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Chapter 1

General introduction



1.1. Optical property of noble-metal nanoparticles

In recent years, metal nanoparticles (NPs) have been the object of continuously
growing interest due to their optical properties. In particular, silver (Ag) and gold (Au) NPs
with sizes in the range of 10 to 100 nm are resonantly of light. At frequency of the resonance,
referred to as plasmon resonance, the absorption cross-section can be several times higher than
that expected from the geometrical cross-section of the particle. Noble-metal NPs can support
localized surface plasmon resonance (LSPR) when the incident photon frequency is resonant
with the collective oscillation of the conduction electrons confined in the volume of the NPs
(Fig. 1.1). The simplest type of LSPR is a dipolar LSPR, which can be seen in the limit of the
particle’s diameter, d, being much smaller than the wavelength of the incident light, A (d << A).

Moreover, in this size range only limited scattering of the incident light occurs [1-8].

Fig. 1.1: Schematic illustration of a localized surface plasmon of a metal sphere showing the
displacement of the electron charge cloud relative to the ion core [9].



Optical extinction is attenuation of light by scattering and absorption as it traverses a

particulate medium. In homogeneous media, the dominant attenuation mechanism is usually

absorption. The extinction cross section Ce is the sum of absorption and scattering cross

sections given by

Cext:Cab§|'Csc- (1.1)

The optical extinction cross sections of Ag and Au nanoparticles with the size 10-60 nm were

simulated by using MQAggr software [10]. The results shown in Figs. 1.2 and 1.3 indicate that

the absorption cross sections are dominant for their extinction cross sections except for the

large size (60 nm). Therefore, the optical extinction is nearly equal to the optical absorption for

the NPs with size <30 nm.
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The plasmon resonance for metal nanospheres with diameters between 5 and 50 nm
is nearly independent of size. This is because the gradient of the real part of the dielectric
function, at the plasmon resonance, is large, and the size-dependent shift in the plasmon
resonance is inversely proportional to this gradient [11]. For particles smaller than about 5 nm,
scattering of electrons off the surface [7, 12] causes a significant decrease in the resonance
amplitude, plus a broadening and slight blue-shift in its position. For particles larger than about
50 nm, there is also a shift in the resonance peak since higher-order terms begin to contribute to
the extinction, but with an attendant loss of spectral selectivity.

The Mie theory [13] allows one to calculate the exact optical response of the system
by solving the Maxwell equations in the medium, provided that the clusters are spherical and
isolated from each other. The Mie theory predicts that the position and width of the LSPR are

closely related to particle diameter D as shown below [14]:

2
ﬂp v 1

—_— = (1.2
AA c D

where A4 is FWHM and 4, the peak wavelength of LSPR extinction band, v: the Fermi velocity
of the electron in bulk metal, c the velocity of light and D the diameter of metal nanoparticles.
The calculated optical extinction cross sections for isolated Au and Ag NPs in air are shown in

Fig. 1.4. The diameter of Au and Ag NPs was changed from 10 to 60 nm. From the figures, one



can find that the differences in peak position and width among these size are not so large both

for Au and Ag NPs.
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Fig. 1.4: Calculated optical extinction cross sections of isolated (a) Au and (b) Ag NPs with
diameters of 10—60 nm, normalized by their volume.

Next, the author considers the optical extinction by a single NP coated with a

dielectric. Here also the simulation of such NPs is helpful to understand the effect of the

dielectric coating on an extinction spectrum. Fig. 1.5 shows the dependence of the extinction

cross section of PET (Polyethylene terephthalate) coated Au sphere in air on the PET thickness.

The refractive index of PET is 1.6, much larger than that of air (1.0). It can be found that peak

becomes intense and the resonance position shifts toward longer wavelength as the PET

thickness increases.



2
)
g

|
Au, 10 nm

-8

Extinction cross section (x10 ~um
T

eeee PETONm
— PET 1 nm T
= PET 5 nm

m—— PET 10 nm

g
|

j—
[Za)
(=]

g

[34]
Q

§O
g

600 700 800

Wavelength (nm)

Fig. 1.5: Calculated optical extinction cross sections of an isolated Au NPs coated with a
PET film of thickness 1-10 nm. The diameter of the Au NP is fixed at 10 nm.

In the previous paragraphs, NP size and refractive index dependences are described
for an isolated single NP. Considering plasmonic applications like this study, however, the
optical properties of multi-particle system such as a NP aggregate and NP array should be
presented. There are two key parameters, the inter-particle distance and geometry, which
determine optical properties of an aggregate. In the optical extinction spectrum, resonant
wavelength and intensity are very sensitive to the inter-particle distance between two NPs. As

shown in Fig. 1.6, the extinction cross section is greatly enhanced as the inter-particles distance



decreases. In addition, red shift of resonance wavelength is observed as two NPs approach each

other. In Fig. 1.7, some computed spectra are shown for a linear quartet, T-shaped and square

Au aggregates. Geometry of aggregates is found to be an important factor to control plasmonic

properties of NPs. Optical properties of NP aggregate also depend on other factors including a

crystal form, shape, filling factor, and so on. The most realistic arrangement of a NP aggregate

consists of more or less densely packed single NPs plus aggregates with various neighbor

distances, coordination numbers, size and shape, which for their part, again are packed more or

less closely together. In my opinion, it is very hard or impossible to prepare a NP aggregate by

bottom-up way to exactly control its optical property because of large number of parameters

considered. Additional modification of a plasmonic property of self-organized aggregates or

arrays by a certain method is an easier and reliable approach to obtain a desired one.
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Fig. 1.6: Calculated optical extinction cross sections of two Au and Ag NPs with diameter of

10 nm. The calculation is performed for various inter-particle distances between the two NPs.
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Fig. 1.7: Calculated optical extinction cross sections of proximity four Au NPs with
diameter of 10 nm. The calculation is performed for different geometries of linear quartet,
T-shaped and square aggregates

1.2. Plasmonic sensing by using Ag and Au nanoparticle aggregates
Fundamentals and a variety of applications for plasmonic sensing with Ag and Au
nanostructures have been reviewed in literature by Stewart et al. [15]. Here some useful
applications and problems concerning with plasmonic sensing are introduced on the basis of
their paper.
The refractive index sensitivity of Ag NP arrays has been exploited in sensing

applications where peak shifts were used to detect adsorption at the NP surfaces [16—21]. The



experimentally measured peak shifts were monitored in conjunction with a simple mathematical

formalism developed for flat film SPR spectroscopy to quantitatively evaluate sample

concentrations [22]. This procedure enabled one to quantitatively detection Concanavalin A[19],

streptavidin [16], and anti-biotin [18]. In a notable example, triangular NP arrays were fabricated

to detect biomarkers for Alzheimer’s disease in both synthetic and human patient samples [17].

In that work, synthetic amyloid-pB-derived diffusible ligands (ADDL) were detected at

femto-molar concentrations in an elegant way [17].

The sensitivity of these types of measurements is enhanced if the molecular resonance

of the analyte overlaps with the intrinsic LSPR of the NPs or if the analyte is labeled with a

marker that has a resonance that overlaps with the intrinsic LSPR of the NPs [23,24]. One of the

advantages of using plasmonic nanostructures for sensing is their relatively small footprints—one

that is more amenable to miniaturization than flat film SPR detection. For example, LSPR

sensing has been demonstrated at the single-NP level using spherical (Ag [25] and Au [26]),

triangular (Ag) [27] and cubic (Ag) NPs [28]. Scattering-based spectroscopies must be used to

characterize the optical properties of single NPs since the absorbance of individual NPs is close

to the shot noise-governed limit of detection. McFarland and Van Duyne [29], for example, have

shown that a LSPR peak shift of ~40 nm occurs upon adsorption of ~100 zepto-moles of

10



1-hexadecanethiol to a single triangular Ag NP. This high sensitivity and small transducer size

suggests that even single NPs could be useful for the analysis of precious or limited-volume

samples.

There is another method called transmission LSPR (T-LSPR or T-SPR) spectroscopy

developed by Rubinstein [30]. In this method one measures the changes in the LSPR peak

intensity and position for discontinuous Au or Ag films upon analyte adsorption, which is

monitored in transmission mode using a conventional spectrophotometer. Discontinuous and

random island films for this plasmonic measurement are prepared by direct evaporation of an

ultrathin (nominal thickness <10 nm) layer of the desired metal onto a transparent substrate

such as quartz. Random Au island films, for example, display a LSPR extinction peak at

550-800 nm, depending on the island morphology, which in turn is determined by the

evaporation conditions and post-deposition treatment. An optimization of such conditions is just

related to my present work, as will be shown in the fourth chapter of this thesis. Rubinstein and

co-workers demonstrated the potential of this method by measuring changes in the position and

intensity of the LSPR extinction band that result from the attaching of various molecules to Au

islands [30—34].

As has been pointed out by Stewart et al. [15], the instability of simple T-LSPR

11



sensors is a source of concern. Changes in the optical properties of metal island films due to

morphological changes occurring upon immersion in organic solvents and aqueous solutions has

been noted to appreciably introduce uncertainties into NP-based sensing measurements. To

obtain metal island films with stable and reproducible optical properties, new design schemes for

stabilizing the structures of the evaporated film have been devised. The most useful and

realizable procedure consists of depositing an ultrathin silica layer (1.5 nm thick) on the metal

island film by a sol-gel procedure [34]. A sputter deposition technique, as has been used in this

work, can be an alternative method to prepare such a thin layer.

1.3. Fundamentals of analytical methods used in this study
Two analytical methods, optical absorption spectroscopy and Rutherford
backscattering spectrometry, were mainly utilized throughout this work. Fundamentals of these

analyses are described briefly.

1.3.1. Optical absorption spectroscopy

Optical absorption spectroscopy usually referred to as ultraviolet and visible

12



(UV-Vis) absorption spectroscopy is the measurement of the attenuation of a beam of light

after it passes through a sample or after reflection from a sample surface. Absorption

measurements can be at a single wavelength or over an extended spectral range. Ultraviolet and

visible light are energetic enough to promote outer electrons to higher energy levels, and

UV-Vis spectroscopy is usually applied to molecules or inorganic complexes in solution. The

UV-Vis spectra have broad features that are of limited use for sample identification but are

very useful for quantitative measurements. Since the UV-Vis range spans the range of human

visual acuity of approximately 400—750 nm, UV-Vis spectroscopy is useful to characterize the

absorption, transmission, and reflectivity of a variety of technologically important materials,

such as pigments, coatings, windows, and filters. This more qualitative application usually

requires recording at least a portion of the UV-Vis spectrum for characterization of the optical

or electronic properties of materials.

