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Abstract

Numerous novel spectroscopy techniques have been developed to perform detection
and characterization at molecular level. Nevertheless, the resolution of spectroscopy
remains to be the bottleneck, and local electric field is involved to solve this issue.
Localized surface plasmon resonance (LSPR) occurred at the surface of noble metal
nanoparticles is a major source of enhanced local electric field which provide notable
enhancement factor of spectroscopy applying fluorescence and the Raman scattering.
In this chapter, we will firstly present the physics of localized surface plasmon resonance
to gain a basic understanding. Several current techniques to prepare a wide variety of
nanoparticles and localized surface plasmon resonance detector are subsequently
introduced. We further illustrate two examples taking advantage of experiments and
modeling to elaborate the effect of localized surface plasmon resonance on spectroscopy
under different circumstances. The combination of experimental and theoretical
approaches elucidates the influence of each factor and promotes the design of localized
surface plasmon resonance detector used in spectroscopy.

Keywords: spectroscopy, localized surface plasmon resonance, nanoparticle, detec-
tion, enhancement factor, finite-difference time-domain

1. Introduction

The advance of science and technology has drawn people’s attention to the molecular level, and
characterization of molecular configuration is among the most significant challenges. Spectro-
scopy takes advantage of the interaction between electromagnetic radiation and matter and
records the response of interest. The resulting spectrum containing the fingerprint of the analyte
sheds light on specific structural details of a single molecule.

I NT E C H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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State-of-the-art spectroscopy techniques employing fluorescence [1], the Raman scattering [2],
X-ray [3], NMR [4], etc. have been successfully utilized to illustrate the conformations of
biomolecules such as protein, DNA, and RNA. Moreover, utilizing lasers with impulse interval
at femtosecond as excitation power has accomplished ultrafast detections. For example, the
instantaneous structures of mRNA-tRNA translocation intermediates have been characterized
through single-molecule fluorescence resonance energy transfer method, the achievement of
which is a huge step toward the comprehensive mechanism of in vivo protein synthesis [5].

Despite the pronounced temporal resolution achieved during the past two decades, the spatial
resolution is another key issue to fulfill detection and characterization at the single-molecule
level. For instance, the cross section of non-resonant Raman scattering is typically ranging
from 10 to 10* cm? per molecule, a value so weak that a notable amount of analyte molecules
is demanded to convert the incident photon to the Raman photon [6]. Although the laser power
still has the potent to be augmented, the loss during transmission is too dramatic to exert a
distinct influence by simply replacing an intensified laser. Local electromagnetic field is
therefore more applicable in enhancing the resolution of spectroscopy.

The progress of nanoparticles” localized surface plasmon resonance (LSPR) is becoming a
major solution to enhance the intensity of engendered signals through the highly localized
electromagnetic field. It has been discovered that the electrons within the conduction band can
be excited collectively at noble metal surface and the consequential oscillation of the excited
electrons would be localized instead of propagating on a rough surface [7].

Extensive studies have been conducted to manipulate LSPR at the surface of different kinds
of nanoparticles, and LSPR has displayed distinct properties by regulated size, shape, struc-
ture, material, and other factors [8]. For example, it has been shown that the wavelength of
plasmon varies with the particle radius [9], two distinguished plasmonic radiations have been
found in nano-rod [10], and aggregates of nanoparticles show more localized optical field with
hot spots and cold zones compared with isolated nanoparticles [11].

Together with the significant improvement in the fabrication of a variety of nanostructures
during last decade, gold- and silver-nanostructures generating LSPR are nowadays applicable
and have been integrated into sensors and detectors [12, 13] Surface-enhanced Raman
spectroscopy has recently made detection of biological and chemical analytes with concentra-
tion as low as nanogram and femtogram feasible [14]. For different nanostructures, enhance-
ment effect of LSPR cannot be predicted instinctively but through theoretical methods such as
finite-difference time-domain (FDTD), discrete dipole approximation (DDA), and finite
element method (FEM) [15].

