cm
−2

, (d) 6.0 × 10
16

 cm
−2

, (e) 1.0 × 10
17

 cm
−2

, and (f) the 

sample irradiated with 150 keV Ar ions at a fluence of 1.0 × 10
17

 cm
−2

. 
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While the surface of the as–deposited SiO2 glass substrate was smooth with 

homogenous cracks (shown in Fig. 3.2a), which can be confirmed by cross–sectional 

TEM image shown in Fig. 3.3a, the holes and partially connected nanoscale islands 

were formed by the lateral transport of Au atoms after irradiated to a fluence of 1.0 × 

10
16

 cm
−2

. It is therefore concluded that the cracks are the triggers of the holes 

formation and therefore starting the dewetting process, which is enhanced by the Ar ion 

irradiation, taking into the effect of surface sputtering. As the fluence increased to 2.0 × 

10
16

 cm
−2

, the nanoscale Au islands on the surface became discontinuous. Similar 

features of ion induced dewetting have been reported by 800 keV Kr
++

 ion irradiation of 

thin Pt films on SiO2 substrate [2, 3] and 150 keV Ar ion irradiation of thin Au films on 

carbonaceous substrate [5], and the mechanism of the irradiation enhanced dewetting 

was ascribed to be the radiation enhanced diffusion [6, 7].  

At the higher fluence of 6.0 × 10
16

 cm
−2

, the spherical nanodots on the substrate were 

observed. Compared with the surrounding areas, the aggregation of Au atoms in the 

nanodots was identified by SEM–EDS spectra, and these nanodots were therefore 

entitled Au nanoballs. When the irradiation fluence increased to 1.0 × 10
17

 cm
−2

, the 

nanoballs were modified to be highly spherical nanoballs. In addition, two–dimensional 

autocorrelation function image of the SEM image indicate the nanoballs has a 

homogenous distribution along their radius. Figure 3.5a gives the size distribution of 

these nanoballs (NBs), reproduced by a Gaussian fit (black line). The mean diameter 

<D> was deduced as the position of the Gaussian peak and the error on <D> was 

evaluated as the standard deviation of the Gaussian fit. A mean diameter of 33.9 ± 8.8 

nm was obtained with a number density of approximately 27.9 m
−2

. However, 

according to the AFM observation, the average height of the nanoballs was much 
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smaller than their lateral dimension. This can be clarified by the following 

cross–sectional TEM analysis: nanoballs with exposed height lesser than their lateral 

size would be embedded in the substrate.  

3.3.2 Microstructure evolution after Ar ion irradiation 

Figure 3.3 gives the bright field cross–sectional TEM images together with selected area 

diffraction pattern for the specimens irradiated with 100 keV Ar ions at the fluence of 

(b) 1.0 × 10
16

 cm
−2

, (c) 2.0 × 10
16

 cm
−2

, (d) 6.0 × 10
16

 cm
−2

, and (e) 1.0 × 10
17

 cm
−2

. 

While the diffraction pattern for the SiO2 substrate showing diffused rings indicated the 

substrate was amorphous before and after the Ar ion irradiation, diffraction patterns 

with bright spots for the Au layers or nanoballs indicates a crystalline nature. In order to 

confirm the element concentrations of the nanostructures, a two dimensional EDS 

elemental mapping was obtained (shown in Fig. 3.4c) and the corresponding STEM 

image is given in Fig. 3.4a. The upper yellow area shows carbon deposition, which was 

used to protect the specimen during FIB sample preparation and the bottom area 

represents the SiO2 glass substrate. The red nanoballs in the middle represent the Au 

atoms assembled in the form of spherical nanoballs and exhibit a single layer 

distribution. According to the primary measurement, around 50% of these nanoballs 

were found to be single crystals.  
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Fig. 3.4: Cross–sectional STEM image (a) with EDS mapping (c) of Au nanoballs embedded in SiO2 

substrates after 100 keV Ar ion irradiation to a fluence of 1.0 × 10
17

/cm
2
; STEM image (b) with EDS 

mapping (d) of Au nanoballs embedded in SiO2 substrates after 150 keV Ar ion irradiation to a 

fluence of 1.0 × 10
17

/cm
2
. 

Furthermore, diffraction patterns for several nanostructures with FCC structure for each 

irradiation fluence were obtained, and each image gives a typical diffraction pattern. 

These diffraction patterns enable us to study the lattice evolution under Ar ion 

irradiation. The lattice parameter at each irradiation fluence is given in Table 1, and an 

increase of lattice parameter with the irradiation fluence was observed. From the TEM 

observation, the Au nanoscale islands due to irradiation remained on the surface of the 

substrate at a fluence of 1.0 × 10
16

 cm
−2

, while a lattice expansion was observed from 

several Au nanoscale islands. Therefore, lattice expansion (E) was defined (Eq. 3.1) to 

characterize the effects of ion irradiation: 

𝐸 = (  −    )    × 1   ⁄ ,                 (3.1) 
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where    is the lattice parameters of Au nanoscale islands after Ar ion irradiation and 

    is the documented value corresponding to bulk Au [8]. A lattice expansion of 

2.3 % was observed and irradiation induced defects like vacancies and interstitials 

have been ascribed to account for this lattice expansion.  

 

Fig. 3.3 Bright field cross–sectional TEM images with selected area diffraction pattern of (a) 

as–deposited SiO2, samples irradiated with 100 keV Ar ions at fluences of (b) 1.0 × 10
16

 cm
−2

, (c) 

2.0 × 10
16

 cm
−2

, (d) 6.0 × 10
16

 cm
−2

, (e) 10.0 × 10
16

 cm
−2

, and (f) the sample irradiated with 150 keV 

Ar ions at a fluence of 10.0 × 10
16

 cm
−2

. 

When the fluence of the irradiation increased to 2.0 × 10
16

 cm
−2

, the interface between 

the Au nanoscale islands and the surface of the substrate became blurring, indicating the 

Au nanoscale islands began to burrow into the SiO2 substrate. In addition, a lattice 
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expansion of 3.9 % was observed. When the fluence increased to 6.0 × 10
16

cm
−2

, 

nanostructures with fine particles surrounding the larger nanoballs partially embedded 

in the near surface with a layer distribution was identified, and a lattice expansion of 

5.4 % was obtained. When the fluence increased to 1.0 × 10
17

 cm
−2

, the Au nanoballs 

were modified to be highly spherical shape and deeply embedded in the substrate with a 

mean diameter of 33.3 ± 9.0 nm (given in Fig. 3.5c), and a lattice expansion of 15.7 % 

was obtained. As increasing the irradiation fluence up to 6.0 × 10
16

 cm
−2

, the lattice 

expansion showed linear tendency. After the irradiation to a fluence of 1.0 × 10
17

cm
−2

, 

the lattice expansion deviated from the linear tendency. Because the sample of 

cross–sectional TEM specimen after 1.0 × 10
17

 cm
−2 

irradiation was prepared by FIB 

system, the Ga irradiation could also have a contribution to the lattice expansion. 

Table 3.1: The expansion of the lattice parameter after Ar ion irradiation. 

Specimens Irradiation fluence a 
aAu (Å) 

b 
aM (Å) 

Expansion
 

(%) 

100 keV Ar
+ 

1.0 × 10
16

 cm
−2

 

4.0786 

4.04 2.3 

2.0 × 10
16

 cm
−2

 4.24 3.9 

6.0 × 10
16

 cm
−2

 4.30 5.4 

10.0 × 10
16

 cm
−2

 4.72 15.7 

150 keV Ar
+ 10.0 × 10

16
 cm

−2
 5.00 22.6 

a 
aAu represents the lattice parameter from the documented values [8] 

b 
aM represents the lattice parameters from measurement 

The kinetic energy deposition due to continued Ar ion irradiation resulted in greater 

defects movement than that expected with ambient temperature, which can be 100 times 

faster [9]. This is referred as radiation–enhanced diffusion, which is thought to 

dominate the mass transport in ion mixing [6, 7]. Therefore, the Si atoms are inevitably 

recoiled into Au nanoparticles, which has a contribution to the nanoparticles lattice 



68 

 

expansion. In addition, the Ar ion irradiation induced defects also has a contribution to 

the nanoparticles lattice expansion. We have tried to clarify these two effects by 

experiment measurement (such as HR-TEM observation and also EDS spectra analysis) 

and it‟s hard to quantitatively estimation the concentration of the mixed Si atom. 

However, the lattice constant in this study was compared with several published Au 

silicates‟ lattice constant. Metastable Au–Si (hexagonal structure) alloys with larger 

lattice parameters were obtained by ion–beam interface mixing of Au–Si multilayers 

[10, 11] was obtained. However, the Au nanostructures showed FCC structure in this 

study. In addition, the published Au silicates‟ lattice constant is much larger 

(approximately 20% larger for the rarest Si concentration in a Au silicate). Therefore, I 

can make a conclusion that there are Si atoms mixed in Au nanoparticles in my study 

but they are not Au silicate. 

The Au nanoballs embedment in the SiO2 substrate can be interpreted as irradiation 

induced burrowing. The mechanism of the nanoballs burrowing was particularly 

investigated [12, 13]. Thermodynamic driving force, which related to the surface and 

interface energies of nanoballs and substrate, is account for this burrowing effect, and 

the sputtering effect of nanoballs was also taken into consideration. In addition, 

irradiation induced viscosity of the SiO2 substrate was sufficient enough to accomplish 

this burrowing process [13]. In the following part, a detailed discussion of sputtering 

effect was given.  
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Fig. 3.5: Each figure shows the diameter distribution (N is the portion of Au nanoballs embedded in 

SiO2 substrate, and <D> is the mean diameter of nanoballs) of the acquired nanoballs formed by Ar 

ion irradiation to a fluence of 1.0 × 10
17

 cm
−2

: (a) SEM images exhibits a mean diameter of 33.9 ± 

8.8 nm for the nanoballs under 100 keV Ar ion irradiation, and the corresponding TEM images 

exhibits a mean diameter of 33.3 ± 9.0 nm (c); (b) SEM images exhibits a mean diameter of 55.8 ± 

16.1 nm for the nanoballs under 150 keV Ar ion irradiation, and the corresponding TEM images 

exhibits a mean diameter of 50.5 ± 8.0 nm (d). 

3.3.3 Sputtering effects under Ar ion irradiation 

For the specimens before and after irradiation up to 6.0 × 10
16

 cm
−2

, the covered surface 

fractions of Au films can be obtained by integrate the bright parts in the SEM images 

(Fig. 3.2). In addition, the thickness of the Au films can be estimated using the 

cross–sectional TEM images (Fig. 3.3). Then the volume of the retained Au atoms 

within unit area on the SiO2 substrate corresponding to each irradiation fluence can be 

obtained by simply multiply the Au covered region with the film thickness, and the 

uncertainty was also estimated. 
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Fig. 3.6: Retained Au concentrations on SiO2 substrate as a function of irradiation fluence. 