In single-beam UV-Vis absorption spectroscopy, obtaining a spectrum requires

manually measuring the transmittance of the sample and solvent at each wavelength. The

dual-beam design greatly simplifies this process by simultaneously measuring P and Py of the

sample and reference cells, respectively (see Fig. 1.8). Most spectrometers use a mirrored

rotating chopper wheel to alternately direct the light beam through the sample and reference

13
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cells. The detection electronics or software program can then manipulate the P and P, values as

the wavelength scans to produce the spectrum of absorbance or transmittance as a function of

wavelength.
detector
mono-
O--1 chrometer "%" R ""O_
lamp i — ratio P/Po
N0
detector

Fig 1.8: Schematic of a dual-beam UV-vis spectrophotometer.

1.3.2. Rutherford backscattering spectrometry

Rutherford backscattering spectrometry (RBS) is a non-destructive techniques for

quantitative analysis of elemental composition, thickness and depth profile of material surfaces.

In RBS, the primary ion is usually H* or He", whose energy ranges from about several hundred

keV to MeV [35]. This primary ion beam impinges on a target, and the energies and numbers

of backscattered ions are analyzed with a detector. Because of its quantitative reliability, RBS is

often used as a standard tool for other surface analytical techniques. In the following sections,

four physical quantities of RBS, (1) kinematic factor, (2) scattering cross section, (3) stopping

14



power, (4) strugglings, will be described in detail.

(1) Kinematic factor

As mentioned above, a beam of monoenergetic light ions is incident on a solid target

and the energy spectrum of particles backscattered from target atoms into a fixed angle is

measured. The energy of the scattered particle depends on the masses of the projectile and the

target atom, which gives elemental information of analyte. Here one considers the collision

between two particles. The energy transfer in an elastic collision between the two particles can

be expressed by applying the principles of conservation of energy and momentum. The

projectile (mass M;) has an incident energy Eq and the target (mass M) is initially at rest.

The ratio K, referred to as kinematic factor, of the scattering energy E; to the incident

energy Eo for My < M, can be given by

2
B M, cos 0 ++/M,? —M,2sin® 0
M, +M, '

~

i
|Hrn
|

(1.3)

I.I.I
o

The scattering angle 6 is defined as the angle between the projectile incident
direction and the scattered direction. For a given M, Eo, and 6, the mass M, of the target atom
is uniquely determined from Eq. (1.3) by measuring the energy E;. For example, the kinematic

factor K is calculated to be 0.862 for the “He-Ag collision in the case of & = 165°.
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(2) Scattering cross section

Scattering cross section o can be calculated from the force that acts during the

collision between the projectile and the target atom. This leads to the capability of quantitative

analysis of atomic composition. Using the differential scattering cross section do/dQ, one can

estimate how frequently such a collision actually takes place and ultimately the scattering yield

at a certain angel 4. If the collision events occur according to the pure Coulomb scattering, the

differential scattering cross section is given by the Rutherford formula [36],

2
22 4[\/M22—M123in20+M2cose}
do {leze j y | (1.4)

dQ { 4E, M, sin® 0;/M,2 — M, sin”

where Z; and Z; are the atomic numbers of the incident particle and target atoms, respectively.
For a target of a thin film with a thickness of t, the yield Y of particles detected by a finite

acceptance solid angle 4Q at a scattering angle  can be written as,

Y =N.tx 39, AQ2-Q (L5)
dQ cosa

where Q stands for the number of incident ions impinging on the target, N the atomic density of

the target and «a the incident angle schematically shown in Fig. 1.9.
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Fig. 1.9: Schematic drawing of the scattering geometry.
(3) Stopping power
The stopping power of a material for a particular incident ion is usually defined as
the energy loss per distance traveled in the material, denoted as dE/dx (usually given in eV/ A).
There are two mechanisms responsible for the energy loss of the projectile: nuclear stopping
which originates from a multitude of small-angle collisions of the projectile with the atomic
nuclei of the target, and the electronic stopping which comes from inelastic collisions with the
electron clouds surrounding each target atom.
Additionally the stopping cross section S [eV/(atoms/cm?)] is defined as the energy
loss/atoms/cm? (areal density) of material traversed. This quantity is independent of the volume
density of the material. The relation between stopping power and stopping cross section is

represented by

17



g LU
N dx

(1.6)
where N is the atomic density (atoms/cm®). Values of ion stopping cross sections in all
elements are available from an extensive study based on semi-empirical fitting of experimental
data [37].

The energy, Eou, Of the ion emerging from the target surface after scattering at a

depth t can be given by,

Ep=K| Ey— (d_Ej _L'(d_Ej -
out — in |C030€| dx in |C05ﬂ| dx out |

where o and B are incident angle and exit angle which are shown in Fig. 1.9. (dE/dx);, and
(dE/dX)oyu: refer to the stopping power of inward path and outward path, respectively. This
equation shows that the depth t where the scattering occurred can be calculated from the
detected ion energy. This calculation will be presented in Chapter 2.

As described so far, energy and numbers of detected particle at a scattering angle &
gives information on concentration and depth of target atoms. Therefore, RBS serves

compositional depth profile of material surface, without using sputtering erosion process.

18



(4) Straggling
When a beam of charged particles penetrates matter, the slowing down is
accompanied by a spreading of the beam energy. This phenomenon is called energy straggling.
It is due to statistical fluctuations in the number of collision processes. As a result, identical
energetic particles, which all have the same initial energy, do not have exactly the same energy
after pass even through an identical thickness t of a homogeneous medium. When the energy
transfers to target electrons in the individual collisions are small compared to the width of the
energy loss distribution, the distribution is close to a Gaussian. In the limit of high ion velocity,
the energy loss is dominated by electronic excitations. In this region straggling is almost
independent of projectile velocity. In the Gaussian distribution regime a simple expression was
derived by Bohr [38]. The standard deviation Q of the energy distribution of ions passing
through a medium of thickness t is expressed as
Q% =472,°7 "Nt (1.8)

This process leads to a limitation in the ultimate mass and depth resolution for RBS.

19



1.4. Outline of this thesis

As seen in the early part of this section, plasmonic NPs made of Ag and Au exhibit

unique optical properties due to LSPR in the visible wavelength range. A plasmonic sensor is

one of the most useful applications of such nanoparticles. In this thesis, energetic ion processes

including ion implantation, sputtering and plasma exposure were utilized to fabricate and

modify Ag or Au NP arrays for sensing applications.

The second chapter of this thesis, corresponding to my publication list No. 1,

describes the method to fabricate well-ordered and densely arranged Ag NPs embedded in a

thermally grown SiO, by implanting with 350 keV silver ions. In the third chapter, a sputter

deposition technique to prepare densely arranged Ag NP array which posses a nice plasmonic

characteristic is presented and then plasma exposure is applied for cleaning the NP arrays,

which corresponds to my publication list No. 2. A drastic change in LSPR characteristics of

plasma treated Ag and Au NP can be seen. Finally, the fourth chapter, corresponding to my

publication list No.3, deals with the plasmonic sensing ability of Au NPs, fabricated on SiO, by

a sputter deposition technique, for dilute cyclohexane.
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Chapter 2

Well-ordered arranging of Ag nanoparticles in
S10,/Si1 by i1on implantation
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2.1. Introduction

In this chapter, the author shows the method of preparing of Ag nanoparticle using ion
implant. A nanometer-sized metallic particle, referred to as metallic nanoparticle, embedded in
a transparent dielectric exhibits a large third-order nonlinear susceptibility with picoseconds
response time, and going to be applied to nonlinear optical devices [1]. Further, embedded
metallic nanoparticles (MNPs) are expected to be stable materials for surface enhanced Raman
spectroscopy (SERS), because host materials protect MNPs from corrosion [2,3]. Various
methods, including co-sputtering [4], sequential evaporation [5], sol-gel deposition [6] and ion
implantation [7,8] are being used to fabricate MNPs in a matrix. Of these techniques ion
implantation is very promising for wafer-scale fabrication of MNPs embedded in the
near-surface region of a wide variety of substrates.

In most cases, the depth distribution of implanted atoms exhibits Gaussian-type profile
as expected by computer simulation such as SRIM [9]. In the case of implantation of Ag ions
into SiO, substrates at high fluences, typically 10"°-10' ions/cm? Ag atoms implanted
distribute abnormally even at room temperature [10—14], as confirmed by Rutherford
backscattering spectrometry (RBS) with MeV-energy [15] which is mentioned in the previous
chapter, due to thermally activated, stress-induced and damage-related diffusion. Arnold and

Borders [10] showed non-Gaussian depth distribution of Ag atoms in lithia-alumina-silica glass
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implanted with 275 keV-Ag"* at 10*® ions/cm?, depending on implantation temperature and ion
current density. Matsunami and Hosono [11] found that the Ag depth profile in SiO, glass
implanted with 150 keV-Ag® to fluences of 0.1-60x10' ions/cm? became narrower with
increasing an Ag ion fluence, which means localization of Ag atoms during colloidal formation.
Liu et al. [12,13] demonstrated that abnormal non-Gaussian depth profiles of Ag in single
crystal SiO; implanted with 200 keV-Ag* to 0.5—6.7x10* ions/cm?, characteristics of narrow
width and an additional small peak, were associated with nanoparticles formed around
projected range of Ag ions. Concerning with abnormal depth profiles, the synthesis of
self-organized single layers (6-layers) of Ag nanoparticles formed by ultra-low-energy ion
implantation into thermally grown SiO; on Si (SiO,/Si) [16] is rather unique and attractive for
fabrication of single electron devices [17] as well as stable SERS substrates [2,3].