In this chapter, we elaborate the efficacy of researches applying experimental techniques and
computation modeling to enhance spectroscopy through LSPR. We first interpret the physics
that originated LSPR. Since LSPR occurs at the surface of nanoparticles, different ways to
fabricate nanostructure in order to generate LSPR and how nanoparticles are used as detector
are thereafter introduced. Finally, examples of studies applying LSPR to enhance molecular
spectroscopy and interpretations through finite-difference time-domain simulations are
illustrated.
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2. Physics of localized surface plasmon resonance

The observation of surface plasmon could be dated back to the beginning of the last century
when Wood observed the anomalous light diffraction on a metallic diffraction grating, a
phenomenon later proved to be correlated with the excitation of electromagnetic waves on the
surface of the diffraction grating [16]. The plasmon generated from the collective oscillation of
the free electrons can be described by the classical Maxwell’s equation. We can treat the
plasmon as the mechanical oscillations of the electron gas of a metal resulted from an external
electric field. For the bulk system with size larger than the wavelength of the incident light,
the oscillations occur at the plasma frequency with the energy:

(1)

where 1 denotes the electron density, ¢ is the electron charge, m is the electron mass, and ¢,
represents the permittivity of free space.

Under this circumstance, the oscillations of electrons are simply called surface plasmons.
Surface plasmons can be excited through incident light. A light can couple with a surface
plasmon at a metal-dielectric interface only if the incidence angle meets the criteria, because
the wavevector of the incident light should accord with the propagation constant of the
plasmon so that the oscillating electric field of the incident light is capable of exciting surface
plasmons. The application of surface plasmon is therefore limited.
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Figure 1. Illustration of the excitation of localized surface plasmon resonance [17].

However, when a surface plasmon is excited at the surface of a metallic nanoparticle with the
size comparable to the wavelength of light, the free electrons are confined and take parts in
the collective oscillations. This kind of oscillation is thus termed as localized surface plasmon
(LSP), with the oscillation shown in Figure 1. Since the oscillation is collective, the LSP has
taken advantage of significant enhancement at the surface. It is worth noticing that the
magnitude of the field attenuates drastically with the distance to the surface of the nanoparticle.
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Moreover, the size of nanoparticle makes the frequency of LSP, which also depends on the
refractive index of the medium, at visible wavelengths for noble metal nanoparticles.

Since the size of nanoparticle is comparable to the wavelength of light, the Mie theory for light
scattering would be considered. Through the analytical solution to Maxwell’s equation in the
Mie theory, the scattering, extinction, and absorption cross sections are solved as

Co =223 (2N +1) (] +]1 ) @
k™ N

C..=2Z3 (2N +1)Re{a, +,} 3)
k N=1

Cabs = Cext - Csca (4)

where k is the incident wavevector, N is an integer representing the dipole, quadrupole, and
higher multipoles of the scattering, 4, and b, are the parameters represented by the Riccati-
Bessel functions ¢; and &; expressed below:

a,= (5)

(6)

n
m=— (7)
n

where n, is the complex refractive index of the metal utilized and is equivalent to n,+in;, n,, is
the real refractive index of the medium, and x equals to k,,r (r is the radius of the particle, k, =27t/
A, indicates the wave number in the medium).

To simplify the equation, Riccati-Bessel functions can be approximated by power series if we
assume the nanoparticle is much smaller compared to the wavelength (i.e., x<<1). By
truncating terms after the order of x°, we have

i2x® m* -1
a, = - 2
3 m- +2
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b, ~0 ©)

The real part of a, required to calculate the cross section of extinction can be found by replacing
n_+in,

m = into a; as

m

i2x’ m*~1 _ i2x’ n’-n’+i2nn,-n,’
2 - 2 2, - 2
3 m"+2 3 n°—-n/+i2nn,+2n, (10)

a, = —

Further substituting the dielectric function of metal with the complex form

g,=¢&+ ic, (11)
& = an - ni2 (12)
& =2nn, (13)

and replacing the dielectric function of medium, ¢, = n,2 will result in the following relation
as

i2x® &’ +e¢e, - 3¢,6, +&,"—2¢°

' 3 (6, +¢, )2 +e,’ (14)

Substituting the above equation into the extinction cross section and only taking the dipole
term, we can get the most quoted expression for LSPR as

3

_ 187,V £,(2)
ext A [gl(ﬂ)+2gm]2 +5,(2)

(15)

In here, V represents the volume of the particle. Similarly, the scattering cross section can be
expressed as

2
4 2772 2
34x's 2V (6,—¢.) +&,

C
“ At (81 +2¢ )2 +&,”

(16)
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Because we supposed that the nanoparticles are small enough to use the approximation, the
equation above would be strictly applied to particles with diameter smaller than 10 nm.
Nevertheless, it is noteworthy that the expression will give certain accuracy for larger particles
as well [18].

The functional form of the LSPR peak wavelength is dependent on the dielectric function of
the medium [19], and the dependence can be derived by the following access.