For the highest irradiation fluence of 1.0 × 10
17

 cm
−2

, the nanoballs were modified to be 

perfectly spherical nanoballs partially embedded in the substrate. Each Au nanoballs 

was treated as a sphere, and the volume of the Au nanoballs within unit area can be 

obtained by multiply the number density. Finally, Au atoms within unit area can be 

calculated by assuming the density of retained Au after ion irradiation kept the same as 

bulk Au, and the results are summarized in Fig. 3.6. Figure 3.6 shows the plot of 

concentration of Au varying with irradiation fluence which reveals sputtering effects of 

Au under ion irradiation. It shows that at the initial irradiation fluence of 1.0 × 10
16

 cm
−2

, 

sputtering yield is about 5.4 atoms/ion. Afterwards, the retained Au atoms decreases 

with the irradiation fluence with a deviation from the linear tendency indicating the 

sputtering yields decreases with the irradiation fluence. At the highest irradiation 

fluence of 1.0 × 10
17

 cm
−2

, the sputtering rate decreases to less than 0.6 atoms/ion. The 

reason for this low sputtering rate is the small fraction of surface area coverage by Au 

film which decreases with increasing irradiation fluence as observed in SEM images.  
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3.3.4 Beam energy dependence on the nanoballs formation 

Figure 3.1e gives the AFM image of 150 keV Ar ions irradiation of the same sample to a 

fluence of 1.0 × 10
17

 cm
−2

. The corresponding SEM image is given in Fig. 3.2f. The 

homogeneous distribution of Au nanoballs on the substrate was identified, and a mean 

diameter of 55.8 ± 16.1 nm was obtained (Fig. 3.5b) with a number density of 

approximately 26.3m
−2

. Figure 3.3f is the bright field cross–sectional TEM image, and 

the EDS elemental mapping is shown in Fig. 3.4d together with the corresponding 

STEM image in Fig. 3.4b. A layer of Au nanoballs embedded in the substrate was 

identified with a mean diameter of 50.5 ± 8.0 nm (Fig. 3.5d), and a lattice expansion of 

around 22.6 % was obtained. Note that nanoballs produced by 100 keV Ar ion 

irradiation has a mean diameter of 33.9 ± 8.8 nm with a number density of around 

27.9m
−2

. It is therefore concluded that the higher energy ion irradiation results in a 

sparser but larger nanoballs distributed on the SiO2 glass substrate. In addition, the 

retained Au concentration under 150 keV Ar ion irradiation to a fluence of 1.0 × 10
17

 

cm
−2 

is also given in Fig. 3.6, shown in red solid circle. It is obvious that the higher 

energy ion irradiation results in a larger Au concentration retained on the SiO2 substrate, 

and the reason is the lower nuclear energy loss in the Au layer resulted in lower 

sputtering yield by higher energy ion irradiation. 
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Fig. 3.7: Photoabsorbance spectra of the samples irradiated by Ar ions at 100 keV (dashed line) and 

150 keV (solid line) to a fluence of 1.0 × 10
17

 cm
−2

. The photoabsorbance spectra of the pure SiO2 

irradiated with 100 keV Ar ions to a fluence of 1.0 × 10
17

 cm
−2

 was also obtained (dotted line). The 

top scale represents the photo energy in eV. 

Figure 3.7 shows the photo absorbance spectra of 100 keV (dashed line) and 150 keV 

(solid line) Ar ion irradiated samples to a fluence of 1.0 × 10
17

/cm
2
. Compared with the 

photo absorbance spectra for the 100 keV Ar ion irradiation of the pure SiO2 to a 

fluence of 1.0 × 10
17

 cm
−2 

(dotted line), the absorbance band located around 550 nm 

corresponds to the surface plasmon resonance (SPR) peak possessed by Au nanoballs 

embedded in SiO2 [14, 15], while the 150 keV irradiation resulted in a broadening peak 

with increased intensity. In general, the intensity and position of the SPR peak are 

closely related to the size and volume fraction of the nanoballs embedded in the 

dielectrics. As the irradiation energy of Ar ions increased from 100 keV to 150 keV, the 

average diameter of the Au nanoballs increased and the red shift of the SPR peak was 

observed.  
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This tendency of the experimental SPR peaks corresponds to those of the theoretical 

calculated SPR peaks using the code for electromagnetic scattering by spheres, in which 

Mie solution was applied to nanoballs with a unique size [15]. However, it is hard for 

nanoballs fabricated by ion irradiation to keep a unique size and pure chemical 

concentration because of ion–mixing, in which the existence of the Si in the Au 

nanoballs was observed. In the case of the sample after 100 keV Ar ion irradiation to 

1.0 × 10
17

 cm
−2

, the experimental SPR peak was 550 nm and the calculated SPR peak 

was 520 nm by using Jain‟s calculation [15]. On the other hand, the experimental SPR 

peak for the sample after 150 keV Ar ion irradiation was 590 nm and the calculated 

SPR peak was 550 nm. Jain‟s calculation was considered on the assumption of spherical 

Au nanoparticles with unique diameter dispersed in the solution homogenously. 

However, the red shift tendency of the SPR peak depending on the particle size was 

consistent. 
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3.4 Discussions 

3.4.1 Radiation-enhanced dffusion and ion induced dewetting 

As an ion impinges on a solid it begins a series of collision with both the electrons and 

the ion cores of target atoms. The collisions with electrons are more numerous owing to 

their larger number and cross section, but since their mass is small they do not much 

alter the trajectory of the incoming ion, nor do they usually result in atomic 

displacements. In most materials, therefore, these inelastic collisions can be treated 

simply by assuming that the electrons form a viscous background that extracts energy 

from the fast-moving ions and slows them down. At elevated temperatures the high 

concentrations of defects produced in the cascade can migrate throughout the material 

and begin to restore equilibrium. This induces the so-called radiation-enhanced 

diffusion. During irradiation at elevated temperature, the defect concentrations typically 

reach their steady states long before the phase transformations take place, and spatial 

variations in the steady-state concentrations often remain small, so that the defect 

concentrations are easily obtained. This behavior is very different from that arising from 

thermal diffusion.  

It was discovered by Hu et al [2, 3] that for a thin metallic film on a dielectric substrate 

with a high interfacial energy, the pre-existing holes in the metallic film would grow 

during ion irradiation [3]. The growth of these holes was condidered due to the 

dewetting of the film. The film became discontinuous with further irradiation and 

eventually turned into a patterned structure of nanodots, with regular spacing between 

them. The thermodynamic reason for the dewetting of the metal film is the high 

interfacial energy and hence the continuous film is unstable on the substrate. Kinetically, 
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the occurrence of this process requires the mass transportation of the metal atoms, 

indicating that mobility of the metal atoms is significantly enhanced by ion irradiation. 

3.4.2 Irradiation- enhanced viscous flow and ion induced embeddment 

As observed in this Figure 3.3, the nanospheroids are partially embedded in the 

substrate, and the mechanism of the embedment has been studied in detail by Klimmer 

et al. It has been concluded that these nanospheroids are embedded by irradiation 

induced viscous flow, considering the effect of surface sputtering.  

Klimmer et al and Hu et al. [12, 13] attributed the ion induced burrowing of 

nanoparticles to capillary forces acting on a solid particle on top of a viscous medium, 

where the viscosity 𝜂 of the substrate is locally enhanced due to the ion bombardment. 

As discussed by Averback [16, 17], spike effects as well as point defect like entities may 

mediate the viscous flow in amorphous substrates. In both cases, however, the driving 

force for burying a solid spherical particle of radius R is thermodynamically related to 

its surface energy 𝛾𝑝, to the surface energy of the viscous substrate 𝛾 , as well as to the 

corresponding interface energy 𝛾𝑝  . Hu et al. [12] parameterized the problem is by the 

two quantities 

 =  
     −    

  
= 1 + cos 𝜃,                   (3.2) 

and 

𝑏 =
2  

3 
,                             (3.3) 

Equation 3.2 relates the surface and interface energies to the wetting angle between the 

viscous substrate and the solid particle. The wetting behavior as expected for various 
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values of the parameter a is sketched in Fig. 3.8b comprising all situation from 

complete dewetting for a=0 to complete wetting for a=2. 

 

Fig. 3.8 (a) Definition of the two lengths z and h used in the theoretical description. The embedding 

depth obtained from bright field cross–sectional TEM images of Ag-Au bimetallic films as a 

function of irradiation fluence. Schematics of final equilibrium positions of solid spheres sinking 

into a viscous substrate depending on the wetting conditions is show in the Figure b. 

The burrowing velocity is found to be 

  

  
= 𝑏

(  − )

 
,                           (3.4) 

and the standard viscosity 𝜂 is substituted by an ion-induced viscosity 𝜂𝑟 and scaled 

by the ion flux 𝑑𝜙/𝑑𝑡, 

𝜂 = 𝜂𝑟(
  

  
)−1,                          (3.5) 

Therefore, 

  

  
= 𝑏 (  − )

 
,                          (3.6) 
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and 

𝑏 =
2  

3  
,                             (3.7) 

a integrating of Eq. 3.6 yields: 

𝜙(𝑧) =
 

  
𝑅𝑙𝑛

  

  − 
−

 

  
,                       (3.8) 

We relate dose 𝜙 to embedment depth z by replacing viscosity with radiation-induced 

viscosity 𝜂𝑟. From these formulas, we can have a estimation of the radiation-induced 

viscosity 𝜂𝑟. 

However, the conventional sputtering of nanoparticles leading to an ion induced 

continuously decreasing of the particle size [13]. It is reasonable to assume 

2𝑅(𝜙) = 𝑕(𝜙) + 𝑧(𝜙),                       (3.9) 

and taking the decrease of the radius due to sputtering explicitly into account, thus, a 

additional part 2𝑑𝑅 𝑑𝜙⁄  is present in the expression of 𝑑𝑧 𝑑𝜙⁄ , resulting in 

  

  
= 𝑏 (  − )

 
+ 2

  

  
,                    (3.10) 

It is reported that for a low ion–induced viscosity 𝜂𝑟  substrate like sapphire, the 

burrowing effect can be neglected [13]. However, the near surface of the sapphire 

became amorphous after the extensive Ar–ion irradiation. Therefore, ion irradiation 

induced viscosity of the amorphous sapphire layer was sufficient enough to accomplish 

this burrowing process. As can be seen in the Chapter 5, where the Ar ion irradiation 

induced nanostructuring on single crystal alumina (sapphire) substrate was studied. 
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3.4.3 Optical properties of metallic nanostructures 

A formal solution of rigorous scattering theory for nanoparticles is unfortunately only 

possible for restricted geometries. The Mie theory [18, 19] is an exact solution of the 

Maxwell equations for the scattering and absorption problem of spherical particles, and 

it is usually employed to derive approximate solutions for similar geometries.The 

extinction and scattering cross sections or the electromagnetic fields outside the 

spherical particle can be calculated: 

    =
2 

  
2 ∑ (2𝑛 + 1)𝑅𝑒(  + 𝑏 )

 
  1                 (3.11) 

    =
2 

  
2 ∑ (2𝑛 + 1)(|  |

2 + |𝑏 |
2) 

  1                (3.12) 

The scattering coefficients    and 𝑏  are widely used, as show below: 

  =
  ( )  

 (  )−   
 ( )  (  )

  ( )  
 (  )−   

 ( )  (  )
,                (3.13) 

𝑏 =
   ( )  

 (  )−  
 ( )  (  )

   ( )  
 (  )−  

 ( )  (  )
,                (3.14) 

where   (𝑥) = 𝑥𝑗 (𝑥) ,   (𝑥) = 𝑥𝛾 (𝑥) and   (𝑥) = 𝑥𝑕 
(1)(𝑥) are Riccati–Bessel, 

Riccati–Neumann and Riccati–Hankel functions, respectively. A notable property of 

the scattering coefficients    and 𝑏  is that their denominator can become very 

small. The minima are complex-numbered poles. At these poles the corresponding 

partial wave exhibits a resonance with different magnitudes for the scattered fields due 

to the different numerator. The resonances caused by bound electrons are denoted 

electronic resonances and the resonances by free electrons are denoted surface 

plasmon polaritons. A pronounced SPP resonance can be found for aluminum, alkali 



79 

 

metal, and noble metal nanoparticles. An example is given in Figure 3.9 for Ag, Au, 

and Cu nanospheres with 2R=30 nm. 

 

Fig. 3.9 Computed extinction efficiencies 𝑄    for non-interacting gold spherical particles with 2R 

= 30 nm dispersed in a homogeneous dielectric host (εh = 2.25), showing an SPP. 

The noble metals show pronounced features, since the contribution  𝐼𝐵 of interband 

transitions from the 3𝑑 (Cu), 4𝑑 (Ag), or  4𝑑 (Au) electrons to the hybridized  4𝑠𝑝 

(Cu), 5𝑠𝑝 (Ag), or 6𝑠𝑝 (Au) band has an enormous influence on the positions of the 

plasmon polaritons. The SPP resonances in noble metal nanoparticles therefore cannot 

be regarded as free electron resonances even at a rough approximation; rather, they are 

hybrid resonances resulting from cooperative behavior of both the 𝑑 electrons and the 

conduction electrons. This is demonstrated in Figure 3.9 by representative spectra for 

Cu, Ag, and Au nanoparticles, calculated by Mieplot [20]. For Au nanoparticles, the 

influence of the interband transitions can also be clearly recognized, but is already 

strongly reduced because they are more separated from the resonance position of the 

SPP. The modest influence of the interband transitions on the SPP is obtained for Ag 

nanoparticles. Although the interband transitions contribute to the spectra at shorter 

wavelengths, the peak position of the SPP is well separated from the interband 
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transitions, so a sharp resonance is obtained. So far, Ag behaves very similarly to the 

Drude metals. The resonant structures in the extinction lead to characteristic colors for 

the smaller particles: red for Cu and Au and yellow for Ag.  