In the course of Ag ion implantation into SiO,/Si, we observed unexpected depth
profiles, depending on the thickness of SiO, top-layer. The Ag profile consists of multi
components, at least, narrow one localized around projected range of Ag ions and broad one
distributed throughout the SiO, layer. In some cases, Ag segregations at the surface region of
SiO, and the SiO,/Si interface have been clearly observed. In the present study, the Ag
containing SiO, layers have been characterized with several tools, such as cross-sectional

transmission electron microscopy (X-TEM), X-ray photoelectron spectroscopy (XPS), X-ray
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diffraction (XRD) as well as RBS to examine the structure of Ag-implanted SiO,/Si.

Practically, stability against oxidation [18—-20] and sulfidation [21-23] of Ag
nanoparticles in ambient conditions is of importance. In this work, XPS Auger parameter (AP)
analysis [24] has been applied to explore the oxidation state of Ag nanoparticles formed by ion
implantation into SiO,/Si. The AP is essentially independent of sample charging and work
function, applicable to a particular element in a dielectric material. Here summing the XPS
binding energy and Auger electron kinetic energy together provide the AP [25]. Although Ag
core-level binding energy (e.g. 3ds;,) does not show much shift from Ag° to Ag*, the Ag® and
Ag® Auger lines (e.g. M4N4sN4s) show considerable shift and can be used for identification
purposes. The APs of Ag, Ag,O, AgO and Ag,S were measured to be 726.0, 724.3, 724.2 and

724.8 eV, respectively [26].

2.2. Experimental methods

A 300 nm thick thermally grown SiO, layer on a (111) Si was used as a substrate.
Additionally, a thicker SiO; film (~ 700 nm) was prepared. The SiO,/Si substrate was
implanted with 350 keV-Ag ions to a fluence of 10*" ions/cm? using a 400 kV ion implanter of

at Takasaki lon Accelerator for Radiation Application (TIARA) of JAEA, Takasaki. The
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beam-current density was typically 4 pA/cm? and temperature measured on the substrate by
using a thermocouple was as low as 430 K. Reduced beam current density (~ 0.6 pA/cm?) was
also used. The SiO, thickness was chosen to stop almost all the implanted Ag ions inside the
SiO; layer. The Ag depth profiles were measured by Rutherford backscattering spectrometry
(RBS) with 2 MeV-He ions using single-end accelerators of TIARA and Hiroshima University.
Three different samples (labeled as “A”, “B” and “C”) were prepared for destructive analytical
methods of X-TEM and XPS. Another sample, labeled as “D”, was implanted with Ag ions to a
lower fluence. X-TEM was conducted with JEM-2000EX operating at 200 KV for the sample
A. Independently, cross-sectional scanning transmission electron microscopy (X-STEM) using
JEM-3000F equipped with an energy dispersive X-ray spectrometer (EDS) was carried out to
identify precipitates in the sample B. XPS using non-monochromatized Mg Ko radiation (hv =
1253.6 eV) was performed with JEOL 9010.To obtain depth profile of Ag atoms in XPS of the
sample C, it was etched with 0.8 keV-Ar ions at an etching rate of ~0.9 nm/s. XPS and
sputtering were repeated until a Si 2ps, line form a Si substrate was obtained. XRD in 8- 26
scan mode was carried out to address the issues related to crystal structure of precipitates in the

samples.
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2.3. Results and discussion

Fig. 2.1 shows backscattering (BS) spectra of four different samples of A, B and C,
which were characterized by X-TEM, X-STEM and XPS, respectively. In all the BS spectra,
the bimodal or multimodal distributions of Ag atoms are observed. Maximum Ag concentration
occurs at about 110—120 nm, somewhat shallower than the projected range (R,) of 350
keV-Ag" predicted by the SRIM calculation (155 nm) [9], assuming the density of SiO, to be
2.3 g/cm®. This discrepancy could be explained by the fact that this simulation code does not
take into account the dynamic evolution of the matrix. These spectra slightly differ in the width
of the Ag peak located at 1.65 MeV and the yields at surface (1.52 MeV) and interface (1.73
MeV). The full widths at half maximum (FWHMSs) of the Ag peak for the samples A, B and C
become 27-32 keV, taking into account of a finite detector resolution (15 keV). The FWHMs
of 27-32 keV correspond to the width of 50-60 nm, considerably smaller than the value of
~100 nm predicted by the SRIM [9]. Assuming that buried Ag zone forms in the SiO, layer
[16] and the surface energy approximation [27] is valid, the zone thickness t can be roughly

calculated by the following equation using the FWHM in a spectrum:

(= FWHM
"~ N{Ke(Eg)+€(KEg)/cosa}’

where N is the atomic density of Ag (5.8x10% atoms/cm®), K the kinematic factor of “He-Ag

(0.862), E, the incident energy of “He ions (2 MeV), €(Eo) and €(KEy) the stopping cross
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sections of Ag for “He ions with energies of Eo and KEy, respectively (95x10™* eV cm? and
100x107* eV cm? [9]), o the outward-path angle of “He ions with respect to the sample normal
(15°). The FWHMs (27-32 keV) vyield the zone thicknesses of 25-30 nm through the

aforementioned equation.
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Fig. 2.1: RBS spectra of samples A (a), B (b), C (c) and D (d) implanted with 350 keV-Ag
ions to fluences of 1.2, 1.2, 1.1 and 0.37x10"" ions/cm?, respectively.

Judging from the RBS spectra, we suppose that the Ag depth distribution is very

sensitive to the implantation parameters such as beam current density and implantation
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temperature, which could not be controlled perfectly in this study. The amounts of Ag atoms
calculated by the peak intensity are also a little bit different between the samples, and are
estimated to be 1.2, 1.2 and 1.1x10" ions/cm? for the samples A, B and C, respectively. In Fig.
2.1(d), the RBS spectrum of the sample implanted with Ag ions to a fluence of 0.37x10%
ions/cm?. A sharp Ag peak similar to the peaks in Figs. 2.1(a)—(c) appears, indicative of a few
tens thick buried Ag zone.

For better understanding of unusual profiles of Ag implanted into SiO,/Si samples,
thicker SiO, films (~ 700 nm) were implanted with 350 keV-Ag ions at two different
beam-current densities, 0.6 and 4 pA/cm? and then analyzed by RBS. Fig. 2.2 shows BS
spectra of the thicker SiO, films on Si implanted with 350 keV-Ag ions to a fluence of 1.2x10"’
ions/cm? at the beam current densities of 0.6 pA/cm? (upper panel) and 4 pA/cm? (lower panel).
As has been observed in Fig. 1, sharp Ag peaks indicate the presence of a few tens thick buried
Ag zone. Surprisingly, the peak positions differ slightly, indicating that the depths of a buried
Ag zone are not the same even though the implantation energies are identical. For the 4
nA/cm?-implanted sample, the peak position of 1.64 MeV corresponds to the depth of 110 nm,
while for the 0.6 pA/cm?-implanted one, the peak position is 1.67 MeV, corresponding to the
depth of 150 nm, assuming the density of SiO, to be 2.3 g/cm®. The thickness of SiO, for the 4

uA/cmz-impIanted sample is found to be lower by about 40 nm than that for the 0.6
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nA/cm?implanted sample. Therefore, the difference in the depth of a buried Ag zone between
the two samples can be explained by the beam-current dependent erosion rate of SiO, surface.
Another distinct feature in the two BS spectra is seen in the energy range of 1.2-1.6 MeV. A
small bump located at 1.48 MeV, corresponding to a depth of 450 nm, can be clearly seen in the
BS spectrum of the 4 pA/cm*implanted sample. This indicates that Ag atoms can migrate
toward the depth much deeper than the projected range of 350 keV-Ag" at such a high beam
current density. From the BS spectrum of the 4 pA/cm*implanted sample, the migrated Ag
atoms are found to be located at a kind of trap site, e.g., defects or voids [28]. RBS analysis on
the Ag implanted SiO,/Si sample suggests that there are intrinsic defects or voids which can
trap Ag atoms near the SiO,/Si interface.

The sample A was subjected to characterization by X-TEM. Fig. 2 shows bright-field
(BF) images for the sample A, which is implanted with 350 keV-Ag ions to a fluence of
1.2x10"" ions/cm?. As can be seen in Fig. 3(a), an array of spherical Ag particles of 25-30 nm
in diameter is located at a depth of ~125 nm. This situation is similar to the formation of buried
Ag zone with thickness of 25—30 nm, in good agreement with the zone thickness estimated by

RBS (25 nm). As described below, there are two distinct layers separated by the buried zone.
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Fig. 2.2: RBS spectra of thicker SiO; films (~ 700 nm) on Si implanted with 350 keV-Ag
ions to fluences of 1.2x10*" ions/cm? at beam current densities of 0.6 pA/cm? (upper panel)
and 4 pA/cm? (lower panel). Ag peak position is indicated by a broken line in each spectrum.
Insets are detailed spectra at energy range of 1.2—1.8 MeV along with depth scales in SiO..
The SiO,/Si interface is indicated by an arrow in each inset.
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In the layer located at depths shallower than the buried zone, referred to as “surface

zone” hereafter, Ag nanoparticles of 1-5 nm in diameter, depending on a distance from surface,

are distributed. The particle size tends to increase as depth increases in the surface zone

extending from 0 to 100 nm. It is well known that Ag is a fast diffuser which is easily trapped

by defect produced by ion implantation [10,29]. According to the SRIM calculation [9], the

number of vacancies (both of Si and O atoms) as well as implanted Ag atoms increases with

depth up to 105 nm. Thus the depth-dependent size distribution is attributed to the vacancy

and/or Ag atomic concentration profiles.

As shown in Figs. 2.3(a)—3(c), in the layer positioned at depths deeper than the buried

zone, referred to as “interior zone” hereafter, nanoparticles of 2—3 nm in diameter are dispersed

almost uniformly, and do not significantly change in their size as a function of depth,

contrastive to the size distribution in the surface zone. The author concluded that these

nanoparticles are made up of Ag atoms on the basis of the Ag depth profile shown in Fig. 2.1(a).

In addition, some precipitates with size of 5-40 nm are present in the interior zone, as shown in

Fig. 2.3(a). These precipitates might be formed at intrinsic defects or voids as shown in Fig. 2.2,

Furthermore, tiny precipitates (< 2 nm in diameter) are clearly observed in the vicinity of the

SiO,/Si interface in Fig. 2.3(c). The tiny precipitates are found to be aligned along the interface.