The frequency-dependent dielectric constant for ¢; according to the Drude model of the
electronic structure of metal would be

g =1-—2 (17)

in which w, denotes the plasma frequency and y represents the damping parameter of the bulk
metal. It is notable the Drude model is a classical model of electronic transport in conductors
and describes the collisions between freely moving electrons and the lattice of heavy, stationary
ionic cores. The model is a very good approximation for the conductivity of noble metals. For
visible and near-infrared frequencies, where Yy <Lw,, the above relation would be reduced to
the following form as

0]
f=1-—1 (18)

Substituting the above expression for ¢; and setting ¢, = —2¢,, as the resonance condition, we
can obtain the maximum peak of the LSPR frequency as

a)P
O = ——— (19)

" e, +1

Because the relation between frequency and wavelength is denoted as A=27tc/w, the wavelength
of LSPR can be expressed after replacing the dielectric constant with the refraction ¢,, = n*

A = ApJ21,7 41 (20)

in which A, is the peak wavelength of LSPR while A, represents the corresponding wave-
length to the plasma frequency of the bulk metal.

Because the nanoparticles generating LSPR are generally not strictly spherical, Richard Gans
further complemented the Mie theory to spheroidal particles of any aspect ratio in the small
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particle approximation. The absorption cross section for a prolate spheroid (nanorod structure)
is found analogous to that of the spherical nanoparticles, as

2
Cabs - %gmivz (1/P] )82 2
, 1-P)e (21)
& +7( ]) i
1 P 2

]

The sum over j infers to the three dimensions of the nanoparticle. P; denoting the depolarization
factors has three components, P, Py, and P, along each axis. For a prolate spheroid with aspect
ratio A > B =C, the depolarization factors alter the dielectric constant ¢, and ¢, anisotropically.
Therefore, the corresponding LSPR peak frequencies are different at different directions. The
depolarization factors are expressed as

1-¢*| 1, (1+e
p, - ERMN LA ]
el Le (1—ej } @2)
1-P
Py=Py=—* (23)

where e is the ellipticity factor that includes the particle aspect ratio R:

()¢

The extinction spectrum resulting from nanorod has two peaks, one corresponding to the

transverse plasmon mode and the other corresponding to the longitudinal plasmon mode
(Figure 2).

For example, the absorption spectra of nanoparticle with different aspect ratios have been
simulated, and it is shown that the increase of aspect ratio would dramatically increase the
wavelength. From the result by EL-Sayed et al., the maximum peak of longitude plasmon band
displayed red shift from 650 to 800 nm after altering the ratio aspect from 2.6 to 3.6 [21]. For
nanoparticles beyond these spheres and spheroids, particle shape plays a significant role in
determining the LSPR spectrum.

The plasmonic spectrum would also rely on many other factors, such as the local medium
surrounding. The LSPR wavelength shift is in accordance with the refractive index change and
follows the relation as
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Figure 2. An illustration of LSPR excitation for prolate spheroid. The discrepant oscillation of electrons at longitudinal
and transverse plasmon bands results in different plasmonic spectra [20].

AL = mAnl:l - exp(%dﬂ (25)

where m represents the sensitivity factor (measured in nm per refractive index unit), An is the
change of the refractive index, d indicates the effective thickness of the absorbed layer, and I,
denotes the characteristic electromagnetic field decay.

The complication of LSPR contributes to its potential applications only if we have gained a
thorough understanding. Currently, there are several numerical methods for simulation of
LSPR occurring at the surface of nanoparticles, including finite-difference time-domain
(FDTD), discrete dipole approximation (DDA), and finite element method (FEM) [15]. An
example of FDTD simulation will be illustrated in Section 5.

3. Fabrication of nanoparticles

The extensive studies on the fabrication of nanoparticles have promoted the potential appli-
cation of LSPR. A reliable and reproducible synthesis method of nanostructures is the basis
for LSPR detector. While the spherical nanoparticle of a noble metal is most readily prepared,
it takes efforts to fabricate other desired structures. Several ways to fabricate desired nano-
structure are illustrated in this section [22].
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3.1. Citrate reduction

Citrate reduction is the most widely applied method for producing nanoparticles. The delicate
addition of a calculated amount of citrate solution into the boiling metallic salt (such as
HAu(l,) solution generates solutions containing nanoparticles. The size of the nanoparticle
would be controlled through the ratio between the citrate and the gold salt, the reaction
temperature, and the reaction time [23]. The simplicity of these reductions makes it the most
popular method to form nanoclusters.