We present the calculated spectra for the extinction efficiencies 𝑄   , defined as the 

sum of the absorption and scattering cross-sections renormalized by the geometrical 

cross-sections    
2, as a function of the wavelength: 

𝑄     = (      +       )/   
2                 (3.15) 

Influence of the particle size   

In Fig. 3.10a the extinction spectra, calculated employing the Mie theory, are reported 

for spherical particles with diameters between 10 nm and 150 nm; the corresponding 

peak positions and linewidths are highlighted in Fig. 3.10b. We can see that increasing 

the diameter 𝑑  the resonances are systematically red shifted with their linewidth 

monotonically increases. These trends are mainly due to surface damping and 

retardation effects. For small particles, the former is dominant, so the LSP position is 

slightly affected by the size. At larger size, dynamic depolarization and radiation 

damping rapidly grow, inducing a strong red shift and broadening of the peaks, and 

reducing their intensity. Higher order surface plasmon resonances for multipole order 

𝑛 > 1 can be observed for larger nanoparticles. The total extinction reveals a complex 

multipeak structure, which results from the various multipole contributions of SPPs to 

the absorption and scattering.  
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Fig. 3.10 (a) Computed extinction efficiencies 𝑄    for non-interacting gold spherical particles, 

having different radii, dispersed in a homogeneous dielectric host (𝜀 = 2 25). (b) position (λmax , 

red line) and full width at half maximum (FWHM, black curve) of the LSP peaks in panel (a) as a 

function of the particle radius.  

Influence of the environment 

We start by considering spherical particles of radius 𝑑 = 3  𝑛𝑚, and analyse the 

effects of a variation of the host dielectric constant 𝜀 . Since the particles are immersed 

in a dense medium, the local electric field differs from the external excitation due to the 

polarization of the medium. In Fig. 3.11 we report the calculated curves for 𝑄    with 

𝜀  varying from 1 (vacuum) up to 3, computed with Mieplot. We can see that the 

position of the resonance moves to larger wavelengths (lower energies) at higher 𝜀  

and correspondingly its magnitude increases. Employing the Fr hlich condition and 

looking at 𝜀 , we can deduce that the resonance red-shift is due to the negative slope of 

the real part of 𝜀 ; the enhancement of the resonances is instead related to the 

proportionality between the induced dipole and 𝜀 . 
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Fig. 3.11 Computed extinction efficiencies 𝑄    for non-interacting gold spherical particles, of 

diameter 𝑑 = 3  𝑛𝑚, as a function of the dielectric constant 𝜀  of the host. 

As we can see, as increasing the diameter 𝑑 the resonances are systematically red 

shifted, which is in good agreement with the experiment results. In addition, even the 

slightest change in the dielectric surrounding leads to a detectable shift of the resonance 

energy. That is the reason why metallic nanoparticles are very suitable for surface 

enhanced Raman spectroscopy: placing a molecule in the vicinity of a nanoparticle 

effects the dielectric environment and therefore there is the enhanced photo emission.  

As we can see, the nanoparticles optical properties are strongly depends on their size, 

shape, sorrouding environment and the chemical component, the experimental focused 

on the optical response control were described in the following two chapters (chapter 4 

and chapter 5). 
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3.5 Conclusions 

In this study, to study the process of ion irradiation induced surface nanostructuring of 

Au film deposited on SiO2 glass substrate and its optical properties, the surface 

morphology was examined using an AFM and a SEM, and the microstructural evolution 

and the chemical concentration of Au films were investigated using a TEM equipped 

with an energy dispersive spectrometer. The following conclusions were obtained; 

1. With the irradiation fluence increased from 1.0 × 10
16

 cm
−2

 to 1.0 × 10
17

 cm
−2

, the 

dewetting of the Au films on the SiO2 glass substrate was occurred and the Au 

nanoscale islands were formed on the substrate. Finally a single layer of photosensitive 

gold nanoballs with highly spherical shape embedded in a SiO2 substrate was obtained.  

2. The lattice expansion was observed as increasing irradiation fluence. These lattice 

expansions could be caused by irradiation induced lattice defects and the irradiation 

induced interface ion–mixing. However, the Au nanoparticles and the Au nanoballs in 

this study showed FCC structure instead of the hexagonal metastable phase in the 

previous study. Half amounts of the Au nanoballs were also found to be single crystals. 

3. As increasing the irradiation energy from 100 to 150 keV, the average diameter of the 

Au nanoballs increased and a red shift of the SPR peak was observed. Ion beam induced 

nanostructuring method could be useful in controlling the SPR properties of the Au film 

deposited on SiO2 glass substrate. 
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4 Ion Beam Surface Nanostructuring of Ag-Au Bimetallic Films 

on SiO2 Glass 

4.1 Introduction 

There has been a great deal of research conducted on controlling the morphology and 

composition of these nanoparticles. The synergistic control of various parameters 

sensitive to the LSPR band includes both particle size and shape. Further control of 

LSPR frequency over a wider range has been achieved by synthesizing bimetallic 

nanoparticles fabricated in the form of alloys of two metals. In general, the resulting 

LSPR frequency lies in between that of the pure components, and depends on the 

relative amounts of the two components. In particular, Ag–Au nanocomposites have 

attracted increasing interest because of their composition–dependent tunable optical 

properties and because complete miscibility of Au and Ag can be obtained at any 

composition in both bulk materials and NPs.  

In chapter 3, we have described the synthesizing of photosensitive gold nanoparticles 

partially embedded in SiO2 glass substrates. In this study, the synthesis method of 

Ag–Au alloy nanospheroids in SiO2 glass substrate by ion irradiation was described 

with its tunable optical properties. In this method, the synthesized nanoparticles with 

advanced functionalization surface partially embedded in the dielectric matrix were 

obtained. 

  



85 

 

4.2 Experimental Details 

Ar–ion irradiation induced surface nanostructuring of Ag–Au bimetallics with various 

molar ratios deposited on SiO2 substrate was performed, and tunable plasmon resonance 

frequency was obtained. The Ag–Au bimetallic thin films were thermally evaporated on 

mirror polished SiO2 substrates at ambient temperature by electrically heating the Ag 

and Au sources under a 6.0 × 10
−5

 Torr vacuum. In general, the Ag nanostructures are 

unstable and easily get oxidized [1-3] Therefore, the as–deposited samples were kept in 

the vacuum condition. However, a strong increase in the oxidation resistance was 

observed with the increase of Au atomic fraction inside the nanostructures [3], and it is 

reported that most of the Au–Ag nanostructures was not oxidized at gold fractions 

above 0.4 in solution [4]. Therefore, the Au–Ag bimetallic films on SiO2 substrates 

were thought to be stable in this study. The film thickness was verified to be 30 nm by 

transmission electron microscope (TEM; JEOL JEM–2010F), and a field–emission 

scanning electron microscope (SEM; JEOL JSM–7001FA) equipped with energy 

dispersive spectrometer (EDS; Noran Thermo Fischer Scientific) was used for 

measuring the compositions of the as–deposited and irradiated samples. 

For the 30 nm Ag(50%)–Au(50%) bimetallic films deposited on the SiO2 substrates, the 

optical micrograph exhibits a blue color (Fig. 4.1a, upper section) and the surface is 

uniformly smooth and consists of planar grains as small as a few nanometers in size 

(SEM micrograph in Fig. 4.1a, lower section). 100 keV Ar ions irradiation at ambient 

temperature with fluences of 4.0 × 10
16

 cm
−2

, 5.5 × 10
16

 cm
−2

, 7.0 × 10
16

 cm
−2

, 1.0 × 

10
17

 cm
−2

, and 1.4 × 10
17

 cm
−2

 were performed to study the fluence dependence. The 

energies of the ions were chosen such that the range is wider than the thickness of the 
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bimetallic layer, as calculated by the SRIM 2011 code [5]. Ar–ion irradiation on the 

samples was performed using the 400 keV ion accelerator at the HVEM laboratory, 

Hokkaido University. A low pressure of 10
−3

 Pa was maintained inside the irradiation 

chamber. To ensure uniform irradiation, Ar–ion beam was scanned and the current was 

maintained at approximately 2.0 A cm
−2

. Furthermore, on top of the SiO2 samples, 

pure silver, pure gold, and three different bimetallic Ag–Au films with molar ratios of 

0.25:0.75, 0.5:0.5, and 0.75:0.25 were deposited to investigate the component 

dependence, and consequent Ar–ion irradiation of these bimetallic films were also 

performed to a fluence of 1.0 × 10
17

 cm
−2

. For the as–deposited samples, the color 

changed from blue to yellow green (upper sections of Fig. 4.5a–e) and the surface 

remained uniformly smooth (lower section of Fig. 4.5a –e).  

As the radiation induced defects can be removed by annealing at temperatures higher 

than 623 K
 
[6], post–irradiation thermal annealing is usually employed to anneal ion 

irradiated samples. Therefore, thermal annealing was conducted ex–situ under high 

vacuum (4.25 × 10
−5

 Pa) at 773 K for two hours. After that, optical absorption spectra 

were recorded over a wavelength range of 300–800 nm on a spectrophotometer (JASCO 

V–630) with a spectral bandwidth of 1.5 nm, and the SEM observations were used to 

examine the surface modification. The line and surface element concentration were 

evaluated at the nanoscale using the SEM coupled with an EDS, and the line chemical 

concentration profiles cross the surface were obtained using the SEM operated at 6.0 

keV. Moreover, microstructural characterization was performed using the TEM operated 

at 200 keV. The cross–sectional TEM samples were prepared using a precision ion 

polishing system (PIPS; JEOL AT–12310).  
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Fig. 4.1: Optical micrographs (upper sections of each panel) and SEM micrographs (lower sections 

of each panel) of (a) Ag50%–Au50% as–deposited SiO2, (b) thermally annealed sample, and 

post–irradiation annealed samples with irradiation fluences of (c) 4.0 × 10
16

 cm
−2

, (d) 7.0 × 10
16

 

cm
−2

, (e) 1.0 × 10
17

 cm
−2

, and (f) 1.4 × 10
17

 cm
−2

.  
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4.3 Results 

4.3.1 Fluence effect on surface nanostructuring by ion irradiation 

The morphology of the surface nanostructuring by ion irradiation on the dielectric 

substrate depends on variations in the irradiation parameters such as fluence, current 

and beam energy. In this study, fluence dependence on the ion induced surface 

nanostructure was studied using 100 keV Ar–ion irradiation of 30 nm Ag(50%)–Au(50%) 

bimetallic films deposited on SiO2 substrates with the irradiation fluence increasing 

from 4.0 × 10
16

 cm
−2

 to 1.4 × 10
17

 cm
−2

. A color change from dark green to light violet 

was observed, as can be observed in the optical micrographs in the upper sections of Fig. 

4.1. SEM was used to study the surface nanostructure after the post–irradiation thermal 

annealing. The lower sections of each panel in Figure 4.2 shows SEM micrographs of (a) 

as–deposited Ag(50%)–Au(50%)/SiO2, (b) annealed sample, and post–irradiation annealed 

samples with irradiation fluences of (c) 4.0×10
16

 cm
−2

, (d) 7.0×10
16

 cm
−2

, (e) 1.0×10
17

 

cm
−2

, and (f) 1.4×10
17

 cm
−2

. For the specimen irradiated at the lowest fluence (4.0 × 

10
16

 cm
−2

),
 
the line profiles of the chemical concentration across the surface were 

obtained (Fig. 4.2).  
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Fig. 4.2: (a) Typical SEM micrograph of post–irradiation annealed sample of Ag50%–Au50% 

bimetallic film on SiO2 at a fluence of 4.0 × 10
16

/cm
2
; (b) line profiles of silica and oxygen along the 

horizontal line indicated in (a); (c) line profiles of silver and gold along the horizontal line indicated 

in (a).  

