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Ag–Au bimetallic nanospheroids with tunable localized surface plasmon resonance (LSPR) were

synthesized by 100 keV Ar–ion irradiation of 30 nm Ag–Au bimetallic films deposited on SiO2

glass substrates. A shift of the LSPR peaks toward shorter wavelengths was observed up to an

irradiation fluence of 1.0� 1017 cm�2, and then shifted toward the longer wavelength because of

the increase of fragment volume under ion irradiation. Further control of LSPR frequency over a

wider range was realized by modifying the chemical components. The resulting LSPR frequencies

lie between that of the pure components, and an approximate linear shift of the LSPR toward the

longer wavelength with the Au concentration was achieved, which is in good agreement with the

theoretical calculations based on Gans theory. In addition, the surface morphology and

compositions were examined with a scanning electron microscope equipped with an energy

dispersive spectrometer, and microstructural characterizations were performed using a transmission

electron microscope. The formation of isolated photosensitive Ag–Au nanospheroids with a FCC

structure partially embedded in the SiO2 substrate was confirmed, which has a potential application

in solid-state devices. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817725]

I. INTRODUCTION

Physical and chemical properties of low-dimensional

solid-state systems have attracted considerable attention

because of their technological significance.1–12 The best-

known optical property of metal nanoparticles embedded in

glass is the intense absorption band in the visible spectrum

arising from a collective excitation of the free electrons. This

is called the localized surface-plasmon resonance (LSPR),

and the formal explanation of this remarkable phenomenon

was given by Gustav Mie.9,13 Metallic nanoparticles

have been extensively studied both experimentally and

theoretically1–16 because of their appreciable applications in

LSPR-based biological and chemical sensors such as molec-

ular, gas, and pH sensors.

There is currently increasing interest in developing low-

cost, reproducible, and efficient plasmonic sensors based on

spectral peak shift.3–12 It has been demonstrated that particle

size, shape, and component material play important roles in

determining the sensitivity.17–19 There has been a great deal

of research conducted on controlling the morphology and

composition of these nanoparticles.17–27 The synergistic con-

trol of various parameters sensitive to the LSPR band

includes both particle size and shape.17–23 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 fre-

quency lies in between that of the pure components, and

depends on the relative amounts of the two components.23–27

In particular, Ag–Au nanocomposites have attracted increas-

ing 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.18,19,21,24–27 To date, Ag–Au bimetallic

NPs showing a single LSPR band tuned over the entire

wavelength region in between that of pure Ag and Au have

been synthesized.

There have been impressive developments in the field of

nanotechnology in recent years, with chemical and litho-

graphical methodologies being developed to synthesize NPs

of particular size and shape. Purely chemical synthetic routes

such as innovative colloidal self-assembly,18–20,24,26 lithogra-

phy methods such as electron beam lithography28 and

nanosphere lithography,27,29 thermal deposition,25 laser irra-

diation,30 ion implantation and consequent annealing,31,32

and ion irradiation and subsequent annealing33–35 have been

developed for manufacturing high efficiency platforms for

the LSPR-based sensors. 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;17–23 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. However, the synthesis of

these structures, in particular within a matrix, is a significant

challenge. This is especially true if they are to be used in

solid-state devices such as biosensors, in which advanced sur-

face functionalization of the NPs is in active state is required.

To overcome these problems, low-energy ion modifica-

tion in metal–silica systems can be employed. Low-energy

ions (up to few hundred keV) undergo unclear stopping and
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the energy deposition is dominated by nuclear energy loss,

which can effectively induce mass transfer and results in

irradiation enhanced diffusion. This in turn leads to lateral

transport of metal atoms and therefore the dewetting of thin

metal films.34,36 Furthermore, this effectively burrows the

nanostructures into the dielectric matrix because of the ion-

induced viscous flow, and subsequently improves the adhe-

sion of the deposited metal films on insulating substrates.37,38

Previously, we have synthesized photosensitive gold NPs

partially embedded in SiO2 glass substrates.35 In this paper,

we report a synthesis method of Ag–Au alloy nanospheroids

in SiO2 glass substrate by ion irradiation and its tunable opti-

cal properties. In this method, the synthesized nanoparticles

with advanced functionalization surface partially embedded

in the dielectric matrix were obtained.