3.2. Electrochemical method

The preparation of high yield of nanoparticles was initially proposed through applying an
electrochemical method which can produce both nanocluster and nanorod structures [24, 25].
While preparing the cluster structure is easier, the nanorod structure was first synthesized
through this method by Wang et al. in the late 1990s [26]. The synthesis of nanorod was carried
out using a two-electrode-type electrochemical cell containing a gold metal plate as the
sacrificial anode and a platinum plate as cathode and the electrolytic solution containing a rod-
inducting cationic surfactant cetyltrimethylammonium bromide (CTAB) and a cationic co-
surfactant tetradodecylammonium bromide (TCAB). During the electrolysis, the gold metal
anode was oxidized into AuBr, and subsequently formed complexes with the cationic
surfactants. The gold nanoparticle was generated through the reduction process after the
complexes migrated to the cathode. In order to control the aspect ratio, a silver plate was placed
in a position behind the platinum cathode. The aspect ratio was found to be dependent on the
concentration and the release rate of the silver ions.

3.3. Electron beam lithography method

Electron beam lithography method is another common way used to generate metallic nano-
structures. This method takes advantage of the precise control of the size, shape, and spatial
distribution of the nanoparticles synthesized [27, 28]. Nevertheless, the lithography applied in
this method makes it highly time-consuming owing to the small region processed.

3.4. Seed-mediated growth method

For the synthesis of nanostructure with specific aspect ratio, the seed-mediated growth method
is the most used and has been extensively utilized [29, 30]. The method possesses merits such
as the simplicity of the experiment, the high yield and high quality of produced nanorods, the
convenience of size control, and the flexibility in structural modifications [31]. Lately, nano-
structures such as 2D gold nanorings [32], composite core-shell nanorod [33], and branched
gold nanodendrites [34] have been reported applying this experimental approach.

The seed-mediated growth method for nanorod structure was initially demonstrated by Jana
et al. [35]. In their early experiment, the seed solution was prepared by the reduction of gold
salt (HAuCl,) with NaBH, in the presence of sodium citrate. The produced nanoparticles
usually have a diameter of 34 nm and were used as the seeds by being added to the so-called
growth solution, which was composed of HAuCl,, cetyltrimethylammonium bromide (CTAB),
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ascorbic acid, and AgNO;. The latter three compositions acted as the template, the reducing
agent, and the shape induction agent, respectively. The nanoparticle can subsequently grow
into various aspect ratios by controlling the ratio of seed solution to the growth solutions.

The method was further improved later by the same group to obtain larger aspect ratio [36].
The seed and the growth solutions were prepared similarly except for adding AgNO,. After
adding the seed solution to the growth solution, the generated nanostructure was again used
as seed with a repeated step. Despite nanostructures with larger aspect ratio acquired, by-
products resulted from the reaction become significant, and more difficult purification
processes are required in this process [37].

Based on the prototype, a wealth of significant improvements has been thereafter accomplish-
ed. For example, Nikoobakht et al. synthesized high-quality and high-yield nanorods by
replacing the sodium citrate and adjusting the concentration of silver ions [38]. Ye et al.
employed aromatic additives and a low CTAB concentration to achieve a broadly tunable
localized plasmon band with higher purity [39].

Above all, mastering nanostructure is becoming more and more feasible, which has signifi-
cantly advanced the applications of LSPR in molecular spectroscopy.

4. Nanoparticle LSPR sensor and detector

There are a wide variety of designs of LSPR detectors because the LSPR is more readily to be
excited compared to the surface plasmon on a planar surface. The LSPR detector can be
typically designed as either substrate-based or solution-based. We will hereby introduce three
most widely studied structures: chip-based, optical-fiber-based, and solution-phase-based.

4.1. Chip-based LSPR sensor and detector

The chip-based LSPR detector can be fabricated by immobilizing nanostructures on the surface
of a substrate, such as a glass slide and cover slip. The detector chip is easily achieved when
nanostructures are produced through electron beam lithography technique or are grown on
the substrate.

If the nanoparticles are produced in solution, such as citrate reduction, they can be immobilized
on the surface through electrostatic force [40]. For instance, a clean glass substrate can be coated
with polyelectrolyte that shows opposite charge to the surface charge of the generated
nanoparticles. The charged substrate is subsequently immersed into the nanoparticle solution
to attract nanoparticles by electrostatic force. However, the LSPR detector prepared in this way
suffers from poor stability and poor uniformity.