Figure 4.2a shows the typical SEM image, and the red line indicates the line along 

which the element concentration was determined. Fig. 4.2b shows the line profile of 

silica and oxygen concentrations. Fig. 4.2c shows the line profile of silver and gold 

concentrations with the Ag peaks appearing in the same place as the Au peaks; both 

peaks occur at troughs in the silica and oxygen profiles, and the peaks in the 

concentration profiles correspond to the bright areas shown in Fig. 4.2a, indicating that 

silver and gold alloyed at the nanoscale. Therefore, the bright contrast areas in the SEM 

micrographs represent the retained bimetallic films on the substrates.  

While the surface of the as–deposited SiO2 substrate is smooth with fine particles a few 

nanometers in size (lower section of Fig. 4.1a), relatively large polygonal pitches with a 
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Heywood diameter greater than 900 nm were observed (lower section of Fig. 4.1b) after 

thermal annealing because of the thermal induced homogeneous nucleation
 
[7, 8]. 

As–deposited SiO2 is quite different from the ion irradiated samples. With increasing 

irradiation fluence, the process of bimetallic film evolution under Ar–ion irradiation is 

clearly observed, with the formation of isolated photosensitive nanospheroids. Partially 

connected nanoscale islands formed after irradiation to a fluence of 4.0 × 10
16

 cm
−2 

because of ion induced dewetting of thin metallic films [9]. When the fluence increased 

to 7.0 × 10
16

 cm
−2

, elongated nanospheroids were obtained on the substrate. A detailed 

study of the Ag(50%)–Au(50%) bimetallic nanospheroids was conducted by measuring the 

nanospheroids diameter and aspect ratio, and the results are summarized in Table 4.1.  

Table 4.1: Statistical analysis of morphology and optical properties for post–irradiation thermal 

annealed Ag(50%)–Au(50%)/SiO2 at various fluences. 

Fluence 

(×10
16 

cm
−2

) 
d

a 
(nm) Aspect ratio

b
 LSPR

c
 (nm) LSPR

d
 (nm) 

4.0 64.3 ± 27.4 1.94 ± 0.79 565.0 ± 3.0 587 

5.5 56.5 ± 25.5 1.67 ± 0.69 526.0 ± 0.5 552 

7.0 50.4 ± 19.5 1.37 ± 0.47 500.0 ± 0.4 511 

10.0 50.3 ± 19.5 1.24 ± 0.28 498.2 ± 0.4 494 

14.0 46.1 ± 18.8 1.15 ± 0.17 522.0 ± 0.3 483 

a
d is the mean diameter of Ag(50%)–Au(50%) bimetallic nanospheroids; 

b
Aspect ratio is the mean aspect ratio of Ag(50%)–Au(50%) bimetallic nanospheroids; 

c
LSPR is the measured maximum absorption of the LSPR band of Ag(50%)–Au(50%) bimetallic 

nanospheroids; 

d
LSPR is the calculated maximum absorption of the LSPR band of Ag(50%)–Au(50%) bimetallic 

nanospheroids. 

Figure 4.4a illustrates the mean diameter and aspect ratio of the Ag(50%)–Au(50%) 

nanospheroids as a function of irradiation fluence. Both show a systematic decrease 
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with the irradiation fluence, and their deviations also decrease with the irradiation 

fluence. Bright field cross–sectional TEM micrograph of these nanospheroids were 

obtained (Fig. 4.3a), and the diffraction pattern for a typical nanospheroid is given in 

Fig. 4.3b showing a FCC structure. As observed in this figure, the nanospheroids are 

partially embedded in the substrate, and the mechanism of the embedment has been 

studied in detail by Hu et al [10]. It has been concluded that these nanospheroids are 

embedded by irradiation induced viscous flow, considering the effect of surface 

sputtering [11].  

 

Fig. 4.3: (a) Typical bright field cross–sectional TEM micrograph of Ag(50%)–Au(50%) bimetallic 

nanospheroids partially embedded in SiO2 substrate fabricated by post–irradiation annealing of 

Ag(50%)–Au(50%)/SiO2 irradiated to a fluence of 1.0 ×10
17

 cm
−2

; (b) diffraction pattern for a typical 

Ag(50%)–Au(50%) bimetallic nanospheroid circled in (a); (c) High resolution TEM microgragh for a 

typical Ag(50%)–Au(50%) bimetallic nanospheroid circled in (a) with the dashed bule line indicating the 

interface between SiO2 substrate and vacancy.  

Optical absorption spectra were recorded for each specimen after irradiation. Figure 
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4.4b shows the absorption spectra of the samples irradiated at fluences ranging from 

4.0×10
16

 cm
−2

 to 1.4×10
17

 cm
−2

. For the specimen irradiated at a fluence of 4.0×10
16

 

cm
−2

, a broad absorption peak was observed, while narrower absorption peaks were 

clearly observed for specimens irradiated at fluences exceeding 7.0×10
16

 cm
−2

. These 

absorption peaks were induced by the resonance of the incident light with the combined 

oscillation of the free electrons aggregated at the surface of these Ag(50%)–Au(50%) 

bimetallic nanospheroids partially embedded in the SiO2 substrate. This enhanced 

absorption is a characteristic of LSPR, and the peak positions are summarized in Table I. 

These absorbance bands correspond to the LSPR peak exhibited by Ag–Au bimetallic 

nanospheroids sustaied on or embedded in a SiO2 matrix [12, 13]. As the irradiation 

fluence of the Ar ions increased, a shift of the LSPR peak positions toward the short 

wavelength was observed up to an irradiation fluence of 1.0 × 10
17

 cm
−2

, and then 

shifted towards the longer wavelength on further increase of the fluence (Fig. 4.4c).  
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Fig. 4.4: (a) Heywood diameters and aspect ratios of the nanospheroids plotted against the 

irradiation fluence; (b) photoabsorbance spectra of the samples after post–irradiation thermal 

annealing; and (c) experimentally measured and Gans calculation of the maximum absorption 

wavelength position plotted against irradiation fluence. 
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4.3.2 Ag–Au nanospheroids with tunable surface plasmon resonance frequency 

Bimetallic nanospheroids with various Au–Ag molar ratios (0.0:1.0, 0.25:0.75, 0.5:0.5, 

0.75:0.25, 1.0:0.0) were synthesized using Ar–ion irradiation of Au–Ag bimetallic films 

deposited on SiO2 substrates. A color change from light yellow to violet was observed 

by optical microscope for the five samples (upper sections of Fig. 4.5a‟–e‟). SEM was 

used to study the surface nanostructuring after post–irradiation thermal annealing. SEM 

micrographs (lower sections of Fig. 4.5a‟–e‟) shows the surface morphology of the 

post–irradiation annealed samples of pure silver, Ag(75%)–Au(25%), Ag(50%)–Au(50%), 

Ag(25%)–Au(75%), and pure gold deposited on SiO2 substrates. A detailed study of the 

Ag(X%)–Au(100-X%) bimetallic nanospheroids was conducted by measuring the 

nanospheroids diameter and aspect ratio, and the results are summarized in Table 4.2. 

Figure 4.6a illustrates the mean diameter and aspect ratio of the Ag–Au nanospheroids 

as a function of Au concentration, which shows the formation of nanospheroids with 

comparable size and aspect ratio for the five samples.  



95 

 

 

Fig. 4.5: Optical micrographs (upper section of each panel) and SEM micrographs (lower section of 

each panel) of (a) pure silver, (b) Ag(75%)–Au(25%), (c) Ag(50%)–Au(50%), (d) Ag(25%)–Au(75%), and (e) 

pure gold as–deposited on SiO2. Figure 4.5a‟–e‟ are optical micrographs and SEM micrograph of 

these five samples after post–irradiation thermal annealing. 

Optical absorption spectra were recorded for each specimen after post–irradiation 

annealing. Figure 4.6b shows the tunable characteristics of LSPR frequency of Ag–Au 

bimetallic nanospheroids of all five samples, and a single localized surface plasmon 

absorption band for each sample was observed. Figure 4.6c shows the UV–Vis 

absorption peak position plotted against the percentage of Au concentrations. This 

figure demonstrates that the LSPR peak positions shift approximately linearly from 

424.5 nm (Ag nanospheroids) to 566.6 nm (Au nanospheroids) with an increase in Au 

molar fractions. The wavelength of the maximum absorption band for each sample is 

summarized in Table 4.2. In this study, the nanospheroids were synthesized in the 
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vacuum chamber. However, ex–situ photoabsorption spectra measurement was carried 

out in air. Therefore, a layer of oxide Ag (usually Ag2O) was formed on the 

nanospheriods surface, and the Ag–core Ag–oxide shell structure will induce a red shift 

of the characteristic surface plasmon resonance response for pure Ag, which located at 

around 400 nm [1, 2]. However, this plasmon absorption peak was rather stable over 

time: after 8 months in a low vacuum condition, the plasmon absorption intensity has 

decreased a little (Figure 4.7). 

Table 4.2: Statistical analysis of morphology and optical properties for post–irradiation thermal 

annealed Ag(X%)–Au(100-X%)/SiO2 at a fluence of 1.0 × 10
17

 cm
−2

. 

Samples d
a
 Aspect ratio

b
 LSPR

c
 (nm) LSPR

d
 (nm) 

Ag/SiO2 48.3 ± 20.0 1.24 ± 0.33 424.5 ± 2.5 452 

Ag(75%)–Au(25%)/SiO2 51.7 ± 19.1 1.20 ± 0.20 486.3 ± 0.2 473 

Ag(50%)–Au(50%)/SiO2 50.3 ± 19.5 1.24 ± 0.28 498.2 ± 0.4 494 

Ag(25%)–Au(75%)/SiO2 45.2 ± 19.5 1.33 ± 0.43 538.5 ± 0.2 522 

Au/SiO2 37.5 ± 15.0 1.18 ± 0.19 566.6 ± 0.4 521 

a
d is the mean diameter of Ag(X%)–Au(100-X%) bimetallic nanospheroids; 

b
Aspect ratio is the mean aspect ratio of Ag(X%)–Au(100-X%) bimetallic nanospheroids; 

c
LSPR is the measured maximum absorption of the LSPR band of Ag(X%)–Au(100-X%) bimetallic 

nanospheroids; 

d
LSPR is the calculated maximum absorption of the LSPR band of Ag(X%)–Au(100-X%) bimetallic 

nanospheroids. 
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Fig. 4.6: (a) Heywood diameters and aspect ratios of the Ag(X%)–Au(100-X%)/SiO2 nanospheroids 

plotted against the Au concentration; (b) photoabsorbance spectra of the samples after 

post–irradiation thermal annealing; and (c) experimentally measured and Gans calculation of the 
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maximum absorption wavelength position plotted against the Au concentration, and the dashed lines 

are used for guiding the eyes only. 

 

Fig. 4.7 Photoabsorbance spectra of the sample (Ag(30nm)/SiO2) after 100 keV Ar ion irradiation at 

a fluence of 1.0×10
17

 cm
−2

 (pink dashed line); and (b) photoabsorbance spectra of the same sample 

taken 8 months later kept in vacuum box (dark yellow solid line). 
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4.4 Discussions 

4.4.1 Optical Properties of Ellipsoids 

For particles whose size is small compared to local variations of the incident light, the 

phase of the EM fields varies very little over the particles volume and we can assume 

uniform and non-retarded fields: this is called the quasi-static approximation (QSA) [14, 

15]. For common metals, like Ag, Au, Cu, Al, which have the LSP resonances in the 

visible and UV range, this approximation can adequately describe the optical response 

of spherical and ellipsoidal particles with sizes below 1   𝑛𝑚. Treating the ellipsoidal 

particle in the Rayleigh approximation as done by Gans [16], we can restrict 

considerations to excitation of a dipole moment in the particle. Let‟s consider a metallic 

ellipsoidal particle immersed in a transparent dielectric host and far from any other 

polarizable entity (Fig. 4.8).  

 

Fig. 4.8 Sketch of an isolated metallic ellipsoidal particle, with principal semiaxis (ax, ay, az) and 

dielectric function εm, immersed in a dielectric host of dielectric constant εh. 

In general, the optical property of nanoparticles is characterized by photoabsorbance. 