Such precipitates will be identified by STEM. Here we again emphasize the unexpected feature,
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which is the coexistence of homogeneously dispersed Ag nanoparticles, some precipitates

distributed irregularly and tiny precipitates aligned along the interface in the interior zone.

Fig. 2.3: Cross-sectional TEM bright-field images of the sample A. (a): a low
magnification image, (b): a high magnification image of the buried zone, (c): a high
magnification image at the SiO,/Si interface.

Figs. 2.4(a) and (b) show magnified X-STEM BF and high-angle annular dark-field
(HAADF) images, respectively, for the sample B. The two-dimensional (2D) array of Ag
perfectly parallel to the surface can be seen in this micrograph. The Ag implanted SiO, is
composed of three distinct zones -surface, buried and interior zones-, similar to that observed

for the sample A. By the use of HAADF imaging, incoherent Z (atomic number)-contrast
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STEM has been shown to provide direct compositionally sensitive structure images without the

phase problem [30,31]. By comparing the images shown in Figs. 2.4(a) and (b), all the

precipitates, including nanoparticles in the surface zone, spherical particle of 40 nm in diameter,

irregularly distributed precipitates in the interior zone and small precipitates located along the

SiO,/Si interface, are found to be Ag nanoparticles. These are also identified as Ag precipitates

by EDS line-analysis (not shown here).

It should be noted that the small precipitates that appear spatially distributed in the

interior zone for the sample A (Fig. 2.3) are not visible in the sample B (Fig. 2.4). The explicit

reason for this difference is not known at present, but a possible reason can be the difference in

the concentration of intrinsic defects or voids between the two samples. Another reason might

be linked to non-uniformity of the implantation process over the sample.
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Fig. 2.4: A cross-sectional STEM bright field image (a) and a corresponding high-angle
annular dark-field image (b) for the sample B.

The common features observed in the samples A and B are: (1) the distribution of Ag
nanoparticles with depth-dependent size in the surface zone, which is already discussed above,
(2) the formation of a 2D array of Ag nanoparticle, which has been observed and discussed in
earlier works [11-13], (3) the existence of large Ag nanoparticles irregularly distributed in the
interior zone, (4) the well-ordered arrangement of tiny Ag precipitates close to the SiO,/Si

interface. We shall discuss the features (3) and (4) below.
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Considering the fact that the irregularly distributed precipitates are observed only in
the interior zone, the formation of such nanoparticles is associated with the 2D array of Ag
nanoparticles located on the way that Ag ions travel. The RBS spectrum of the sample
implanted with 0.37x10"" ions/cm? in Fig. 2.1(d) shows the formation of nanoparticles at a
depth of about 135 nm in, indicating that the 2D array of Ag nanoparticles forms at the early
stage of implantation up to 10*" ions/cm?. After the formation of Ag nanoparticles, they affect
the trajectory of Ag ions. The Ag ions passing through an Ag nanoparticle come to rest at
shallower depths, and would precipitate in the interior zone. Further, the interior zone includes
intrinsic defects or voids near the SiO,/Si interface. These defects or voids act as trap and
nucleation sites for migrated Ag atoms.

The self-organized d-layer of Ag nanoparticles at the SiO,/Si interface is observed in
the as-implanted samples for the first time. For the other system, Sbh-implanted SiO,/Si,
Ignatova et al. [32] found such a &-layer in as-implanted samples. Their implantation condition
that the end of range of implanted ions is close to the depth of a SiO,/Si interface is very
similar to the present case. In fact, highly damaged Si layer is clearly seen in TEM micrographs
(e.g. Fig. 2.3(a)). As pointed out by Heinig et al. [33], interface mixing at the interface might be
responsible for the formation of small precipitations. A few nm thick layer of excess Si atoms

in SiO; parallel to the interface can be formed as a result of the collisional mixing, and can act
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as the nucleation sites for implanted ions. If the most probable effect is the interface mixing,

the formation process of a &-layer could be sensitive to the degree of interface mixing: the

d-layer is clearly seen in the sample A, but not so clear in the sample B. Another possible

mechanism for the precipitation is due to compressive strain near the interface [34]. In these

two mechanisms above, any thermal treatment after implantation is required for the formation

of a &-layer. Tsuji et al. [35] succeeded in the formation of Ag nanoparticles aligned along

SiO,/Si interface by implantation and subsequent annealing at 973 K. In this work, in contrast,

tiny Ag precipitates are observed in the as-implanted samples. The author consider, therefore,

that dynamic annealing during implantation with Ag ions play a role in self-organization of a

d-layer of Ag nanoparticles in the present case.

Next, the oxidation states of Ag precipitates in SiO, were explored with XPS and XRD.

The measurements were performed 19—21 months later after implantation. In Fig. 2.5, the AP

shifts from a bulk value (726.0 eV) along with Ag atomic concentrations deduced form line

intensities are plotted as a function of sputtering time corresponding to depth in the sample C.

The AP shifts are found to be zero around Ag concentration maximum, indicating that Ag

precipitates are metallic. At surface and interior regions, the magnitudes of AP shifts are

0.2-0.5 eV, much smaller those for Ag,O (1.7 eV), AgO (1.8 eV), and Ag,S (1.2 eV) [25]. |

conclude that such small shifts originate from neither oxidation nor sulfidation of Ag
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nanoparticles, but from the size effect as has been observed for Au nanoparticles [36]. Thus Ag
nanoparticles formed in SiO,/Si matrices by ion implantation are found to be stable for 1.5
years at least. The XRD analysis also confirms this result. The XRD patterns in the range 26 =
30—80° for the Ag-implanted samples stored in ambient conditions for 1.7 years (not shown
here) exhibit only four diffracted lines, corresponding to (111), (200), (220) and (311) planes of

a Ag crystal with an fcc structure.
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Fig. 2.5: XPS Auger parameter shifts from a bulk Ag (open circles) and Ag concentrations
(solid line) as a function of sputtering time for the sample C. The Auger parameter of a bulk
Ag is 726.0 eV, summing the Ag 3ds/; binding energy (368.3 eV) and Ag M4N4sN4s Auger
electron kinetic energy (357.7 eV) [25]. The negative shift value means that the Auger
parameter is smaller than 726.0 eV.
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Finally, the possible applications of Ag nanoparticles with well-ordered arrangements
are briefly mentioned. The SiO, substrates including such Ag nanoparticles can be used as
plasmonic sensing and stable SERS substrates [2,3] after removing SiO; top layers. Tiny Ag
nanoparticles aligned along the SiO,/Si interface are expected to exhibit Coulomb Blockade
[17] when SiO; top layers including irregularly arranged larger Ag nanoparticles are removed

appropriately.

2.4. Conclusion

The SiO,/Si substrates were implanted with 350 keV-Ag ions to fluences of
0.37-1.2x10"" ions/cm?, and characterized by means of RBS, X-TEM, X-STEM, XPS and
XRD. Three distinct zones are observed in the high fluence Ag-implanted samples. The surface
zone includes Ag nanoparticles with size of 1-5 nm, depending on a distance from surface. The
2D array of Ag nanoparticles of 25—40 nm in diameter forms at a depth of ~130 nm, named as
buried zone. In the interior zone, the d-layer of tiny Ag nanoparticles is aligned along the
SiO,/Si interface, together with randomly distributed Ag nanoparticles with various sizes (5—40
nm). The Ag nanoparticles embedded in the SiO,/Si is found to be stable against oxidation and

sulfidation when stored in ambient conditions for more than one and a half year.
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Chapter 3

Modification of Ag and Au nanoparticles by

using plasma and ion beams
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3.1. Introduction

Metal nanoparticles exhibit novel physico-chemical properties, quite different from

those of bulk materials, and have potential applications in a wide variety of scientific fields

including catalysis [1,2], electronics [3,4], plasmonics [5,6], biotechnology [7]. In particular,

extensive studies have performed for silver nanoparticles (NPs) because of an attractive optical

property, which is a strong extinction band in the visible range. The strong optical extinction

arises from the surface plasmon oscillation of conduction electrons coupled to an external

electromagnetic field. The surface plasmon resonance of silver NPs is being used for the

development of chemical and biological sensors [8—11]. In addition, the plasmon oscillation

due to incident light sometimes results in surface enhanced Raman scattering (SERS), which is

expected to be a technique for single molecule detection [12—14]. The control of the surface

plasmon resonance property, which is well characterized by the plasmon resonance wavelength

Ap and line width Aay, is required for silver NPs supported on substrates to realize such

applications.

In the survey of the A, of supported silver NPs [15-21], it is found that the reported

Ap values are between 380 and 500 nm, larger than that predicted by the Mie’s theory (370 nm

[22]); the experimental data differs lab by lab. Further, all the optical extinction spectra
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reported are found to be much broader than the calculated one [22], with a few exceptions

[19,20]. The shape and density (or degree of dispersion) of silver NPs on substrates are, of

course, factors to govern their optical properties, but the variation of the reported A, as well as

the discrepancy between experimental and theoretical extinction spectra cannot be explained

completely by these two factors. To control the surface plasmon properties, all the occurring

effects should be clarified. The author found that the shortest wavelengths and narrowest

spectra were simultaneously obtained for the following cases; 1) as shown in Ref. 19, silver

NPs were deposited in vacuum and then in situ optical extinction spectra were taken, and 2) as

has been found in Ref. 20, silver NPs were post-annealed at temperatures above 473 K.

Moreover, experimental extinction spectra of silver NPs embedded in a matrix are close to the

calculated one [23]. These facts suggest that the origin of large differences between the

experimental and theoretical extinction spectra of supported silver NPs can be unavoidable

impurity adsorption during and/or after sample preparations. The adsorption of impurities on

the silver NPs is known to increase refractive index of their surroundings, leading to the

redshift of resonance wavelength and the broader spectrum compared to those of bare NPs

[8,9,11,19,24], referred to as chemical interface damping [19]. In this article, the author

demonstrates that surface cleaning of silver NPs by a plasma treatment results in the surface
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plasmon characteristics similar to the prediction by Mie’s theory. The present work reveals the

intrinsic optical properties of silver NPs deposited on substrates.