II. EXPERIMENTAL PROCEDURE

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. 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.39–41

Therefore, the as-deposited samples were kept in the vacuum

condition. However, a strong increase in the oxidation resist-

ance was observed with the increase of Au atomic fraction

inside the nanostructures,41 and it is reported that most of the

Au–Ag nanostructures was not oxidized at gold fractions

above 0.4 in solution.42 Therefore, the Au–Ag bimetallic films

on SiO2 substrates were thought to be stable in this study. The

film thickness was verified by transmission electron micro-

scope (TEM; JEOL JEM–2010F), and a field–emission scan-

ning electron microscope (SEM; JEOL JSM–7001FA)

equipped with energy dispersive spectrometer (EDS; Noran

Thermo Fischer Scientific) was used for measuring the com-

positions of the as-deposited and irradiated samples.

For the 30 nm Ag(50%)–Au(50%) bimetallic films depos-

ited on the SiO2 substrates, the optical micrograph exhibits a

blue color (Fig. 1(a), upper section) and the surface is uni-

formly smooth and consists of planar grains as small as a

few nanometers in size (SEM micrograph in Fig. 1(a),

lower section). 100 keV Ar ions irradiation at ambient tem-

perature with fluences of 4.0� 1016 cm�2, 5.5� 1016 cm�2,

7.0� 1016 cm�2, 1.0� 1017 cm�2, and 1.4� 1017 cm�2 was

performed to study the fluence dependence. The energies of

the ions were chosen such that the range is wider than the

thickness of the bimetallic layer, as calculated by the SRIM

2011 code.43 Ar–ion irradiation on the samples was per-

formed using the 400 keV ion accelerator at the High

Voltage Electron Microscope Laboratory, Hokkaido

University.44 A low pressure of 10�3 Pa was maintained

inside the irradiation chamber. To ensure uniform irradia-

tion, Ar–ion beam was scanned and the current was main-

tained at approximately 2.0 lA 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 com-

ponent dependence, and consequent Ar–ion irradiation of

these bimetallic films was also performed to a fluence of

1.0� 1017 cm�2. For the as-deposited samples, the color

changed from blue to yellow green (upper sections of

Figs. 5(a)–5(e)) and the surface remained uniformly smooth

(lower section of Figs. 5(a)–5(e)).

As the radiation induced defects can be removed by

annealing at temperatures higher than 623 K,45 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 2 h. After that, optical absorption spectra were

recorded over a wavelength range of 300–800 nm on a spec-

trophotometer (JASCO V–630) with a spectral bandwidth of

1 nm, and the SEM observations were used to examine the

surface modification. The line and surface element concen-

tration were evaluated at the nanoscale using the SEM

coupled with an EDS, and the line chemical concentration

profiles across the surface were obtained using the SEM

operated at 6.0 keV. Moreover, microstructural characteriza-

tion was performed using the TEM operated at 200 keV. The

cross-sectional TEM samples were prepared using a preci-

sion ion polishing system (PIPS; JEOL AT–12310), and ion

milling was performed using a cold stage to avoid undesired

thermal modification of the samples.

FIG. 1. Optical micrographs (upper sections of each panel) and SEM micro-

graphs (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� 1016 cm�2, (d) 7.0� 1016 cm�2, (e)

1.0� 1017 cm�2, and (f) 1.4� 1017 cm�2.
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III. RESULTS

A. 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 irra-

diation of 30 nm Ag(50%)–Au(50%) bimetallic films deposited

on SiO2 substrates with the irradiation fluence increasing

from 4.0� 1016 cm�2 to 1.4� 1017 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. 1. SEM was used to study the surface nanostructure after

the post-irradiation thermal annealing. The lower sections of

each panel in Figure 1 show 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� 1016 cm�2, (d) 7.0� 1016 cm�2, (e) 1.0� 1017 cm�2,

and (f) 1.4� 1017 cm�2. For the specimen irradiated at the

lowest fluence (4.0� 1016 cm�2), the line profiles of the

chemical concentration across the surface were obtained

(Fig. 2). Figure 2(a) shows the typical SEM image, and the

red line indicates the line along which the element concentra-

tion was determined. Fig. 2(b) shows the line profile of silica

and oxygen concentrations. Fig. 2(c) 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 valleys

in the silica and oxygen profiles, and the peaks in the concen-

tration profiles correspond to the bright areas shown in Fig.