Another method is based on the SAM technique [41]. A clean substrate is dipped into an
alkylsilane solution, such as MPTMS, to form a thiol-terminated silane membrane on the
surface. The silanized substrate surface would subsequently form covalent bonds with single
layer of nanoparticles.
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4.2. Optical fiber-based LSPR sensor and detector

Optical fiber-based LSPR detector is typically fabricated by immobilizing nanoparticles on the
decladed fiber core of a multimode or single-mode optical fiber [42, 43]. Optical fiber-based
LSPR detector shows advantages such as small sample volume, simple optical design, and
minor electromagnetic interference [44].

4.3. Solution-phase-based LSPR sensor and detector

Solution-phase-based LSPR detectors are the nanoparticles suspended in solution rather than
immobilized on a substrate, which makes the detection process of analytes inside the solution
[45]. During the detection, the functional molecules should mix evenly with the nanoparticle
solution and be closed enough to the surface of nanoparticles because of the decaying electric
field.

5. LSPR-enhanced molecular spectroscopy

The utilization of localized surface plasmon resonance to enhance molecular spectroscopy has
achieved prodigious enhancement factors. Applications of surface plasmon polariton include
enhanced Raman spectrum [46], enhanced fluorescence [47], enhanced optical nano-devices
[48], etc. Examples of the related experimental achievements are introduced and further
elucidated through theoretical modeling applying Maxwell’s equation.

5.1. Metal-enhanced fluorescence spectroscopy detecting polycyclic aromatic hydrocarbons

Qil spills are the major sea pollutants originating from tankers, offshore drilling rigs, etc. [49].
Spilled oil is toxic to living organisms, and even one spill oil would cause large mortality in
the marine ecosystem [50]. The monitor of the water quality is crucial and demands trace
amount detection technique. Polycyclic aromatic hydrocarbons are a major component of
crude oil and would be selected as the surveillance target.

The easy-to-handle fluorescence spectroscopy is enhanced by LSPR during the detections of
crude oil [51]. The silver nanoparticle solution was prepared with the citrate reduction method
shown previously. The glass-based detector was prepared by (3-aminopropyl)trimethoxysi-
lane-coated quartz substrates. Through the SEM image, an average grain size of 80 nm was
analyzed over 200 particles, as shown in Figure 3(a). The characteristic absorption spectrum
of the silver nanoparticles has its peak at 405 nm as displayed in Figure 3(b), resulting in LSPR
at the surface of the silver nanoparticles.

The fluorescence spectrum of artificial diesel oil polluted seawater emulsions was measured
in the presence and in the absence of the glass-based nanoparticles, as shown in Figure 3(c). It
is distinct that the maximum peak is enhanced with the intensity rising from 6 x 10* to more
than 30 x 10%, indicating an enhancement factor of 5.44.

393



394  Applications of Molecular Spectroscopy to Current Research in the Chemical and Biological Sciences

1.09

(b)
__ 0.8
3
8
= 0.6
2
B
5 0.4
£
0.2
0.0 T T T
400 600 800
Wavelength (nm)
© X feh =
30
40 —
3
© —0.6
~ 20 —_
2 a E o
2 -
0] —0.4
E 4]
0

T T T 1
400 440 480 520
Wavelength (nm)

0.0

-30 10 50

x (nm)

Figure 3. (a) SEM image shows the structure of the applied silver nanoparticles, (b) the absorption spectrum of silver
nanoparticles at room temperature, (c) fluorescence spectra of diesel oil emulsions in artificial seawater before and af-
ter enhancement (emitted at 355 nm), and (d) the electric field enhancements of silver nanoparticles at 355 nm.

To understand the enhancement, the electric field effect could be modeled through FDTD
method, as shown in Figure 3(d) with the near-field plotted. During the simulation, the
excitation field is incident in the positive x-direction and polarized along the z-axis. The dipole
resonance mode is the key to the enhancement in this case, which explains the enhanced
fluorescence is resulted from the increased electric fields.

5.2. Enhanced Raman scattering

The enhancement effects of LSPR on Raman spectroscopy are generally attributed to the
presence of hot spots on the rough particle surface, but there are more factors involved during
this process, such as the complicated intraparticle coupling [52, 53]. Combined experiments
and simulations are performed to interpret this issue.