In addition to the motivation described above, an intense and sharp LSPR peak of

purified Ag NPs is required for T-LSPR sensors as has been mentioned in the section 1.2 of

Chapter 1. Such a desired LSPR characteristic would be obtained by energetic ion processes

including a plasma treatment and ion irradiation.

Further, gold nanoparticles (Au NPs) exhibit strong optical extinction due to

localized surface plasmon resonance (LSPR) in the visible range. The Au NPs on transparent

dielectrics are being applied to chemical and biological sensors in which changes in the LSPR

features, including resonance wavelength, width and intensity, are detected with the presence of

analytes. To maintain a high performance of such sensors, purification of Au NP surfaces is

needed. In the present work, plasma and ion sputtering have been employed to purify the Au

NP surfaces on the basis of my study for Ag NPs.

3.2. Experimental methods
The substrate used was commercially available synthetic silica SiO,, which was

cleaned with ethanol and dried in an ambient air prior to preparing NPs. Ag and Au NPs were
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deposited on SiO, by an rf magnetron sputtering method. The base pressure of the apparatus
was lower than 1.3x107° Pa. The pressure of Ar gas was 0.14 Pa and substrate temperature was
kept at 473 K during the sputter deposition for 2 min. The deposition rate was estimated to be
0.5-1 nm min*. Plasma treatment with Ar was performed by using Harrick Plasma PDC-32G
operated at a power of 18 W. In the present work, an inert Ar gas was used to avoid chemical
reactions, e.g. oxidation, occurred at silver NP surfaces. The pressure of Ar gas was 20 Pa
during plasma exposure. N ions with an energy of 350 keV, produced from the 400 kV ion
implanter of at Takasaki lon Accelerator for Radiation Application (TIARA), were used to
irradiate Ag NPs. Before and after plasma and ion treatments, UV-vis extinction measurements
were immediately carried out in standard transmission geometry with unpolarized light in the
wavelength range of 200-800 nm. Raman scattering spectroscopy with a backscattering
geometry was conducted with an Ar ion laser (1 = 514.5 nm). The author expects an extremely
high sensitivity for adsorbed molecules on silver NPs due to SERS in the present analysis.
Heavily doped silicon wafers (p = 107%-10"% Q cm) without removing a native oxide layer
were also used as a substrate for silver NPs prepared under the conditions same as the above.
The Ag/Si samples were exposed to plasma and then characterized by means of a field

emission scanning electron microscope (SEM) operating at 15 kV and Rutherford
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backscattering spectrometry (RBS) with 2.3 MeV-He ions. As will be shown later (in Fig. 3.6
a), silver NPs with 10-20 nm in diameter were dispersed on the Si substrate, along with a
minor component of larger particles of 30—50 nm.

In the case of modification of Au NPs, Ar ion beams with an energy of 0.4 keV were
used in XPS preparation chamber. X-ray photoelectron spectroscopy (XPS) using Mg Ka
radiation (hv = 1253.6 eV) was performed with a JPS-9010 X-ray photoelectron spectrometer
(JEOL, Japan). The sample was placed in the XPS equipment and irradiated with Ar ions at an
energy of 0.4 keV at a current density of ~50 pA cm 2, corresponding to an ion flux of 3.4x10™
ions cm s . A pulsed ion beam, whose duty rate could be varied from 10% to 100%, was
used to irradiate the sample for less than 1 s. In XPS, the peak energies were calibrated by
locating the C1s peak, which occurs at 285.0 eV. Ar Plasma exposure was conducted with

PDC-32G under the same conditions above.

PLASMA CLEANER
PDC-32G

Fig. 3.1: Photographs of apparatus for Ag and Au NP preparation (left) and plasma
exposure (right).
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3. 3. Results and discussion
3.3.1. Modification of Ag nanoparticles with Ar plasma

Fig. 3.2 shows a series of optical extinction spectra of Ag/SiO, samples before and
after plasma treatments. The plasmon resonance wavelength 4, changes from 465 nm for the
untreated sample to 415 nm for the sample exposed to Ar plasma for 300 s. The line width of a
plasmon resonance band located at 300—600 nm decreases with increasing exposure time as
well. Remarkable blue-shift and sharpening of the plasmon resonance can be seen. Thus the
extinction spectra of plasma treated samples approach the spectrum calculated by Mie’s theory
[22]. In addition to such changes, a bump at ~350 nm, assigned to out-of-plane quadrupole

plasmon resonance [25], emerges in the extinction spectrum of Ag/SiO, exposed to plasma.
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Fig. 3.2: Optical absorption spectra of Ag/SiO, before and after plasma treatment for 20, 40,
80, 160 and 300 s.
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Fig. 3.3: Raman spectra of Ag/SiO, before and after plasma treatments for 20, 80 and 300 s.

On the assumption that impurity adsorption blinds intrinsic optical properties of
silver NPs on substrates, molecules adsorbed on them were identified by Raman scattering. Fig.
3.3 shows Raman spectra of the samples before and after plasma treatments. The spectrum of
the sample without plasma exposure has two prominent lines at 1350 and 1600 cm*, assigned
to the disorder induced line (D band) [26] and Eyq line (G band) [26], respectively, of graphitic
materials, which is similar to the SERS spectrum of hydrogenated amorphous carbon clusters
deposited on electrochemically-roughened silver [27]. Impurities such as hydrogenated
amorphous carbon can be clearly detected on the as-prepared sample. The Raman spectra
abruptly decrease in intensity with increasing plasma exposure time, and are eventually almost

invisible, indicating that the plasma effectively removes impurities on the samples. As can be
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seen in Fig. 3.4, the Raman peak intensity is correlated well with the peak position 4,, which is

a clear indication that hydrocarbons are adsorbed on the as-prepared silver NP surfaces and are

removed by plasma exposure.
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Fig. 3.4: Peak positions of surface plasmon resonance band in optical absorption spectra
(filled circles) and normalized Raman intensities (open squares) as a function of plasma

exposure time. A line is drawn to guide the eyes.
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So far the changes in plasmon resonance characteristics of silver NPs have been

discussed in terms of impurity elimination by plasma treatments. In addition, the characteristics

would be also affected by surface morphology of silver NPs. Next, morphological changes of

the sample exposed to plasma are examined. Atomic force microscopy (AFM) may provide

information about surface morphology of silver NPs. The author tried to observe the Ag NPs

with AFM, but the images depend strongly on a cantilever used. Therefore, | switched the

observation method to scanning electron microscopy (SEM). To avoid surface charging during

SEM observation, | used heavily doped single crystalline Si with a native oxide layer, instead

of insulating SiO, substrates. Figure 3.5 presents scanning electron micrographs of the samples

before and after plasma exposure up to 300 s. Except for occasional coalescence of larger

particles, the size and shape are almost unchanged both for the smaller and larger NPs even

after prolonged plasma exposure. Extremely mild treatments by plasma at room temperature

allow us to clean the surfaces with maintaining their morphology. The variation of the number

of silver atoms after plasma exposure is a key issue to examine how plasma works on silver

NPs. It has been found that silver atoms are hard to be sputtered away by plasma exposure, as

seen in Fig. 3.6 depicting total amounts of silver atoms estimated by RBS as a function of

plasma exposure time. Judging from SEM and RBS data, the adhered impurities were only
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removed from the silver surfaces by plasma. Thus the changes in optical extinction spectra of
silver NPs exposed to plasma are resulted not from morphological alterations but from the

removal of hydrocarbons.

(c) = ) 50 nm

Fig. 3.5: SEM images of Ag/Si samples before (a) and after plasma treatments for 20 s (b),
80 s (c) and 300 s (d).
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Fig. 3.6: Areal densities of silver atoms estimated by RBS as a function of plasma exposure

time. A line is drawn to guide the eyes.
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3.3.2. Modification of Ag nanoparticles by N ion irradiation

In the previous section, a sharp LSPR band can be realized by detaching hydrocarbon.
lon irradiation would be expected to bring about a similar effect caused by sputtering as well as
an electronic excitation. Fig. 3.7 shows a series of optical extinction spectra of Ag/SiO,
samples irradiated with 350 keV-N ions. Surprisingly, the extinction for the sample irradiated
with 1.0x10* N*/cm? becomes higher than that for un-irradiated sample. In addition, the peak
position is shifted toward longer wavelength. The enhancement and red-shift of an LSPR band
can be explained by the inverse process of plasma cleaning as seen in the previous section.
That is to say, irradiation with N ions causes attachment of impurities. | often found
hydrocarbon adsorption onto sample surface during RBS analysis with MeV He ions. If
hydrocarbon adsorption is a dominant effect on the change in LSPR band, the Raman spectrum
of hydrocarbon increases in intensity. However, the intensity of Raman spectra decreases with
the increase in fluence as can be seen in Fig. 3.8. Thus, the effect other than hydrocarbon
adsorption should be considered to explain the observed enhancement and red-shift of the

LSPR band.
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Fig. 3.7: Optical extinction spectra of Ag/SiO, irradiated with 350 keV N ions.
Irradiation fluences are 0, 1.0x10%2, 1.0x10", 1.0x10" N*/cm?.
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Fig. 3.8: Raman spectra of Ag/SiO, irradiated with 350 keV N ions. Irradiation fluences
are 0, 1.0x10", 1.0x10", 1.0x10" N*/cm?,
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The enhancement and red-shift can be originated from irradiation-induced
crystallization of Ag clusters. The crystallization would enhance the number of free electrons
which participate in the plasmon oscillation and reduce inter-particle distances due to
enhancement in an Ag NP size, resulting the enhancement and redshift of an LSPR band. At a
fluence of 1.0x10" N*/cm?, both the extinction and Raman intensities are lower than those at a
fluence of 1.0x10% N*/cm?, indicating that hydrocarbon desorption dominates. Upon further
irradiation (1.0x10* N*/cm?), sputtering by N ion reduces the number of Ag atoms, i.e.,
electrons participating in the plasmon oscillation, and the inter-particle distance becomes larger,

leading to weakening, sharpening and blue-shift of LSPR peak.