The photoabsorbance A is proportional to the extinction cross–section  ext, which can 

be obtained by the Mie scattering theory [15]. However, Mie theory is only applicable 
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to spherical particles. Richard Gans generalized Mie‟s results to spheroidal particles of 

any aspect ratio in the small particle approximation [16]. In the case of a single 

uncharged spheroidal particle with dielectric function ε = 𝜀1 + 𝑖𝜀2  
dispersed in a 

surrounding medium with dielectric function 𝜀 . The general expression of the 

extinction cross–section takes the following form: 

 ext =
2 𝜀𝑚

3 2⁄
𝑉

3𝜆
∑

(1 𝑃𝑗
2⁄ )𝜀2

{𝜀1 [(1−𝑃𝑗) 𝑃𝑗⁄ ]𝜀𝑚}
2
 𝜀2

2

3
𝑗 1  ,                (4.1) 

where 𝜆 the incident light wavelength, 𝑉 the particle volume, and ε = 𝜀1 + 𝑖𝜀2 the 

size–dependent complex dielectric function of the particle.  

Equation (1) is valid if the particle size is much smaller compared to the light 

wavelength 𝜆. Here,
 
𝑃𝑗 

includes 𝑃 , 𝑃𝐵, and 𝑃𝐶  termed depolarization factors, for 

each axis of the particle. In our study, A > B = C is assumed for a prolate spheroid. 

The depolarization factors anisotropically alter the values of
 
𝜀1 

and 𝜀2, and therefore 

the resulting LSPR peak frequencies. The depolarization factors are given as follows: 

𝑃 =
1− 2

 2 *
1

2 
ln (

1  

1− 
) − 1+,                     (4.2a) 

𝑃𝐵 = 𝑃𝐶 = (1 − 𝑃 ) 2⁄ ,                      (4.2b) 

where 𝑒 is the following factor, which includes the particle aspect ratio R : 

𝑒 = [1 − (𝐵 𝐴⁄ )2]1 2⁄ = (1 − 1 𝑅2⁄ )1 2⁄ ,                (4.3) 

The LSPR absorption holds when the denominator in Eq. 1 exhibits a minimum, that is: 

𝜀1 = −[(1 − 𝑃𝑗) 𝑃𝑗⁄ ]𝜀  ,                     (4.4) 

In particular for noble–metal NPs the equation has a solution in the visible range at the 
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LSPR frequency, because the real part of the dielectric function is negative. The 

extinction spectrum from Eq. 1 has two peaks, one corresponding to the transverse 

plasmon mode and the other corresponding to the longitudinal plasmon mode. Equation 

1 provides an intuitive understanding of the effects of aspect ratio on the LSPR peak 

wavelength. The factor (1 − 𝑃𝑗) 𝑃𝑗⁄  increases with aspect ratio and can be greater than 

2, leading to a shift of the LSPR peak towards the longer wavelength. For nanoparticles 

other than these spheres and spheroids, particle shape plays a significant role on the 

LSPR spectra. However, this cannot be determined by analytical analysis, and must be 

studied numerically. Numerical methods for plasmonic nanoparticles include the 

generalized multisphere Mie (GMM) theory
 
[17], and the discrete dipole approximation 

(DDA) [18], and the Finite-Difference Time-Domain (FDTD) method [19].  

An extension of Gans theory for the calculation of optical absorption spectra in 

bimetallic nanoparticles has been developed. While dealing with the optical properties 

of alloyed metal nanoclusters the most important aspect is the correct choice of the 

alloyed nanoparticle dielectric function. The bimetallic nanoparticle dielectric function 

is assumed to be a weighted linear combination of dielectric functions for single 

particles. It can be calculated in terms of the dielectric functions 𝜀   and 𝜀   for 

nanoparticles of the same size consisting of the pure metals
 
[20, 21]: 

𝜀 𝑙𝑙 𝑦 = 𝛼𝜀  + (1 − 𝛼)𝜀  ,                       (4.5) 

where 𝛼 the relative volume concentration of Ag inside the nanoparticle.  

The important quantity in Eqs.1 and 5 is the nanoparticles dielectric function   which 

differs from that of the bulk metals. It has been shown that the noble metals gold and 

silver cannot be treated as a free electron gas, in which the dielectric function can be 
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written within the Drude formula. It is generally accepted that a good approximation of 

the dielectric function of small particles is obtained from the bulk dielectric function, 

considering the contributions of the interband contributions [21, 22]. Consequently, the 

dielectric function is written as: 

ε = 𝜀1 + 𝑖𝜀2,                            (4.6) 

𝜀1 2 = 𝜀1 2
𝐷 +  1 2

𝐼𝐵 ,                        (4.7a) 

𝜀1
𝐷 = 1 −𝜔𝑝

2 (𝜔2 + 𝛾2)⁄ ,                  (4.7b) 

𝜀2
𝐷 = 𝜔𝑝

2𝛾 [𝜔(𝜔2 + 𝛾2)]⁄ ,                  (4.7c) 

where 𝜀1 2
𝐷  and  1 2

𝐼𝐵  are the real and imaginary parts of the free electrons and interband 

contributions into ε, 𝜔𝑝 
is the plasma frequency, and γ the rate of electron collisions. 

Silver and gold have close bulk plasma frequencies: ℏ𝜔𝑝 = 8 5 𝑒𝑉 for silver and  

ℏ𝜔𝑝 = 9   𝑒𝑉 for gold, and ℏ is the reduced Planck constant [21, 23]. As the particle 

size reduces, the rate of scattering from the particle surface 𝛾  becomes larger than the 

bulk scattering 𝛾0, and the following relation can be obtained: 

𝛾 = 𝛾0 +
 𝑉𝐹

𝑟
,                         (4.8) 

where 𝑉𝐹 is the Fermi velocity and 𝑟 is the particle radius. For gold and silver, the 

Fermi velocity gets almost the same value 𝑉𝐹 = 1 4 𝑛𝑚 ∙ 𝑓𝑠−1, ℏ𝛾0 =    21 𝑒𝑉 and 

   7 𝑒𝑉 for silver and gold, respectively [23, 24].
 
The coefficient   in Eq. 4.8 usually 

takes the value of unity, which is actually used to consider some of the other factors like 

electron density at the surface. Therefore, the differences between the dielectric 

functions of nanoparticles and bulk metals are included in the free electron part of the 

dielectric function. The contribution arising from interband transitions is assumed to be 
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unchanged. The analytical calculation of interband dielectric function is complicated. 

However, it is possible to approximate the real interband part of the dielectric function 

 1
𝐼𝐵 by using the appropriate values. In the present calculations, the interband dielectric 

functions were extracted from pure gold and silver nanoparticles with diameters of 

several tens of nanometers [22]:
  

 1
𝐼𝐵(𝐴𝑔) = 𝑅𝑒(   

𝐼𝐵 ) = 2 25 ±   1,                (4.9a) 

 1
𝐼𝐵(𝐴𝑢) = 𝑅𝑒(   

𝐼𝐵 ) = 7 2 ±   1,                 (4.9a) 

In general, if the imaginary interband part of the dielectric function  2
𝐼𝐵  is much 

smaller than the real part  1
𝐼𝐵, the following expression for the resonance frequency can 

be obtained from Eq. 1: 

𝜔 = (
𝜔 

2

1 𝜒1
𝐼𝐵 [(1−𝑃𝑗) 𝑃𝑗⁄ ]𝜀𝑚

− 𝛾2)
1 2⁄

,                 (4.10) 

where 𝜔  is the LSPR peak frequency. Converting from frequency to wavelength via 

λ = 2 𝑐 𝜔 ⁄ , the LSPR peak wavelengths can be obtained as follows: 

𝜆 = 2 𝑐 (
𝜔 

2

1 𝜒1
𝐼𝐵 [(1−𝑃𝑗) 𝑃𝑗⁄ ]𝜀𝑚

− 𝛾2)
−1 2⁄

,             (4.11) 

In the Gans estimation of LSPR peak positions, the effect of SiO2 glass substrate must 

be taken into consideration. We have used the effective medium approximation of Kelly 

et al. [25]. In that method, the effective dielectric constant of the medium surrounding 

the nanospheroids was defined as the weighted average of the dielectric constants of the 

substrate and of the air above the substrate, with the weight determined by the relative 

areas of the nanoparticle exposed to the substrate and to air [25, 26]. As the dielectric 

constant of the SiO2 glass substrate used in our study is 3.9, the effective dielectric 

constant surrounding the nanospheroids is:  
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𝜀 =
𝜀𝑎𝑖  𝜀𝑆𝑖𝑂2

2
= 2 45,                         (4.12) 

assuming the nanostructures are half embedded in the SiO2 substrate. Therefore, the 

longitudinal plasmon mode for the LSPR peak positions of Ag(50%)–Au(50%) bimetallic 

nanospheroids as a function of the irradiation fluence is estimated to be shifted from 

587 to 483 nm, as shown in Fig. 3c, where the average sizes and aspect ratios obtained 

from SEM micrographs were used. However, the calculations overestimate the LSPR 

peaks for the samples with the irradiation fluences less than 7.0 × 10
16

 cm
−2

. This is 

because the bimetallic nanostructures were simplified to be prolate spheroids, in which 

the aspect ratio is only used to characterize the shape. The shapes other than spheroid 

like triangle and dumbbell like nanostructures has a certain contribution to the 

resonance frequency, which can be verified by the large deviation of the aspect ratio 

obtained by lower dose irradiation (< 7.0×10
16

 cm
−2

).  

As mentioned previously, a shift of the LSPR peaks towards the longer wavelength (red 

shift) was observed when the irradiation fluence increased to 1.4 × 10
17

 cm
−2

. This is 

because of the peculiar topology of the core–satellite nanostructures formed in the ion 

irradiated samples by producing a red shift of the LSPR absorption band [17]. As 

noticed in high–resolution TEM micrograph in Fig. 4.16c, a halo of satellite clusters 

around the core nanospheroid formed in the embedded substrate. The formation of the 

satellite nanoclusters can be understood in terms of ballistic processes induced by the 

collisional cascades [27].
 
The Au and Ag atoms are ejected from the original alloy 

clusters following a ballistic process, and then diffuse into the SiO2 matrix due to the 

radiation enhanced diffusion, starting the nucleation and growth where their 

concentration overcomes their solubility limit. Therefore, a strong coupling between the 
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core spheroid and the satellite nanoclusters appeared, which strongly affects the local 

field near the core surface [17]. The generalized multisphere Mie (GMM) theory has 

been used to model the optical response of these strongly interacting spherical satellites 

with the core sphere. P. Mazzoldi‟s group have studied the optical property of such 

core–satellite nanostructures, in which red shifts of 20 nm and 60 nm were obtained for 

the Ne
+
 and Kr

++
 irradiated Ag0.4Au0.6 alloyed nanoplanets in silica, respectively [17].  
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4.4.2 Generalized Multi-sphere Mie Theory 

Up to this point we always considered ensembles of isolated nanoparticles, where the 

particles spacing were so large that the direct interactions could be neglected. When 

several particles are brought close to one another, electromagnetic coupling effects set 

in, and the LSP resonances are determined by the collective behaviour of the system, so 

that the overall optical response can be significantly modified with respect to the 

isolated case. Usually, two different interactions regimes are distinguished, depending  

on the interparticle distance 𝑑 : for closely spaced particles, 𝑑  𝜆 , near-field 

interactions proportional to 𝑑−3 dominate and the particles can be described as an 

array of interacting point dipoles; due to the rapid scaling of the interaction strength 

with distance, this regime holds for particle separations below ≈ 150 nm. For larger 

separations, the near field can be neglected and the dipolar coupling is mainly through 

far field of the scattered light, which scales as 𝑑−1.  