2(a), 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. 1(a)), relatively large polygonal pitches with

a Heywood diameter greater than 900 nm were observed

(lower section of Fig. 1(b)) after thermal annealing because

of the thermal induced homogeneous nucleation.28,46 As-

deposited SiO2 is quite different from the ion irradiated sam-

ples. With increasing irradiation fluence, the process of

bimetallic film evolution under Ar–ion irradiation is clearly

observed, with the formation of isolated photosensitive nano-

spheroids. Partially connected nanoscale islands formed after

irradiation to a fluence of 4.0� 1016 cm�2 because of ion

induced dewetting of thin metallic films.34 When the dose

increased to 7.0� 1016 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 I. Figure 3(a) 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 with the irradiation fluence, and

their deviations also decrease with the irradiation fluence.

Bright field cross-sectional TEM micrograph of these nano-

spheroids was obtained (Fig. 4(a)), and the diffraction

pattern for a typical nanospheroid is given in Fig. 4(b) show-

ing a FCC structure. As observed in this figure, the nano-

spheroids are partially embedded in the substrate, and the

mechanism of the embedment has been studied in detail by

Klimmer et al.38 It has been concluded that these nanosphe-

roids are embedded by irradiation induced viscous flow, con-

sidering the effect of surface sputtering.38

Optical absorption spectra were recorded for each speci-

men after irradiation. Figure 3(b) shows the absorption spec-

tra of the samples irradiated at fluences ranging from

4.0� 1016 cm�2 to 1.4� 1017 cm�2. For the specimen irradi-

ated at a fluence of 4.0� 1016 cm�2, a broad absorption peak

was observed, while narrower absorption peaks were clearly

observed for specimens irradiated at fluences exceeding

7.0� 1016 cm�2. These absorption peaks were induced by

the resonance of the incident light with the combined oscilla-

tion of the free electrons aggregated at the surface of these

FIG. 2. (a) Typical SEM micrograph of post-irradiation annealed sample of

Ag50%–Au50% bimetallic film on SiO2 at a fluence of 4.0� 1016/cm2; (b) line

profiles of silica and oxygen along the horizontal line indicated in (a); and (c)

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

TABLE I. Statistical analysis of morphology and optical properties for post-

irradiation thermal annealed Ag(50%)–Au(50%)/SiO2 at various fluences.

Fluence

(�1016 cm�2)

da

(nm)

Aspect

ratiob

LSPRc

(nm)

LSPRd

(nm)

4.0 64.3 6 27.4 1.94 6 0.79 565.0 6 3.0 587

5.5 56.5 6 25.5 1.67 6 0.69 526.0 6 0.5 552

7.0 50.4 6 19.5 1.37 6 0.47 500.0 6 0.4 511

10.0 50.3 6 19.5 1.24 6 0.28 498.2 6 0.4 494

14.0 46.1 6 18.8 1.15 6 0.17 522.0 6 0.3 483

ad is the mean diameter of Ag(50%)–Au(50%) bimetallic nanospheroids.
bAspect ratio is the mean aspect ratio of Ag(50%)–Au(50%) bimetallic

nanospheroids.
cLSPR is the measured maximum absorption of the LSPR band of

Ag(50%)–Au(50%) bimetallic nanospheroids.
dLSPR is the calculated maximum absorption of the LSPR band of

Ag(50%)–Au(50%) bimetallic nanospheroids.
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Ag(50%)–Au(50%) bimetallic nanospheroids partially embed-

ded in the SiO2 substrate. This enhanced absorption is a char-

acteristic 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 sustained

on or embedded in a SiO2 matrix.22,24–27 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� 1017 cm�2, and then shifted

towards the longer wavelength with further increase of the

fluence (Fig. 3(c)).

B. 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 Figs. 5(a’)–5(e’)). SEM was

used to study the surface nanostructuring after post-

irradiation thermal annealing. SEM micrographs (lower sec-

tions of Figs. 5(a’)–5(e’)) show 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 con-

ducted by measuring the nanospheroids diameter and aspect

ratio, and the results are summarized in Table II. Figure 6(a)

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.