3.3.3. Modification of Au nanoparticles by Ar plasma exposure and Ar ion irradiation

Fig. 3.9 shows a series of optical extinction spectra of Au/SiO, samples before and
after plasma treatments. In Fig. 3.10 the LSPR positions are plotted as a function of plasma
exposure time. The plasmon resonance wavelength A, changes from 614 nm for the untreated
sample to 576 nm for the sample exposed to Ar plasma for 300 s. The line width of a plasmon
resonance band located at 500—700 nm decreases with increasing exposure time as well.

Remarkable blue-shift and sharpening of the plasmon resonance can be seen. In contrast to the
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case for Ag NP, the intensity of LSPR for Au remarkably decreases (from 0.31 to 0.21 in an
optical density) with increasing plasma exposure time.

Fig. 3.11 depicts particle size distributions indicated by histograms before and after
plasma exposure for 300 s. SEM pictures are inserted in each graph. A large difference in the
distribution at sizes less than 10 nm between un-exposed and exposed Au NPs can be
recognized. Au NPs with tiny size (< 10 nm ) are found to be diminished. Rutherford
backscattering spectrometry reveals that the Au content decreases from 1.8x10 to 1.6x10%
Au atoms/cm? after Ar plasma exposure. The remarkable reduction in the LSPR intensity
observed in the Au NP array exposed to Ar plasma cannot be explained by the removal of such
tiny Au NPs. Clearly coalescence of Au NPs is observed in the micrograph of the sample
exposed to Ar plasma. The coalescence results in the increase in a distance between Au NPs.
Further, impurities adsorbed on Au NP surfaces may be released by Ar plasma exposure as has
been observed in the Ag NP aggregate. The evidence of such release can be obtained by Raman
scattering spectroscopy, but the signal intensity for impurities was too low to observe the
change in the amount of impurities before and after Ar plasma exposure because the SERS
effect is not enough in the case of Au NPs with Ar ion laser (4 = 514.5 nm). The relationship

between carbon elimination and LSPR characteristic of Au NP array can be seen below.
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Fig. 3.9: Optical extinction spectra of Au/SiO, before and after plasma treatment for 20,
40, 80, 120, 200 and 300 s.
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Fig. 3.10: The LSPR peak positions as a function of plasma exposure time.
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Fig. 3.11: Size distributions of Au NPs before (top) and after Ar plasma exposure.
Inserts are SEM micrographs.
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Fig. 3.12 shows a series of optical extinction spectra of Au/SiO, samples before and

after Ar ion irradiation for 0.5, 1, 2 s. The tendency is the same as the case of plasma exposure.

In Fig. 3.13, the LSPR positions are plotted as a function of irradiation time. Again the

remarkable reduction in the LSPR intensity is clearly observed in Ar-irradiated Au NP array.

Fig. 3.14 shows particle size distributions indicated by histograms before and after 0.4 keV-Ar

ion irradiation for 2 s. The size distributions are almost unchanged except at size of 10 nm.

SEM photographs are inserted in each graph. As mentioned in the section of experimental

methods, 0.4 keV-Ar ion irradiation was conducted in XPS chamber. The XPS analysis can

provide information on cleanness of Au NPs. As shown in Fig. 3.15, the intensity ratio of C 1s

to Au 4f;, photoelectrons decreases from 0.065 to 0.012 as irradiation time increases. As

described in ref [28], a metal sphere coated with a dielectric exhibits an increase in extinction

cross-section and wavelength of the resonance peak, as the thickness of the dielectric layer

grows. Conversely, the removal of C contaminants causes a reduction in SPR intensity, along

with a shift in the resonance position toward shorter wavelength, as has been shown

experimentally [29]. Thus, the remarkable reduction in LSPR intensity observed in Au NP

arrays exposed to Ar plasma and irradiated with Ar ions is resulted from desorption of carbon

impurities as well as the reduction of an inter-particle distance.
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Fig. 3.12: Optical extinction spectra of Au/SiO, beforeand after 0.4 keV-Ar irradiation
for0.5,1,2s.
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Fig. 3.13: The LSPR peak positions as a function of irradiation time.
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Fig. 3.14: Size distributions of Au NPs before (top) and after (bottom) Ar ion
irradiation. Inserts are SEM micrographs.
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Fig. 3.15: Intensity ratios of C 1s /Au 4f obtained in XPS measurements as a function of

irradiation time. XPS survey scan spectra are included.

3.3.4. Modification of Au nanoparticles by N ion irradiation

As mentioned in Section 3.3.2, N ion irradiation at low fluence leads to a significant

increase in optical extinction of Ag NP array. Although the explicit mechanism is unclear,

irradiation-induced crystallization may contribute to the extinction increase. The author tried to

enhance the extinction by using 350 keV N ions, but observed results belied my expectation as

can be seen in Fig 3.16. At present, the origin of difference in N ion irradiation effects between

Au and Ag NP arrays is unknown. One possible reason may be the difference in activation

energy for crystallization. The author is now surveying the values for Au and Ag.
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Fig. 3.16: Optical extinction spectra of Au/SiO; irradiated with 350 keV N ions.
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Fig. 3.17: SEM images of Au NPs on SiO, samples irradiated with 350 keV N ions.
Irradiation fluences are (a) 0, (b)1.0x10'2, (c)1.0x10™, (d)1.0x10% N*/cm?.
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Finally, it is also worth noting that the optical extinction of Au NP array irradiated
with N ions to a fluence of 1.0x10'® N*/cm? is extremely weak even if half of Au NPs are
sputtered away as can be seen in Fig. 3.17. This result suggests that such extinction weakening

is largely attributed to the increase in the inter-particle distance.

3. 4. Conclusion

Remarkable changes, blue-shift and narrowing, in localized surface plasmon
resonance of Ag NPs without significant morphological modifications have been demonstrated
with plasma treatments. The findings provide information on the reason why most of the
experimental extinction spectra of the NPs on substrates are considerably different from that
calculated by Mie’s theory. Further, the obtained results are of importance for sensor
applications. A sharp plasmon resonance line is much preferable to a nanoparticle-based sensor,
in which a change in optical absorbance at a fixed wavelength is being observed to detect
analytes [8]. The degree of the absorbance change, that is sensitivity, depends on the sharpness

of the plasmon resonance line; the narrower the line width is, the higher the sensitivity one can
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obtain. In addition, high energy N ions are found to enhance LSPR of Ag NP array, probably

due to irradiation-induced crystallization.

The author applied plasma exposure as well as ion irradiation to modify Au NPs. In

the case of the modification of Au NPs, the remarkable reduction in LSPR intensity due to

elimination of carbon impurities as well as the large inter-particle distance was observed,

definitely undesirable for plasmonic sensors.
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Chapter 4

Plasmonic cyclohexane-sensing by
sputter-deposited Au nanoparticle array on SiO,
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1. Introduction

Hydrogen fuel cells, which can be a clean energy source to convert chemical energy
into electrical energy by direct reaction of H, and O, without emitting CO; [1], are being
developed for vehicles to reduce environmental pollutant emission. In the fuel cell-driven
vehicles, the safety storage and transportation of hydrogen are the most important issues to be
realized. Compressed H, gases, liquid hydrogen and metal hydrides can be a hydrogen source to
be supplied into the fuel cell mounted on such vehicles. It is challenging for engineers to
develop a light and tough storage tank that meets requirements for a long range safety driving.
An alternative option is to store hydrogen containing compounds, such as gasoline or methanol,
onboard a vehicle and extracting the hydrogen through dehydrogenation (using a fuel reformer).
Of these hydrogen-containing compounds, cyclohexane CgHi,, which is in liquid phase at
ordinary temperatures and pressures like gasoline, is known to have extremely high hydrogen
content in weight and volume [2,3]. The conventional infrastructures, e.g. gas stations
constructed for gasoline-driven vehicles, can be utilized to store and supply cyclohexane, which
is an advantage over the other hydrogen sources. Cyclohexane is a highly flammable volatile
organic compound (VOC): its explosive limit is as low as 1.3 vol% [4] in air. One must,
therefore, take care the leakage of cyclohexane in a vehicle. Thus the small amount of

cyclohexane should be detected as quickly as possible.
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Many works for the detection of VOCs using semiconductor-type gas sensors,

including SnO, [5—7], TiO2 [7-9] WO3 [10,11] and ITO [12], have been reported. For these

sensors in which the change in resistivity is measured, it is necessary to heat up to 300—400 °C,

higher than the ignition point of cyclohexane (246 °C [4]). Such sensors are, therefore,

inapplicable to the safe detection of cyclohexane. The method via an optical technique, e.g.

gas-chromic of WOg3 [13] upon hydrogen exposure, is a candidate for the safe detection,

although it is not a straightforward approach because hydrogen must be extracted from VOCs

by using an appropriate catalyst at elevated temperature. There is an alternative optical

technique via localized surface plasmon resonance (LSPR) of Ag and Au nanoparticles (NPs),

in which the change in optical absorption upon arrival of VOC molecules is measured. The

intense LSPR band is located in the visible range for Ag and Au NPs [14]. The characteristic of

LSPR band, intensity and wavelength, depends on a particle size [15,16], a shape [17-19], a

distance between particles [20] and a refractive index of the surrounding medium [14,21,22].

Such dependences enable one to apply the NPs to chemical and biological sensors [23—26].

Cheng et al. [27], for example, measured optical absorption to detect VOCs such as toluene

using Au and Ag NPs. Of VOCs, cyclohexane has a large refractive index (np = 1.426 [4]),

which is distinguishable from air (np = 1.000 [4]) as well as water vapor (np = 1.000 [4]) and

therefore would be favorable for detecting it by the use of optical absorption measurements.
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To date, most of the Au or Ag NPs have been synthesized by wet processes, e.g metal
colloidal chemical methods as has been applied by Cheng et al. [27]. As mentioned above, the
characteristic of the LSPR band is dependent on the inter-particle distance: the band intensity
becomes stronger with decreasing the distance. Thus a high sensitive detection of VOCs
requires a high density of Au or Ag NPs on a substrate. It is, however, difficult to prepare such
close-packed Au or Ag NPs on a substrate by the wet processes. Moreover, the wet processes
will leave chemical residues on NP surfaces, lowering detection sensitivity for VOCs.
Alternatively, dry processes such as magnetron sputtering and pulse laser ablation deposition
methods are applicable to fabricate densely arranged clean Au or Ag NP arrays on a substrate
[28—33]. In these methods, the density and morphology of an array of NPs can be easily
controlled by adjusting preparation parameters, including power, irradiation time, substrate
temperature, and so on, to obtain high detection sensitivity for VOCs.