When nanoparticles are more or less strongly pinned to each other, the scattering and 

absorption by this particle aggregate must differ from that of the primary particles 

which form the aggregate [17, 28, 29]. When the interparticle distance is reduced to 

such an extent that NPs can no longer be considered as independent, each of them feels 

not only the external incoming field but also the sum of the fields scattered by all the 

others. In this case, to properly model the optical response of strongly interacting 

spherical NPs, the generalized multiparticle Mie (GMM) theory has to be used [28, 29] 

for the case of N spherical particles with N > 2. The extension of Yu-Lin Xu‟s GMM 

Fortran program by Moritz Ringer in his PhD thesis (GMM-Filed) allows computing 

the near field. Also, Giovanni Pellegrini did a similar extension of the GMM program. 
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Ion Induced Core-Satellite Structures 

Ion implantation can be used to obtain nanostructures that exhibit a dimer-like 

interaction. Such structures have been called nanoplanets and are composed by a large 

central NP (5–30 nm in diameter) whose surface is surrounded by a halo of smaller (1–5 

nm) NPs (the satellites) extending up to 10–20 nm from the central NP. These are 

obtained for instance by irradiating AuxAg1-x alloy NPs with 190 keV Ne
+
 ions. The 

main advantage of ion irradiation is that the nanoplanet topology can be tailored by 

tuning the irradiation parameters (fluence, energy, ions, flux), as discussed in [17, 27]. 

The irradiation effect is shown for AuxAg1-x alloy NPs (x=0.6) in Fig. 4.10b in 

comparison with the unirradiated reference, Fig. 4.10a. Their size and density can be 

increased by increasing the nuclear fraction (Sn) of the energy loss by using different 

ions, like He, Ne, Ar or Kr ions, at different fluence and energy (to deposit the same 

energy and power density on the sample).  

 

Fig. 4.10: Bright-field TEM cross-sectional micrographs of AuxAg1-x alloy NPs (x=0.6, annealed in 

air at 800 C for 1 h) before (a) and after (b) irradiation at room temperature with 190-keV Ne
+
, at a 
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current density 5.2×10
16

 ions cm
-2

 and fuence of 0.84 μA cm
-2

. (b) The experimental core-satellite 

nanostructure obtained upon Ne irradiation on a AuAg NP, (c) its corresponding model, (d) the 

measured optical absorption spectra as a function of wavelength after Ne
+
 irradiation, and (e) the 

computed optical absorption spectra as a function of wavelength. (Adopted from Ref. [17]) 

The local-field properties of the nanoplanet configuration are interesting also for the 

presence of hot spots. In Fig. 4.10c, a GMM calculation of the field distribution around 

the central NP due to the coupling with its satellites was obtained.  
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20 nm Au film’s optical response with irradiation fluence  

Surface plasmon resonance response under different ion fluence was also tested with the 

20 nm Au films on SiO2 glass substrates. A similar tendency of surface plasmon 

resonance response to irradiation fluence was obtained. As the irradiation fluence 

increased, a shift of the LSPR peak positions toward the shorter wavelength was 

observed up to an irradiation fluence of 7.5 × 10
17

 cm
−2

, and then shifted towards the 

longer wavelength with further irradiation (Figure 4.11). Therefore, we expect that for 

the 100 keV Ar ion irradiation of 20 nm Ag–Au bimetallic film on SiO2 glass substrate, 

the enhanced photoabsorption peak would be also shifted toward the shorter wavelength 

with the increase of irradiation fluence, and then shifted toward the longer wavelength 

with further irradiation.  

 

Fig. 4.11 (a) photoabsorbance spectra of the samples after 100 keV Ar ion irradiation at fluences 

ranging from 2.5×10
16

 cm
−2

 to 1.2×10
17

 cm
−2

; and (b) experimentally measured maximum 

absorption wavelength positions plotted against irradiation fluence.  
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Optical properties’ dependence on Chemical component  

For the Ag(X%)–Au(100-X%) bimetallic nanospheroids with a comparable size, the peak 

positions for the LSPR spectra were estimated to be shifted approximately linearly from 

440.4 to 517.0 nm with the increase of Au concentrations (Fig. 4.6c), which fits the 

tendency of the experimental data well. Also, this result is consistent with previous 

works [14, 20, 30], in which the Ag–Au alloy nanoparticles were synthesized through 

chemical methods. However, the calculation underestimates the shift observed in the 

experimental data. The most relevant factors controlling the position of the SPR 

absorption band are the size, shape, compositions of the nanospheroids, the refractive 

index of the matrix, and the interactions among the nanospheroids, as the extensions of 

the Gans theory have demonstrated. As the Ag(X%)–Au(100-X%) bimetallic nanospheroids 

have a comparable size distribution and aspect ratio distribution (Fig. 4.6a), some other 

factors should be take into consideration. The local refractive index was increased 

because of the metal atoms dispersed in the dielectric matrix due to the irradiation 

induced forward recoiling contributes by producing a red shift of the SPR absorption 

band. Also, the peculiar topology of the core–satellite nanostructures formed in the ion 

irradiated samples has a contribution of the red shift of the SPR absorption band, as 

discussed previously.  
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4.5 Conclusions 

In this paper, Ar–ion irradiation induced surface nanostructuring of Ag–Au bimetallic 

films on SiO2 substrates and their optical properties were investigated. The surface 

morphology was examined using a SEM equipped with an EDS, and the microstructure 

of the fabricated Ag–Au nanospheroids were examined using a TEM. The following 

conclusions were obtained; 

1. As the irradiation fluence increases from 4.0 × 10
16

 cm
−2

 to 1.4 × 10
17

 cm
−2

, the 

Ag(50%)–Au(50%) bimetallic nanospheroids on the SiO2 substrate were formed. The mean 

size of the nanospheroids decreases and the aspect ratio approaches unity with an 

increase in the irradiation fluence. This results in a shift of the LSPR peaks towards the 

shorter wavelength up to an irradiation fluence of 1.0 × 10
17

 cm
−2

, which is in good 

agreement with the Gans calculation. The peak was then shifted towards the longer 

wavelength because of the strong coupling between the core spheroid and the satellite 

nanoclusters via ballistic processes.  

2. Tuning of the LSPR frequency over a wider range has been achieved by modifying 

the Ag–Au molar ratios, and a remarkable LSPR peaks shifted approximately linearly 

towards the longer wavelength with the increase of the Au concentration has been 

obtained, with a tendency in good agreement with the Gans calculation. However, the 

calculation underestimates the shift observed in the experimental data because of the 

increase of the local refractive index and the peculiar topology of the core–satellite 

nanospheroids, both have contributions by producing a red shift of the LSPR absorption 

band. 

In summary, ion irradiation and post–annealing can be considered as effective 
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approaches in surface nanostructuring and therefore in the fabrication of photosensitive 

bimetallic–silica nanocomposites. Moreover, irradiation enhanced diffusion effectively 

burrows the nanospheroids with functionalization surfaces into the dielectric platform, 

and potential application use in solid–state devices is expected. 
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5 Ion Beam Surface Nanostructuring of Ag–Au Bimetallic Films 

on Sapphire 

5.1 Introduction 

The effect of substrate must be taken into consideration. The effective medium 

approximation was studied. In this method, the effective dielectric constant of the 

medium surrounding the nanoparticles was defined as the weighted average of the 

dielectric constants of the substrate and of the air above the substrate, with the weight 

determined by the relative areas of the nanoparticle exposed to the substrate and to air.  

In the previous two chapters, we have synthesized single–layer gold nanoparticles 

partially embedded in SiO2 glass. Also, Ag–Au bimetallic nanoparticles were 

synthesized and partially embedded in SiO2 glass. In this study, 100 keV Ar–ion 

irradiation was adopted for the synthesis of gold–silver bimetallic nanoparticles on 

single crystal Al2O3 substrates to have a investigation of the substrate structure‟s effects 

on ion irradiation induced surface nanostructure‟s formation and also on their optical 

properties behavior. 
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5.2 Experimental Details 

Ion irradiation induced surface nanostructuring of Ag–Au bimetallic films with various 

molar ratios deposited on Al2O3 substrates was performed, and the tunable plasmon 

resonance frequency was observed. The Ag–Au bimetallic thin films were thermally 

evaporated on mirror polished Al2O3 single crystal (viz. sapphire) substrates at ambient 

temperature by electrically heating the Ag and Au source under a 6.0 × 10
−5

 Torr 

vacuum. The film thickness was verified to be 30 nm using a cross–sectional 

transmission electron microscope (TEM; JEOL JEM–2010F). After deposition, the 

surface morphology was analyzed using a field–emission scanning electron microscope 

(SEM; JEOL JSM–7001FA). 

For the Ag(40%)–Au(60%) mixture deposited on the Al2O3 substrates, irradiations with 100 

keV Ar ions at ambient temperature with fluences of 5.0 × 10
15

 cm
−2

, 1.0 × 10
16

 cm
−2

, 

3.8 × 10
16

 cm
−2

, 4.5 × 10
16

 cm
−2

, 5.2 × 10
16

 cm
−2

, and 6.3 × 10
16

 cm
−2

 were performed 

to study the fluence dependence. Energies of the ions were chosen such that the range is 

wider than the thickness of the bimetallic layer, as calculated using the SRIM 2011 code 

[1]. Ar–ion irradiation on the specimen was performed using the 400 keV ion 

accelerator at the HVEM laboratory, Hokkaido University. A low pressure of 10
−3

 Pa 

was maintained inside the irradiation chamber by a turbo–molecular pump. To ensure 

uniform irradiation, Ar–ion beam was scanned and the current was maintained at 

approximately 1.5 A cm
−2

. To investigate the chemical component dependence, Ar–ion 

irradiations of Ag–Au bimetallic films with molar ratios of 0.0:1.0, 0.2:0.8, 0.4:0.6, 

0.8:0.2, and 1.0:0.0 on Al2O3 substrates were also performed to a fluence of 6.3 × 10
16

 

cm
−2

. After the ion irradiation, bimetallic nanostructures with Au:Ag molar ratios of 
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0.0:1.0, 0.37:0.63, 0.49:0.51, 0.65:0.35, and 1.0:0.0 were synthesized due to the 

preferential sputtering effects under Ar ion irradiation. Optical absorption spectra were 

recorded over a wavelength range of 300–800 nm on a spectrophotometer (JASCO 

V–630) with a spectral bandwidth of 1.5 nm, and SEM observations were conducted to 

examine the surface modifications. The surface elemental concentration was evaluated 

using the SEM coupled with an energy–dispersive spectrometer (EDS). For the 

specimen irradiated to a fluence of 1.0 × 10
16

 cm
−2

, nanoscale mapping of the surface 

chemical concentration was obtained using SEM equipped with EDS, which was 

operated at 6.0 keV. Thermal annealing was subsequently performed under high vacuum 

(4.25 × 10
−5

 Pa) at 1073 K for 2 hours, and SEM observation and photoabsorption 

spectra were collected to examine the surface morphology and optical properties of the 

samples. Moreover, microstructural characterization was performed using TEM 

operated at 200 keV. Cross–sectional TEM specimens were prepared using a precision 

ion polishing system (PIPS; JEOL AT–12310).  
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5.3 Results and Discussions 

5.3.1 Surface nanostructuring after Ar–ion irradiation 

Effects of the ion induced surface nanostructuring were studied using 100 keV Ar–ion 

irradiation of 30 nm Ag–Au bimetallic films deposited on Al2O3 substrates with the 

irradiation fluence increased from 5.0 × 10
15

 cm
−2

 to 6.3 × 10
16

 cm
−2

. The ion beam 

induced surface nanostructures before and after irradiation were observed using SEM. 

For the specimen irradiated to a fluence of 1.0 × 10
16

 cm
−2

,
 
chemical concentration 

maps were obtained (Fig. 5.1). Figures 5.1b–d show the EDS maps for alumina, silver, 

and gold on the sample‟s surface; the maps indicate that the silver and gold 

concentration patterns correspond to the bright network–like pattern shown in Fig. 5.1a. 

The bright contrast in the SEM images represents the retained bimetallic films on the 

Al2O3 substrates. Moreover, the surface concentration patterns of silver and gold are 

consistent with each other, which illustrate the nanoscale atomic mixing of Ag and Au.  