Optical absorption spectra were recorded for each speci-

men after post-irradiation annealing. Figure 6(b) shows the

tunable characteristics of LSPR frequency of Ag–Au bimet-

allic nanospheroids of all five samples, and a single localized

surface plasmon absorption band for each sample was

observed. Figure 6(c) 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 II. In this study, the

FIG. 3. (a) Heywood diameters and aspect ratios of the nanospheroids plot-

ted against the irradiation fluence; (b) photoabsorbance spectra of the sam-

ples after post-irradiation thermal annealing; and (c) experimentally

measured and Gans calculation of the maximum absorption wavelength

position plotted against irradiation fluence.

FIG. 4. (a) Typical bright field cross-sectional TEM micrograph of

Ag(50%)–Au(50%) bimetallic nanospheroids partially embedded in SiO2 sub-

strate fabricated by post-irradiation annealing of Ag(50%)–Au(50%)/SiO2 irra-

diated to a fluence of 1.0� 1017 cm�2. (b) Diffraction pattern for a typical

Ag(50%)–Au(50%) bimetallic nanospheroid circled in (a). (c) High magnifica-

tion TEM micrograph for a typical Ag(50%)–Au(50%) bimetallic nanospheroid

circled in (a) with the dashed blue line indicating the interface between SiO2

substrate and vacancy.

054308-4 Meng et al. J. Appl. Phys. 114, 054308 (2013)

Downloaded 03 Oct 2013 to 133.87.26.103. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



nanospheroids were synthesized in the 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 nanospheroids 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.39,40 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 (see S1 in the supplementary

information47).

IV. DISCUSSIONS

In general, the optical property of nanoparticles is char-

acterized by photoabsorbance A. The photoabsorbance A is

proportional to the extinction cross-section rext, which can

be obtained by the Mie scattering theory.9,13 However, Mie

theory is only applicable to spherical particles. Richard Gans

generalized Mie’s results to spheroidal particles of any as-

pect ratio in the small particle approximation.8,13 In the case

of a single uncharged spheroidal particle with dielectric

function e ¼ e1 þ ie2 dispersed in a surrounding medium

with dielectric function em. The general expression of the

extinction cross-section takes the following form:

rext ¼
2pe3=2

m V

3k

X3

j¼1

ð1=p2
j Þe2

fe1 þ ½ð1� pjÞ=pj�emg2 þ e2
2

; (1)

where k the incident light wavelength, V the particle volume,

and e ¼ e1 þ ie2 the size-dependent complex dielectric func-

tion of the particle.

Equation (1) is valid if the particle size is much smaller

compared to the light wavelength k. Here, Pj includes PA,

PB, and PC, termed depolarization factors, for each axis of

the particle. In our study, A > B ¼ C is assumed for a prolate

spheroid. The depolarization factors anisotropically alter the

values of e1 and e2, and therefore the resulting LSPR peak

frequencies. The depolarization factors are given as follows:

PA ¼
1� e2

e2

1

2e
ln

1þ e

1� e

� �
� 1

� �
; (2a)

PB ¼ PC ¼ ð1� PAÞ=2; (2b)

where e is the following factor, which includes the particle

aspect ratio R:

e ¼ ½1� ðB=AÞ2�1=2 ¼ ð1� 1=R2Þ1=2: (3)

The LSPR absorption holds when the denominator in Eq. (1)

exhibits a minimum, that is

FIG. 5. Optical micrographs (upper

section of each panel) and SEM micro-

graphs (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. Figures 5(a’)–5(e’) are optical

micrographs and SEM micrograph

of these five samples after post-

irradiation thermal annealing.

TABLE II. Statistical analysis of morphology and optical properties for

post-irradiation thermal annealed Ag(X%)–Au(100-X%)/SiO2 at a fluence of

1.0� 1017 cm�2.