In this chapter, the author focuses my attention on detecting cyclohexane vapor by the
LSPR of Au NPs. The present objective is to find out optimum conditions for the preparation of
an Au NP array on SiO, substrates as a plasmonic sensor for cyclohexane whose concentration

is lower than its explosion limit of 1.3 vol%.
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2. Experimental methods

Au NPs on SiO2 and Si substrates were fabricated by an rf magnetron sputtering
method. The base pressure of a sample preparation chamber was ~ 6 x 107> Pa. Ar gas was
introduced into the chamber to a pressure of 3.6 x 10 2Pa. The Au disc target (99.99 %) was
sputtered by the Ar plasma at a power of 5 W. The SiO, glasses (10 x 10 x 0.5 mm®) cleaned by
using ethanol were used as the transparent substrate for optical sensing. Au NPs were also
deposited on polished Si wafers with a native oxide layer for Rutherford backscattering
spectrometry (RBS) and scanning electron microscope (SEM) in order to avoid electric
charging. During the deposition, the substrates were heated up to 200—400 °C to obtain isolated
Au NPs. The areal density of Au atoms on substrates was determined with RBS employing a
2.0 MeV He+ion beam. A He*ion beam with a spot size of 1.0 mm in diameter was provided by
a 3.0 MV single ended accelerator at JAEA Takasaki. The backscattered He ions were detected
by using a surface barrier detector placed at an angle of 165° with respect to the beam. The
RBS analysis revealed that the Au areal densities were 1.1 — 7.1 x 10*® Au atoms/cm?. The
deposition rate was estimated to be ~ 0.6 nm/min from the Au areal density and deposition time.
The surface morphology of the Au NPs was observed by the field emission SEM operating at
an acceleration voltage of 15 kV. The crystalline form of the Au NPs was confirmed by 626

scans of X-ray diffraction (XRD) analysis using Cu Ka (A = 0.1542 nm) radiation.
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The LSPR sensor experiment was performed by the setup which was essentially the

same as the one presented by Malinsky et al. [26]. UV-Vis extinction spectra of the Au NPs

were measured using a compact spectrometer (USB-4000, Ocean Optics) in the wavelength

range between 450 and 800 nm. The unpolarized light from a tungsten-halogen light source was

incident normal to the sample surface through a quartz optical fiber. Cyclohexane gas mixed

with high purity N, gas was flowed over the Au NPs at a constant flow rate of 100 sccm at

room temperature. The concentration of cyclohexane gas was measured by a Fourier transform

infrared (FTIR) spectrometer (Perkin-Elmer, Spectrum One) equipped with a gas cell and a

mercury cadmium telluride detector, which was calibrated with a known cyclohexane

concentration. The concentration of cyclohexane gas was varied from 0.5 to 5 vol% by

adjusting the flow ratio between saturated cyclohexane and N, gas flow. The concentration of

water vapor in ambient air was measured by a moisture analyzer (Hygro-3M with D-2 detector,

General Eastern Co. Ltd.). The response of Au NPs to cyclohexane molecules was recognized

by the change in LSPR intensity before and after 5 minute-exposure of dilute cyclohexane

vapor.
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3. Results and discussion

Firstly, typical extinction spectra of Au NP arrays deposited on SiO, substrates
prepared at a temperature of 300 °C for various deposition times are presented to discuss
feature of each spectrum. Fig. 4.1 shows the optical extinction spectra of the samples. The Au
areal densities determined by RBS for three samples corresponding to (a), (b) and (c) are 1.1 x
10'°, 4.4 x 10 and 7.1 x 10" Au atoms/cm?, respectively. The characteristics of an LSPR peak
located at 500—600 nm, including peak position, width and intensity, strongly depend on the Au
areal density. The peak position gradually changes from 560 to 660 nm, so-called “red-shift”,
and both the peak width and the extinction increases as the Au areal density increases. The
increase in the extinction can be simply explained by the increased number of Au NPs. As
shown in Fig. 4.2, which is a set of simulated optical density generated from MQAggr software
(Michael Quinten, Wissenschaftlich-technische Software), the peak position and optical density
are sensitive to the inter-particle spacing lgsp rather than the diameter d of an individual Au NP.
The inter-particle coupling effects occur when NPs are closely spaced. The dipole field from
LSPR of an Au NP can induce plasmon oscillation in other neighboring Au NPs via near-field
electrodynamic interactions. For elliptical Au NPs, in fact, Su et al. [20] have experimentally
showed that plasmon resonant peak is significantly shifted to higher wavelength as the

inter-particle spacing is reduced. In my Au NP aggregates, inter-particle spacing decreases as
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the deposited number of Au atoms, i.e., the Au areal density increases because the number of
Au NPs and/or the particle size becomes larger, resulting in the red-shift. A contribution of
reflection to the extinction spectrum at wavelengths exceeding 700 nm becomes significant for
densely arranged Au NP arrays, like a continuous Au thin film. The contribution of reflection
broadens the peak and increases extinction at that wavelength region, which would be

unfavorable for optical gas sensing materials.

Absorbance

500 600 700 800
Wavelength (nm)

Fig. 4.1: The optical extinction spectra of samples prepared with three different Au areal

densities. The Au areal densities for (a), (b) and (c) are 1.1 x 10, 4.4 x 10" and 7.1 x

10'® Au atoms/cm?, respectively. The deposition temperature for the samples is kept at
300 °C.
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Fig. 4.2: The simulated spectra shown by optical density of a pair of two Au NPs with
diameter d and interparticle spacing Isp. The combinations of d and Isp are 20, 10 nm for
open squares (o), 20, 0 nm for open circles (©), 60, 10 nm for filled squares (m) and 60,
10 nm for filled circles (e).

Secondly, the response of an extinction spectrum of Au NPs against cyclohexane is
examined as functions of an Au areal density and a deposition temperature. Fig. 4.3 (a) shows
the typical extinction spectra of the sample prepared at 300 °C before and after exposure of 5
vol% cyclohexane gas. The Au areal density of the sample is 4.4 x 10 Au atoms/cm®. The
extinction peak due to LSPR becomes intense and the resonance peak position shifts toward

longer wavelength after the gas exposure. The observed change in the extinction spectrum can
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be understood by the alteration of a refractive index of the surrounding medium for Au NPs
after the gas flow. The extinction difference is defined as summing all differences in intensity
over wavelengths from 500 to 800 nm between gas-exposed and unexposed spectra, as is shown
by hatched area in Fig. 4.3 (a). Hereafter the extinction difference is used as a signal for the
detection of cyclohexane. In Fig. 4.3 (b), the extinction difference is plotted against an Au areal
density of a sample prepared at 200 or 300 °C. The Au areal density at which the maximum
difference occurs is found to be 4.4 x 10* Au atoms/cm? both for the deposition temperature of
200 and 300 °C. As mentioned above, for samples prepared with higher Au areal densities, e.g.,
7.1 x 10* Au atoms/cm? a contribution of scattering to the extinction spectrum becomes
significant at wavelengths exceeding 700 nm, leading to a reduction in the sensitivity.
Furthermore, for all the Au areal densities, the sensitivity of a sample deposited at 300 °C is
expected to be higher than that of a sample deposited at 200 °C. Then the Au areal density is
fixed at 4.4 x 10™ Au atoms/cm? to examine the deposition temperature dependence of the
extinction difference. Fig. 4.3 (c) depicts the extinction differences plotted as a function of
deposition temperature for a sample prepared with 4.4 x 10'® Au atoms/cm?® The extinction
difference increases until the deposition temperature reaches 300 °C, and then decreases beyond
that temperature, indicating that the highest sensitivity for cyclohexane is obtained for a sample

prepared by heating at 300 °C during deposition.
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Fig. 4.3: The optical extinction spectra of the Au NP array on SiO2 prepared with 4.4 x 10*°
Au atoms/cm? at 300 °C before (o) and after (@) exposure of 5 vol% cyclohexane gas (a).
The hatched area represents the extinction difference defined as summing all differences in
intensity over wavelengths from 500 to 800 nm between gas-exposed and unexposed
spectra. The extinction differences are plotted against an Au areal density (b) and
deposition temperature (c). The deposition temperature of 200 or 300 °C are indicated by
open squares (o) and filled squares (m), respectively, in the figure (b). The Au areal density
of the sample is 4.4 x 10'® Au atoms/cm? in the figure (c).
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Next, the surface morphology and crystal structure are characterized for the sample
expected to possess the highest sensitivity for cyclohexane, i.e., Au NP array prepared with 4.4
x 10" Au atoms/cm?at a temperature of 300 °C. For SEM observations a single-crystalline Si
was used as a substrate. It should be noted that the surface of the Si substrate is covered by a
native oxide, meaning that the Au NPs are deposited onto SiO,/Si. A SEM image reveals
densely arranged but isolated Au NPs with sizes 10-60 nm, as shown in Fig. 4.4 (a). The
morphology of the Au NPs is not spherical or spheroidal but truncated polygonal. The particle
size distribution is measured as shown in Fig. 4.4 (b), assuming that Au NPs are spherical. A
logarithmic-normal (lognormal) size distribution is often observed for NPs as a result of
random nucleation and growth [34,35], so that

ni(di):

1 (Ind, ~Ind,,)’
27od, 25°

where dn represents the mean particle diameter and o is the standard deviation of the

distribution n;(d;). Fitting a lognormal curve to the size distribution results in dn, =30 nm and o

= 0.34. The particle density is roughly estimated to be 1.1 x 10™ Au NPs/cm?.
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Fig. 4.4: A SEM image of the sample prepared with 4.4 x 10*® Au atoms/cm? at 300 °C
(@) and the size distribution of Au NPs in the sample (b). A lognormal fitting curve is
also presented in the figure (b).
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Fig. 4.5: XRD patterns of the sample prepared with 4.4 x 10 Au atoms/cm? at 300 °C
(line) and the fcc metallic Au reference taken from JCPDS 65-2870 (bars)
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Figure 4.5 shows an XRD pattern taken from the Au NP array on a SiO, substrate
prepared with 4.4 x 10'® Au atoms/cm? at a temperature of 300 °C. This pattern is compared
with that of Au reference (JCPDS 65-2870). The line located at 26 = 38.2° corresponds to the
(111) plane of the face-centered-cubic (fcc) Au (di;n = 0.2355 nm). The diy3 spacing of the Au
NP array is calculated to be 0.235 nm, which is in good agreement with that of the fcc Au, but
the pattern for the present Au NP array consists of one prominent line in the 26 region between
30° and 70°, quite different from that for the randomly oriented fcc Au crystallites. The pattern
observed here indicates that most of the Au NPs have the same [111] orientation parallel to the
surface normal. The preferentially [111] oriented Au crystallites tend to form because the Au
(111) surface has the lowest surface energy [36,37]. In fact, Ino and Ogawa [38] found that Au

particles evaporated under UHV condition took (111) orientation.