 

Fig. 5.1: Surface chemical concentration of Ag(40%)–Au(60%) deposited on Al2O3 irradiated to a 

fluence of 1.0 × 10
16

 cm
−2

: (a) SEM image of the sample, (b–d) EDS maps of aluminum, silver, and 

gold, respectively. 
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With increase in the irradiation fluence, the process of bimetallic film dewetting under 

Ar–ion irradiation was clearly distinguished, and the formation of isolated 

nanostructures was finally observed. The surface of the as–deposited Al2O3 substrate is 

smooth with fine particles in a scale down to a few nanometers (inset 1 in Fig.5.2a), 

whereas the surface roughness increased and holes formed after irradiation to a fluence 

of 5.0 × 10
15

 cm
−2

 (inset 2 in Fig. 5.2a); furthermore, the holes grew larger as the 

irradiation fluence increased. When the irradiation fluence increased to 3.8 × 10
16

 cm
−2

, 

partially connected nanoscale islands formed (inset 3 in Fig. 5.2a). Finally, isolated 

nanoscale islands formed on the surface when the irradiation fluence reached 6.3 × 10
16

 

cm
−2 

(inset 4 in Fig. 5.2a). The nanoscale islands were formed because of lateral 

transport of Ag and Au atoms, which is enhanced by the irradiation induced diffusion, 

taking into the sputtering effects [2-6]. Similar features of ion induced dewetting have 

been reported for 800keV Kr–ion irradiation of thin Pt films on SiO2 substrates [3], 150 

keV Ar–ion irradiation of thin Au films on carbonaceous substrates [4] and 100 keV 

Ar–ion irradiation of thin Au films on SiO2 substrates [6]. Areal coverage of the 

bimetallic films was estimated for each irradiation fluence; the areal coverage decreased 

linearly with increasing irradiation fluence until 4.5 × 10
16

 cm
−2

, and deviated from the 

linear tendency thereafter, as shown in Fig. 5.2a. The reason for this slowed decrease 

was the small fraction of the surface area covered by bimetallic film with increasing 

irradiation fluence. In addition, a chemical concentration change of Ag40%–Au60% 

bimetallic films under Ar–ion irradiation was obtained by SEM–EDS analysis, which 

was induced by the preferential sputtering effects. With the increase of the irradiation 

fluence, the concentration of silver increases from 39.7% (as–deposited film) to 50.5% 

(with the irradiation fluence of 3.8 ×10
16 

cm
-2

), and then reaches the stable value around 
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50% (Fig. 5.2b). 

 

Fig. 5.2: (a) Dependence of the Ag–Au bimetallic film areal coverage on the irradiation fluence; the 

insets are SEM images (1.0×1.0 m
2
) for (1) Ag(40%)–Au(60%) as–deposited samples and the samples 

irradiated at fluences of (2) 5.0 × 10
15

 cm
−2

, (3) 3.8 × 10
16

 cm
−2

, and (4) 6.3 × 10
16

 cm
−2

. (b) 

Dependence of the silver concentration in Ag–Au bimetallic film on the irradiation fluence. 

5.3.2 Effects of annealing on the nanostructures 

The morphologies of the samples undergo notable variations upon thermal annealing, as 

revealed in the SEM images in Fig. 5.3. In particular, some major differences were 

detected after thermal annealing. As–deposited Ag–Au films on Al2O3 substrate after 
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thermal annealing is quite different from the ion irradiated sample; relatively large 

nanoscale pitches with a Heywood diameter greater than 200 nm were observed (Fig. 

5.3a). For the sample irradiated to a fluence of 5.0 × 10
15

 cm
−2

, network–like bimetallic 

layers aggregated to form larger nanoballs with a small portion retained, (Fig. 5.3b). 

When the fluence exceeded 3.8 × 10
16

 cm
−2

, partially connected nanoscale islands 

transformed into spherical nanoballs (Fig. 5.3c and d). For each thermal annealed 

sample, mean diameter of these nanoballs was reproduced using a Gaussian fitting. The 

mean diameter was deduced as the position of the Gaussian peak, and the error was 

evaluated as the standard deviation of the Gaussian fitting. Figure 5.3 illustrates the 

mean diameter as a function of irradiation fluence, which shows an exponential 

decrease with the irradiation fluence.  

 

Fig. 5.3: Dependence of the nanoball diameter on the irradiation fluence after thermal annealing; the 

insets are SEM images (1.0×1.0 m
2
) for (a) Ag(40%)–Au(60%) as–deposited samples and the samples 

irradiated at fluences of (b) 5.0 × 10
15

 cm
−2

, (c) 3.8 × 10
16

 cm
−2

, and (d) 6.3 × 10
16

 cm
−2

. 

A detailed investigation of these nanoballs was performed using a TEM, showing the 

spherical nanoballs were partially embedded in the substrate (Fig. 5.4a). The bimetallic 

nanoballs embedment in the Al2O3 substrate can be interpreted as thermodynamic 
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driving forces resulting from different surface energies of the particle and its substrate in 

relation to their particle–substrate interface energy, which can lead to a burrowing of the 

particles if the ion bombardment can induce effective ion–induced viscosity of the 

substrate [7]. The crystalline sapphire has such a low ion–induced viscosity that the 

burrowing effect can be neglected. However, the near surface of the sapphire became 

amorphous after the extensive Ar–ion irradiation (approximately above 3.8×10
16

 cm
–2

 in 

our study), which can be verified by the selected area diffraction pattern in the TEM 

observation. A weak diffuse ring with the faded crystalline spots were observed after the 

irradiation at a fluence of 4.5×10
16

 cm
–2

 (Fig. 5.4b) indicating the formation of the 

amorphous layer. Therefore, ion irradiation induced viscosity of the amorphous Al2O3 

layer was sufficient enough to accomplish this burrowing process. Moreover, diffraction 

pattern was obtained for a particular Ag–Au nanoball (Fig. 5.4c), showing the nanoball 

exhibited a FCC structure. 

 

Fig. 5.4: (a) Bright field cross sectional TEM image of Ag(40%)–Au(60%) deposited on Al2O3 irradiated 

with 100 keV Ar–ions at a fluence of 4.5 × 10
16

 cm
−2 

and thermally annealed thereafter; (b) 

diffraction pattern for the Al2O3 substrate circled in dashed line in (a); (c) diffraction pattern for the 

Ag–Au alloy nanoball circled in solid line in (a). 



121 

 

The above mentioned changes in the microstructure of the nanoballs on annealing, both 

from compositional and morphological points of view, strongly influence optical 

response. Figure 5.5 shows the photoabsorption spectra after thermal annealing of the 

samples irradiated from 3.8 × 10
16

 cm
−2

 to 6.3 × 10
16

 cm
−2

. The absorbance band 

located at approximately 580 nm corresponds to the localized surface plasmon 

resonance (LSPR) peak exhibited by Ag–Au bimetallic nanoballs partially embedded in 

amorphous sapphire substrate [8, 9], and the LSPR bands show a progressive blue–shift.  

 

Fig. 5.5: Photoabsorption spectra of the samples irradiated at fluences from 3.8 × 10
16

 cm
−2

 to 6.3 × 

10
16

 cm
−2

 and thermally annealed thereafter. The inset shows the LSPR positions with their standard 

deviations as a function of the irradiation fluence. 

In general, the positions of the SPR peaks are closely related to the shape, size, and 

chemical composition of the nanoballs. As the irradiation fluence increased from 3.8 × 

10
16

 cm
−2

 to 6.3 × 10
16

 cm
−2

, the size of the Au nanoballs decreased, which is consistent 

with the blue shift of the LSPR peaks (inset in Fig. 5.5). For each sample, the spectra 

were measured for five times. The LSPR positions shown in the inset of Fig. 5.5 were 

choice as averaged values with their standard deviations.  
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5.3.3 Ag–Au nanoballs with a tunable surface plasmon resonance frequency  

Photosensitive bimetallic nanoballs with various Au:Ag molar ratios (0.0:1.0, 0.37:0.63, 

0.49:0.51, 0.65:0.35, and 1.0:0.0) were synthesized using pre–determined molar ratios 

of mixtures of Au and Ag deposited on Al2O3 substrates. These samples were therefore 

irradiated with 100 keV Ar–ions to a fluence of 6.3 × 10
16

 cm
−2

, and the surface 

morphology of the samples were examined using SEM.  

 

Fig. 5.6: SEM images (1.0×1.0 m
2
) of 100 keV Ar–ion irradiation of the samples with (a) pure 

silver, (b) Ag(80%)–Au(20%), (c) Ag(40%)–Au(60%), (d) Ag(20%)–Au(80%), (e) pure gold deposited on Al2O3 

at a fluence of 6.3 × 10
16

 cm
−2

. (f) Photoabsorption spectra of these samples after Ar–ion irradiation; 

the inset shows the LSPR positions as a function of the Au concentration. 

Figures 5.6 a–e showed the formation of nanoballs for all five sets of the investigated 

samples, and Fig. 5.6f shows the tunable characteristics of the LSPR frequency of 

Ag–Au bimetallic nanoballs. The surface plasmon absorption band was observed, and 

the wavelengths of maximum absorption were found to be red–shifted from 
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approximately 497 nm (Ag nanoballs) to 583 nm (Au nanoballs) with increase in Au 

molar fraction. In addition, interband transitions induced absorption can be clearly 

recognized, especially for the wavelength less than 400 nm, and they are clearly 

separated from the resonance position of the surface plasmon peaks. However, for the 

pure silver and Ag(63%)–Au(37%) samples, a superposition of two absorption bands were 

observed above 400 nm. The appearance of these bands can be clarified by the 

multipole excitation [10]. As the isolated nanostructures with larger size and irregular 

shapes appeared in their surface, multipole resonances were excited, resulting in more 

than one plasmon resonances peaks. The inset in Fig. 5.6f presents the maximum 

absorption peak plotted as a function of Au concentration. Even though broad 

absorption bands were observed for certain Ag–Au molar ratios, the maximum 

absorption peaks shifted toward longer wavelengths with increase in Au concentration. 

Therefore, the LSPR depended on the chemical concentration of the nanoballs on Al2O3 

substrate, and the LSPR peaks tended to red–shift with increasing Au concentration. 

However, this tendency deviated from the theoretical calculation [11] because various 

parameters such as nanoballs size and shape influence the LSPR peaks. Therefore, 

further investigation is needed to resolve this matter. 
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5.4 Conclusions 

In this study, the process of ion irradiation induced surface nanostructuring of Ag–Au 

bimetallic films on Al2O3 substrates was studied. The process of the dewetting of the 

Ag–Au films with the increase of irradiation fluence was examined by SEM. After they 

were thermally annealed, the nanostructures transformed into spherical nanoballs, and a 

blue–shift of the LSPR peaks was observed with the increase of the irradiation fluence. 

Dependence of the LSPR on the chemical concentration was also observed, and the 

LSPR peaks exhibited a tendency of red–shift with the increasing Au concentration. In 

summary, ion irradiation is an effective approach in surface nanostructuring and in 

controlling the LSPR properties of the metallic films on Al2O3 substrates. The 

application of these nanocomposites in optical devices is expected. 
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6 Conclusions  

In this study, 100 keV Ar-ion irradiation on thin metallic film deposited dielectric 

substrates was employed. Ion-beam induced surface nanostructruring were investigated 

by atomic force microscopy (AFM) and scanning electron microscopy (SEM). Further 

irradiation effectively initiate the burrowing of the nanostructures into dielectric matrix, 

as the ion-induced viscous flow is sufficient enough to accomplish this burrowing 

process. This was verified by cross sectional microstructure observation and chemical 

characterization obtained by transmission electron microscopy (TEM) equipped with an 

energy-dispersive spectrometer (EDS). Finally, their optical responses were evaluated 

by photo absorption spectra, obtained by a double beam spectrophotometer, and the 

characteristic LSPR band was observed for the metallic nanoparticles. In addition, the 

synergistic control of various parameters sensitive to the LSPR band includes both 

particle size and shape, which was realized by modifies the ion beam current, energy, 

fluence, and also the metallic film thickness. Further control of LSPR frequency over a 

wider range has been achieved by synthesizing bimetallic nanoparticles fabricated in the 

form of alloys of two metals. 

The dependence of mean size of the Ag-Au bimetallic nanospheroids on the SiO2 

substrate and the aspect ratio on optical response were studied. A remarkable LSPR 

peaks shifted approximately linearly towards the longer wavelength with the increase of 

the Au concentration has been obtained. Gans theory has been used to model the optical 

response of these metallic nanospheroids on SiO2 substrates. Gans theory accounts for 

the main effects associated with the major parameters affecting the LSPs resonances. 