Samples da

Aspect

ratiob

LSPRc

(nm)

LSPRd

(nm)

Ag/SiO2 48.3 6 20.0 1.24 6 0.33 424.5 6 2.5 452

Ag(75%)–Au(25%)/SiO2 51.7 6 19.1 1.20 6 0.20 486.3 6 0.2 473

Ag(50%)–Au(50%)/SiO2 50.3 6 19.5 1.24 6 0.28 498.2 6 0.4 494

Ag(25%)–Au(75%)/SiO2 45.2 6 19.5 1.33 6 0.43 538.5 6 0.2 522

Au/SiO2 37.5 6 15.0 1.18 6 0.19 566.6 6 0.4 521

ad is the mean diameter of Ag(X%)–Au(100-X%) bimetallic nanospheroids.
bAspect ratio is the mean aspect ratio of Ag(X%)–Au(100-X%) bimetallic

nanospheroids.
cLSPR is the measured maximum absorption of the LSPR band of

Ag(X%)–Au(100-X%) bimetallic nanospheroids.
dLSPR is the calculated maximum absorption of the LSPR band of

Ag(X%)–Au(100-X%) bimetallic nanospheroids.
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e1 ¼ �½ð1� PjÞ=Pj�em: (4)

In particular, for noble-metal NPs the equation has a solution

in the visible range at the 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 ð1� PjÞ=Pj increases

with aspect ratio and can be greater than 2, leading to a shift

of the LSPR peak towards the longer wavelength. For nano-

particles 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 Mie–Maxwell–Garnett (MMG)

method, the generalized multisphere Mie (GMM) theory,22

the discrete dipole approximation (DDA),14 and the Finite-

Difference Time-Domain (FDTD) method.48

An extension of Gans theory for the calculation of opti-

cal 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 eAg and eAu for nanoparticles of the same size con-

sisting of the pure metals24,49

eAlloy ¼ aeAg þ ð1� aÞeAu; (5)

where a the relative volume concentration of Ag inside the

nanoparticle.

The important quantity in Eqs. (1) and (5) is the nano-

particles dielectric function e, 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 written within the Drude for-

mula. 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.49,50 Consequently, the dielectric

function is written as

e ¼ e1 þ ie2; (6)

e1;2 ¼ eD
1;2 þ vIB

1;2; (7a)

eD
1 ¼ 1� x2

p=ðx2 þ c2Þ; (7b)

eD
2 ¼ x2

pc=½xðx2 þ c2Þ�; (7c)

where eD
1;2 and vIB

1;2 are the real and imaginary parts of the

free electrons and interband contributions into e, xp is the

plasma frequency, and c the rate of electron collisions. Silver

and gold have close bulk plasma frequencies: �hxP ¼ 8:5 eV

for silver and �hxP ¼ 9:0 eV for gold, and �h is the reduced

Planck constant.49,51 As the particle size reduces, the rate of

scattering from the particle surface cs becomes larger than

the bulk scattering c0, and the following relation can be

obtained:9,49–52

c ¼ c0 þ
aVF

r
; (8)

where VF is the Fermi velocity and r is the particle radius.

For gold and silver, the Fermi velocity gets almost the same

FIG. 6. (a) Heywood diameters and aspect ratios of the Ag(X%)–Au(100-X%)/

SiO2 nanospheroids plotted against the Au concentration; (b) photoabsorb-

ance spectra of the samples after post-irradiation thermal annealing; and (c)

experimentally measured and Gans calculation of the maximum absorption

wavelength position plotted against the Au concentration, and the dashed

lines are used for guiding the eyes only.
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value VF ¼ 1:4 nm fs�1, �hc0 ¼ 0:021 eV (Ref. 52), and

0:07 eV (Ref. 51) for silver and gold, respectively. The coef-

ficient a in Eq. (8) usually takes the value of unity,49 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 unchanged. The analytical calculation of

interband dielectric function is complicated. However, it is

possible to approximate the real interband part of the dielec-

tric function vIB
1 by using the appropriate values. In the pres-

ent calculations, the interband dielectric functions were

extracted from pure gold and silver nanoparticles with diam-

eters of several tens of nanometers50

vIB
1 ðAgÞ ¼ ReðvIB

AgÞ¼2:2560:1; (9a)

vIB
1 ðAuÞ ¼ ReðvIB

AuÞ¼7:260:1: (9b)