In the XRD pattern of the Au NP array, a width of the (111) line is found to be 1.7 x
102 rad, which is much larger than the instrumental line broadening of 1.5 x 10~ rad,
indicating that individual Au NPs are very thin. The thickness of the Au NPs can be estimated
by using Scherrer’s formula [39,40] to be 8.5-9.5 nm, depending on Scherrer constant K (0.9 —
1.1). The Au areal density of 4.4 x 10'® Au atoms/cm? corresponds to the ideal film thickness of
7.5 nm, assuming that the film is uniformly continuous and the surface coverage is unity. The
surface coverage can be deduced by the ratio of the ideal thickness (7.5 nm) to the thickness
estimated by XRD (8.5 — 9.5 nm). The ratio yields the surface coverage of 0.8-0.9. This result
means that Au NPs are arranged closely, consistent with the SEM image of Au NP array

deposited on Si substrate with a native oxide layer (Fig. 4.4 (a)).
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Finally, the detection limit of the densely arranged Ag NP array (4.4 x 10'® Au
atoms/cm?, 300 °C) for cyclohexane is estimated by measuring the optical response to
cyclohexane with reduced concentrations. The cyclohexane concentrations are plotted against
extinction difference between gas-exposed and unexposed spectra, as shown in Fig. 4.6. Even at
cyclohexane concentration of 0.5 vol%, which is approximately one third of its explosion limit
(1.3 vol%), the amount of extinction difference is measurable (~ 4). The detection limit for
cyclohexane can be roughly estimated by the extrapolation method. The author tries to find a
quadratic function y = ax® + bx + c that best fits a given set of data, where variables x and y
represent the extinction difference and cyclohexane concentration, respectively. The constant
term c obtained is 0.305, suggesting that the amount of extinction difference goes down to zero
at a cyclohexane concentration of ~ 0.3 vol%, which is, in principle, the detection limit for
cyclohexane. The estimated detection limit of ~ 0.3 vol% is lower than one fourth of explosion

limit of cyclohexane.
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Fig. 4.6: The cyclohexane concentrations plotted against extinction difference between
gas-exposed and unexposed spectra (filled circles) for the sample prepared with 4.4 x 10'°
Au atoms/cm? at 300 °C and a fitting curve as the form of a quadratic function y = ax* + bx

+ ¢, where variables x and y represent the extinction difference and cyclohexane
concentration, respectively

4. Conclusion and outlook

Plasmonic Au NP arrays on SiO, have been fabricated to detect dilute cyclohexane by
a sputter deposition technique. The increase in refractive index of the surrounding medium for
the Au NP array upon exposure of cyclohexane vapor changes both the peak position and
intensity in its extinction spectrum in the wavelength range of 500—800 nm, which enables one

to detect it. The highest sensitivity was obtained in the case of the Au NP array prepared with
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4.4 x 10™ Au atoms/cm?® at a deposition temperature of 300 °C. The Au NPs, whose mean
diameter was 30 nm, were densely arranged in the sample. The surface coverage has been
roughly estimated to be 0.8-0.9 by XRD analysis. Furthermore, the preferentially [111]
oriented Au NPs, which are normal to the substrate surface, have been observed in the sample.
By using such a plasmonic Au NP array on SiO,, the detectable concentration of cyclohexane
has been estimated experimentally to be 0.5 vol%, and computationally to be ~ 0.3 vol%, much
lower than its explosion limit (1.3 vol%).

In the present work, the author tried to find an optimum condition for preparing a
plasmonic Au NP array on SiO, with the highest sensitivity for cyclohexane. The sensing of
cyclohexane must be done as quickly as possible in a vehicle for the next generation. The shape
and size of a cell in which the plasmonic Au NP sensor is installed are the most important
factors to determine the response time. Our laboratory member is now designing the cell for a

prompt sensing of cyclohexane.
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Chapter 5

Summary and concluding remarks
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Plasmonic nanoparticles made of silver and gold exhibit unique optical properties
due to localized surface plasmon resonance in the visible wavelength range. A plasmonic
sensor is one of the most useful applications of such nanoparticles. In this thesis, energetic ion
processes including ion implantation, sputtering and plasma cleaning were utilized to fabricate
and modify silver or gold nanoparticle arrays for sensing applications. General introduction, in
chapter 1, dealing with optical properties of Ag and Au NPs, application of plasmonic sensor
and analytical tools was followed by three chapters except for this chapter

Chapter 2 describes the method to fabricate well-ordered and densely arranged Ag
NPs embedded in a thermally grown SiO, by implanting with Ag ions to fluences of
0.37-1.2x10"" ions/cm? at a current density of ~4 pA/cm?® Cross-sectional transmission
electron microscopy and scanning transmission electron microscopy reveal the presence of a
two-dimensional array of Ag nanoparticles of 25—40 nm in diameter located at a depth of ~130
nm, together with the self-organization of d-layer of tiny Ag nanoparticles aligned along the
SiO,/Si interface. X-ray photoelectron spectroscopy and x-ray diffraction confirm the stability
of these Ag nanoparticles against oxidation and sulfidation when stored in ambient air for
19-21 months. The SiO, substrates including such Ag nanoparticles can be used as stable

SERS substrates after removing SiO, top layers. Tiny Ag NPs aligned along the SiO,/Si
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interface are expected to exhibit Coulomb Blockade when SiO, top layers including irregularly

arranged larger Ag nanoparticles are removed appropriately.

In chapter 3, a sputter deposition technique to prepare densely arranged Ag and Au

NPs which posse a good plasmonic characteristic was presented and then plasma exposure was

applied for cleaning the NP arrays. Plasma treatments of Ag NPs were found to bring about

blue-shift and narrowing in their localized surface plasmon resonance. The findings provide

information on the reason why most of the experimental absorption spectra of the NPs on

substrates are considerably different from that calculated by Mie’s theory. Further, the obtained

results are of importance for sensor applications. A sharp plasmon resonance line is much

preferable to a nanoparticle-based sensor, in which a change in optical absorbance at a fixed

wavelength is being observed to detect analytes. The degree of the absorbance change, that is

sensitivity, depends on the sharpness of the plasmon resonance line; the narrower the line width

is, the higher the sensitivity one can obtain. The author found that the plasmonic properties of

Au NPs were also altered by energetic ion irradiation and plasma exposure. In the case of the

modification of Au NPs, the remarkable reduction in LSPR intensity due to elimination of

carbon impurities was observed, definitely undesirable for plasmonic sensors.

In chapter 4, the plasmonic sensing ability of gold nanoparticle for dilute
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cyclohexane was examined. Plasmonic Au NP arrays on SiO, have been fabricated to detect
dilute cyclohexane by a sputter deposition technique. The increase in refractive index of the
surrounding medium for the Au NP array upon exposure of cyclohexane vapor changes both
the peak position and intensity in its extinction spectrum in the wavelength range of 500—800
nm, which enables one to detect it. The highest sensitivity was obtained in the case of the Au
NP array prepared with 4.4 x 10*® Au atoms/cm? at a deposition temperature of 300 °C. The Au
NPs, whose mean diameter was 30 nm, were densely arranged in the sample. The surface
coverage has been roughly estimated to be 0.8 — 0.9 by XRD analysis. Furthermore, the
preferentially [111] oriented Au NPs, which are normal to the substrate surface, have been
observed in the sample. By using such a plasmonic Au NP array on SiO,, the detectable
concentration of cyclohexane has been estimated experimentally to be 0.5 vol%, and
computationally to be ~ 0.3 vol%, much lower than its explosion limit (1.3 vol%). In the
present work, the author tried to find an optimum condition for preparing a plasmonic Au NP
array on SiO, with the highest sensitivity for cyclohexane. The sensing of cyclohexane must be
done as quickly as possible in a vehicle for the next generation. The shape and size of a cell in
which the plasmonic Au NP sensor is installed are the most important factors to determine the

response time. In our laboratory, we are now designing the cell for a prompt sensing of
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cyclohexane.

Finally, the author describes inevitable problems concerning with sulfidation

frequently occurred on Ag NPs. Ag is widely known to corrode or tarnish in air by chemical

reaction with reduced-sulfur gases such as hydrogen sulfide (H,S) and carbonyl sulfide (OCS)

to form silver sulfide (Ag.S). Evaporated Ag films stored in normal laboratory air (measured

concentrations of H,S and SO, less than 0.2 ppb) developed a film of Ag,S tarnish whose

thickness was 0.1 nm after 1 h, 0.3—0.6 nm after 1 day, 1.5-3 nm after 1 week, and over 6 nm

after 1 month. Corrosion of Ag is pronounced at the nanometer scale because of the high

surface-to-volume ratio.

As mentioned in chapter 1, the instability of T-LSPR sensors is a source of concern.

To obtain Ag NP arrays with stable and reproducible optical properties, depositing an ultrathin

silica layer (1.5 nm thick) on Ag NPs is expected to be an effective method. Very recently, our

laboratory found that silica layer was deposited by prolonged plasma exposure in a vacuum

chamber made of SiO,. Thus, such plasma exposure will be useful for silica deposition as well

as cleaning of Ag NPs. In near future, a stable T-LSPR sensor will be based on the

plasma-processed Ag NP array.
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