However, comparing experimental results with the Gans predictions some discrepancies 
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remain. Two corrections should be taken into consideration: firstly, the recoiled mixing 

of metallic atoms into dielectric substrate induces the increase of the dielectric function 

of the SiO2 matrix; secondly, nanoparticles under ion irradiation undergo break up into 

nanospheroids structures and therefore results in the strong coupling between the core 

nanoparticle and the satellite fragments. 

Finally, morphologies and the optical properties of the nanoparticles on the SiO2 glass 

under Ar ion irradiation were examined using SEM and spectrometer. The ion enhanced 

sputtering effects of Au nanoparticles was discussed, and the resulting optical 

absorption band shift was interpreted. In summary, ion irradiation is an effective 

approach in surface nanostructuring and in controlling the LSPR properties of the 

metallic films on dielectric substrates, such as SiO2 and Al2O3. The application of these 

nanocomposites in optical devices is expected. 
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Appendix： 

A.1 Liquid Film Dewetting 

Capillary Energies 

Dewetting is a process induced by the caplillary force. It is most often observed in a 

liquid film because of low viscocity. Dewetting occurs when a non-wetting film is not in 

equilibrium with the substrate. Consider a liquid droplet on the surface of a 

non-deformation substrate. The liquid drop has to employ a specific shape when is it 

thermodynamically stable. The contact angle θ, which is the angle between the tangent 

line of the liquid front and the substrate (Fig.A1.1), has to satisfy the Young‟s equition: 

𝛾 = 𝛾 + 𝛾 cos 𝜃,                          (A1.1) 

where 𝛾  is the surface energy of the droplet, 𝛾  is the surface energy of the substrate, 

and 𝛾  is the energy of the droplet-substrate interface. At the equilibrium contact angle 

θ, the forces at the contact line (the line where the vapor, the liquid and the substrate 

meet) are balanced. If the contact angle is zero, the liquid droplet spread out and form a 

film on the substrate, this is the liquid wets the substrate. 

 

Fig. A1.1: The equilibrium shape of an island with an isotropic surface energy on a rigid substrate is 

that of a spherical cap with contact angle θ. (Adapted from Ref. A1) 
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If 𝛾 > 𝛾 + 𝛾 , a film is stable and will not dewet. On the other hand, when 0<θ<180
0
, 

the wetting is partial. The non-wetting liquid droplet on the substrate must have the 

shape of a spherical cap (if no other forces exist in it) in order to achive a uniform 

pressure inside the liquid. The existence of external force field modifies the shape of the 

liquid droplet. Generally, gravity acting on the droplet, which becames unneglectable 

when the size is large, tends to flatten the top of the liquid surface.  

When a liquid droplet on a substrate is not in equilibrium, the liquid front will either 

spread (wetting) or recede in order to reach the equilibrium state. The latter process is 

called dewetting. Also, this happens for a continous non-wetting liquid film on the 

substrate other than a droplet. The dewetting starts with the nucleation of the dry 

patches (holes of the continous film). The dry patches then start growing, until the 

neighbored dry patches meet each other. 
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A.2 Rayleigh Instability 

The zero dimensional liquid droplet and two dimensional non-wetting liquid films were 

discussed in the above when they are not in equilibrium with the substrates. For one 

dimensional non-wetting liquid lines, a special phenomenon called Rayleigh instability 

occurs. 

Rayleigh instability is a phenomenon that is observed in continuous one dimensional 

liquid, such as a waterfall. It is also a capillary force induced process. In this process, 

the continuous liquid line breaks and becomes a series of droplets. It can only happen 

when the liquid line is longer than a critical length so that it is unstable. The small 

perturbations such as those from blowing air will grow spontaneously. A wavelike 

structure will develop along the liquid line and its wavelength determines the spacing 

between the droplets thatare eventually formed (Ref. [A2, A3]). For the case of a free 

standing liquid line, the mechanism is also adoptable (Fig. A2.1 a-d). 

 

Fig. A2.1: Pleteau Rayleigh Instability induced in an all-polymer fiber: core (P1) is cyclic olefin 

copolymer (COC) and the cladding (P2) is polycarbonate (PC). Panels (a) to (d) correspond to 
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progression in time while the fiber is heated. (a) The initially intactcore. (b) Spontaneous initiation 

of well-defined sinusoidal modulation at the interface between the core and cladding. (c) Deeper 

modulation and droplet formation. (d) Droplet pinch off and satellite formation. (Adapted from Ref. 

A2) (e) A schematic view of a cylingrical free standing liquid line under the Pleteau Rayleigh 

Instability (Ref. [A3]). 

Rayleigh found out that a cylingrical free standing liquid line the random perturbation 

could only grow if their wavelength 𝜆    satisfies the following condition: 

                𝜆   ≥ 2 𝑟,                            (A3.1) 

where r is the radius of the liquid line (Fig. A2.1e). This critical wavelength 

determines the minimum length of a liquid line to show Rayleigh instability.  
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A.3 Dewetting of Thin Metal Films on Dielectric Substrate 

Dewetting is a process induced by the caplillary force. It is most often observed in a 

liquid film because of low viscocity. The physics of liquid dewetting is summarized 

here and many of the same knowledge can be applied to the dewetting of solid films. 

Dewetting occurs when a non-wetting film is not in equilibrium with the substrate. 

Dewetting of solid films generally progresses through at least three distinct stages: hole 

formation, hole growth and impingement, and ligament breakup (Ref. A1).  

Hole Formation 

Solid cylinders are inherently unstable, and a range of perturbations will lead to sphere 

formation through a process in which the free energy continuously decreases. Although 

cylinders are unstable, planar surfaces with isotropic surface energies are stable with 

respect to all perturbations. As a consequence, an infinite defect−free zero−stress film 

with isotropic surface energies is stable with respect to perturbations with amplitudes 

less than the film thickness. This is true even if the equilibrium shape of the film is an 

island. Such a film is in a metastable shape. Given that flat surfaces, as described above, 

are stable with respect to small perturbations, a process that leads to hole formation in a 

film is a necessary precursor to dewetting. 

Effects of grain structures of polycrystalline films 

In polycrystalline films, grain boundaries and grain boundary triple junctions can play 

important roles in hole formation. In Figure A3.1, the idealized 2D grain structure 

schematically illustrated. In this 2D model, the film has no depth into the page. An 

equivalent 3D model would be one in which the grains are sections of cylinders that 
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meet at grain boundaries with neighboring grains. The grain boundaries have energies 

𝛾  , and the grain size is defined as D=2R. For isotropic 𝛾 , a force balance at the point 

at which the grain boundary and surface meet will lead to the shape illustrated in Figure 

A3.1. When this condition is satisfied, a groove forms at the boundary, with a depth δ 

below the original planar film surface.  

 

Fig. A3.1: Schematic cross-sectional view of a 2D polycrystalline film with in-plane grain diameter 

D and radius R on a rigid substrate. In its equilibrium shape, the film‟s surface will develop grooves 

with root angles 𝜙 given by the energies of the surfaces that meet at a grain boundary (here taken to 

be 𝛾  for both grains) and the energy of the grain boundary 𝛾  . The equilibrium depth of the 

groove 𝛿, can be characterized relative to the position the surface would have if it were flat. In the 

case shown here, the groove depths are less than the film thickness so that holes in the film do not 

form. (Adapted from Ref. A1) 

If δ is greater than the film thickness h, the groove will contact the substrate and will be 

subject to growth as a hole to initiate dewetting. In the 2D case, this hole will always 

grow. Given that grain boundaries have varying energies, in any given case not all grain 

boundaries will form holes. Hole formation will be most likely at high-energy grain 

boundaries. The number of holes will also increase when h and 𝛾  are small and 𝛾   

and R are large. 

The case of dewetting of 3D films was also treated. It is showed that the depth of holes 
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at grain boundary triple junctions will generally be greater than the depth of grooves at 

the boundaries between two grains. Grain boundary triple junctions are defined by the 

points at which three grain boundaries meet each other and the film‟s surface. A deep 

groove of roughly conical shape forms at a triple junction. Given that grooves would be 

deepest at triple junctions, it is said that triple junctions would provide the locations at 

which holes would be most likely to form first.  

Hole Growth 

Once a hole of critical size has formed, capillary energies will drive retraction of its 

edge and the hole will grow. The rate of hole growth is therefore governed by the rate at 

which the edge retracts and on how the shape of the edge evolves. 

Edge retraction   

If we consider a hole edge with a sharp corner, as schematically illustrated by the 

dashed line in Fig. A3.2, material will be transported from the corner to reduce its 

curvature. However, the curvature of the edge of the film will always be higher than that 

of the flat surface of the film surrounding the hole. There will therefore be a continuing 

net flux of material from the triple line (at which the film, ambient, and substrate meet), 

over the rim of the hole, and out into the flat area surrounding the hole. This flux leads 

to retraction of the edge and to corresponding hole growth. The mass transport 

occurring during hole growth can, in principle, occur through surface self-diffusion of 

the film material.  

As the edge of the hole retracts, material accumulates to form an elevated rim with a 

height greater than the surrounding film thickness, as shown in Fig. A3.2. The flux from 
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the triple line and over the rim is driven by the high local curvature relative to the low 

curvature of the surrounding film surface. However, the flux away from the rim is 

driven by a reducing curvature so that a flux divergence occurs and mass accumulates at 

the edge to form a rim. The rim height increases as the edge continues to retract. As a 

consequence, the curvature at the edge is reduced, the driving force for mass transport is 

reduced, and the edge retraction rate is reduced. 

 

Fig. A3.2: (a) Cross-sectional view of a retracting edge of a film, after retraction over a distance x0 

from the position of the initial edge with a sharp corner. Retraction proceeds by surface 

self-diffusion with a flux J from the triple line to the flat area ahead of the edge. Mass accumulation 

at the edge of the film leads to the development of a rim, and a flux divergence ahead of the rim 

causes the formation of a valley. (b–d) As an edge retracts, the rim thickens, and the valley ahead of 

the rim deepens. In some cases the valley makes contact with the substrate, leading to the creation of 

two new triple lines and a wire or strand formed from the now-isolated rim. The new edge continues 

to retract. This process, called pinch-off, can repeat. (Adapted from Ref. A1) 

Rim pinch-off 
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It is noted that an oscillation in the film‟s thickness develops ahead of the rim and that 

the amplitude of this oscillation rapidly diminishes with distance from the rim. The 

primary consequence of formation of the oscillation is that a relatively deep valley 

forms immediately ahead of the rim. Also, the depth of this valley increases as the edge 

retracts, until it contacts the substrate surface. This leads to pinch-off of the rim to form 

an island (or a wire in three dimensions) (Fig. A3.2c and d). The new edge then 

continues to retract and develop a new rim, and the process repeats. The overall 

retraction rate therefore varies cyclically as this repeated pinch-off occurs. Srolovitz & 

Safran analyzed the initial rate of edge displacement prior to pinch-off and concluded 

that the approximate scaling relationship for the edge retraction. 

Although the exact functional dependencies described above vary, all these analyses 

indicate that the rate of hole growth, and therefore the rate of dewetting, should increase 

with decreasing h and increasing 𝐷 , and therefore with increasing T. In addition, in all 

cases the cross-sectional area of the wire left behind after pinch-off scales with the film 

thickness. 

Late stages of dewetting 

As discussed above, hole growth leads to the development of rims that can break down 

into wire-like strands through pinch-off (Figures A3.2). In both cases, these strands have 

radii, rstrand, that scale with the film thickness. Strands are subject to the 

Rayleigh-Plateau-like instability. Free standing cylinders of radius rR are unstable with 

respect to radial perturbations of wavelength greater than 2 𝑟  and tend to break up 

into spheres at spacings of 2√2 𝑟 . The radii of the resulting particles scale with 𝑟 .  

Strands of solids that partially wet a substrate do not directly obey the Rayleigh-Plateau 
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analysis for cylinders. Both surface energy anisotropy
 
and the presence of a contact line 

contribute to differences in the analysis. However, the particle size that results from the 

instability of polycrystalline strands is still expected to scale with the square root of the 

cross-sectional are, and the final island size should scale as 𝑟  𝑙   ∝ 𝑟  𝑟   . Grain 

boundary grooving can also contribute to the break-up or to the stability of strands.  
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