In general, if the imaginary interband part of the dielectric

function vIB
2 is much smaller than the real part vIB

1 , the fol-

lowing expression for the resonance frequency can be

obtained from Eq. (1):

xR ¼
x2

p

1þ vIB
1 þ ½ð1� PjÞ=Pj�em

� c2

 !1=2

; (10)

where xR is the LSPR peak frequency. Converting from fre-

quency to wavelength via k ¼ 2pc=xR, the LSPR peak

wavelengths can be obtained as follows:

kR ¼ 2pc
x2

p

1þ vIB
1 þ ½ð1� PjÞ=Pj�em

� c2

 !�1=2

: (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.53 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 sub-

strate 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.53,54 As the dielectric

constant of the SiO2 glass substrate used in our study is 3.9,

the effective dielectric constant surrounding the nanosphe-

roids is

em ¼
eair þ eSiO2

2
¼ 2:45; (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 nano-

spheroids as a function of the irradiation fluence is estimated

to be shifted from 587 to 483 nm, as shown in Fig. 3(c),

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� 1016 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 have a certain con-

tribution to the resonance frequency, which can be verified

by the large deviation of the aspect ratio obtained by lower

dose irradiation (<7.0� 1016 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� 1017 cm�2.

This is because of the peculiar topology of the core–satellite

nanostructures formed in the ion irradiated samples by pro-

ducing a red shift of the LSPR absorption band.22 As

noticed in high-magnification TEM micrograph in Fig. 4(c),

a halo of satellite clusters around the core nanospheroid

formed in the embedded substrate. The formation of the sat-

ellite nanoclusters can be understood in terms of ballistic

processes induced by the collisional cascades.21 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 core spheroid and the satellite nanoclusters appeared,

which strongly affects the local field near the core surface.22

The GMM theory has been used to model the optical

response of these strongly interacting spherical satellites

with the core sphere. Mazzoldi’s group has studied the opti-

cal property of such core–satellite nanostructures, in which

red shifts of 20 nm and 60 nm were obtained for the Neþ

and Krþþ irradiated Ag0.4Au0.6 alloyed nanoplanets in

silica, respectively.22

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 irradia-

tion fluence increased, a shift of the LSPR peak positions

toward the shorter wavelength was observed up to an irradia-

tion fluence of 7.5� 1017 cm�2, and then shifted towards the

longer wavelength with further irradiation (see S2 in the sup-

plementary information47). 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. For the film thick-

ness decreased to be 10 nm and the beam energy increased to

be 250 keV, the ion induced blistering on the surface occurred

(see S3 in the supplementary information47). Therefore,

thicker metallic film is required to obtain similar surface plas-

mon resonance response under difference fluences for the

higher ion beam energy.

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 452 to 521 nm with the increase of Au concentrations

(Fig. 6(c)), which fits the tendency of the experimental

data well. Also, this result is consistent with previous

054308-7 Meng et al. J. Appl. Phys. 114, 054308 (2013)

Downloaded 03 Oct 2013 to 133.87.26.103. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



works,9,20,24,25 in which the Ag–Au alloy nanoparticles

were synthesized through chemical methods. However, the

calculation underestimates the shift observed in the experi-

mental data. The most relevant factors controlling the posi-

tion of the SPR absorption band are the size, shape,

compositions of the nanospheroids, the dielectric constant 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 compa-

rable size distribution and aspect ratio distribution

(Fig. 6(a)), some other factors should be take into considera-

tion. The local refractive index was increased because of the

metal atoms dispersed in the dielectric matrix due to the irra-

diation induced forward recoiling contributes by producing a

red shift of the SPR absorption band. Also, the peculiar to-

pology 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.22

V. CONCLUSIONS

In this paper, Ar–ion irradiation induced surface nano-

structuring of Ag–Au bimetallic films on SiO2 substrates and

their optical properties were investigated. The surface mor-

phology was examined using a SEM equipped with an EDS,

and the microstructure of the fabricated Ag–Au nanosphe-

roids was examined using a TEM. The following conclusions

were obtained:

1. As the irradiation dose increases from 4.0� 1016 cm�2 to

1.4� 1017 cm�2, the Ag(50%)–Au(50%) bimetallic nano-

spheroids 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 flu-

ence. This results in a shift of the LSPR peaks towards the

shorter wavelength up to an irradiation fluence of

1.0� 1017 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 exper-

imental data because of the increase of the local refractive

index and the peculiar topology of the core–satellite nano-

spheroids, 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 approaches in surface nanostructuring

and, therefore, in the fabrication of photosensitive bimetallic–

silica nanocomposites. Moreover, irradiation enhanced

diffusion effectively burrows the nanospheroids with function-

alization surfaces into the dielectric platform, and potential

application use in solid-state devices is expected.
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