The silver nanoparticles on quartz substrates were first synthesized through citrate reduction
and applied to enhance the Raman spectrum of methylene blue. From the obtained spectra
shown in Figure 4, it is obvious that the involvement of LSPR improves the resolution, where
characteristic vibrational peaks are distinctly displayed. The enhancement factors are
3.2 x 10° and 1.3 x 107 for SERS excited by a 514.5 nm Ar-ion laser and a 785 nm diode laser,
respectively. Since the nanoparticles were attracted by (3-aminopropyl)trimethoxysilane with
SAM method, itis estimated that they lay as one layer instead of taking the form of aggregation.
However, it is notable that the enhancement factor was higher than theoretically estimated for
spherical particles [54]. More sophisticated explanation should be accounted.
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Figure 4. (a) The Raman spectra of methylene blue excited by 514.5 nm in the absence (black) and the presence (red) of
SERS substrates and (b) the Raman spectra of methylene blue excited by 785 nm in the absence (black) and the pres-
ence (red) of SERS substrates.

SEM image shown in Figure 5(a) indicates that the submicrometer silver particles are flower-
like with distinct surface protrusions. The average diameter of the silver particles is analyzed
to be about 500 nm. Three-dimensional finite-difference time-domain (FDTD) method was
employed to calculate both far- and near-field optical properties of the submicrometer silver
particles. The control structure, i.e.,, the smooth spherical structure, and the mimicking
structure, i.e., alarge particle (D =400 nm) with 26 small spherical particles (D =100 nm) evenly
distributed on the exterior surface, were modeled.
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Figure 5. (a) The SEM image of rough submicrometer silver particles. Scale bar: 100 nm. (b) Schematic diagram of the
rough submicrometer silver particle model. The 26 small peripheral particles were submerged into the large core parti-
cle, effectively generating many hemispheres on the surface. (c) Calculated extinction, absorption, and scattering spec-
tra of the smooth silver particles model. (d) Calculated extinction, absorption, and scattering spectra of the rough silver
particle model.
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The characteristic spectra of both models are illustrated in Figure 5(c) and (d). It is noteworthy
that the extinction spectrum of the smooth particle shows featured bands originated from
dipole resonance (ca. 800 nm) and higher-order multipole resonances, such as quadrupole
resonance (ca. 620 nm), while the featured band of rough particles located at ca. 800 nm. The

dipole field at the surface of rough particles is intensified through scattering. The augmented
enhancement factor at 785 nm in the SERS spectrum is thus interpreted.

Understanding the wavelength dependence of SERS requires the distribution of electric fields
of metal particles, as shown in Figure 6. The different electric distributions at different
wavelengths for the smooth surface point out that the enhancement effect under the shorter
wavelength (514.5 nm) originates from the multipole effect, while the longer wavelength
(785 nm) is resulted from the dipole effect. The electric distribution for the rough surface

denotes the prominent near-field enhancement at the rough surface because of a more localized
distribution of the particle’s conduction electrons.
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Figure 6. The distribution of electric fields around the silver particle model through FDTD calculation. The excitation
field is incident in the positive z-direction. (a) and (b) The smooth silver particle model excited by 785 and 514.5 nm,
respectively. (c) and (d) The rough silver particle model excited by 785 and 514.5 nm, respectively.

Further verification of the theoretical computed electric field is accomplished through near-
field scanning optical microscopy (NSOM), which can measure the intensity distribution of
optical fields of the rough submicrometer silver particles on a quartz slide, as shown in
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Figure 7. The rough submicrometer silver particle shows a strong optical field distribution,
shedding light on the stronger enhancement factor.

Figure 7. The measured intensity distribution of optical fields on the surface of nanoparticles by NSOM under 785 nm
excitation. (a) Rough submicrometer silver particles and (b) spherical silver nanoparticles.

In order to illustrate the enhancement of electric field with a formula, the total electric field
) of LSPR is accounted as the sum of radiation field produced by LSPR of the core

—_

(E Total

particle E ,) and the peripheral particles (Fi), as

E=E +Y x(r)E (26)

where x/(r;) is the weighing factor for the ith peripheral particles at r;.

Based on the equation of the radiation field produced by the dipole resonance, the constant
phase difference could be found for the radiation waves of large core particle and small

peripheral for a direction r (R cos 0,). Electric field from the core particle E ,) and the peripheral

particles (fi) can be demonstrated and E\T ota] CaN be rewritten as

2 .
EO = Meikf (27)

4me,r

_ Kk*Psi ,
Ei = L(a)elk(fﬂ?cosai) (28)

dme,r

2
ETotal
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where ¢, represents the permittivity of vacuum, P, denotes the dipole moment of the large core
particle, k expresses the wave number of the radiation field, and «a is the angle between the
incident and radiation fields. The effect of the roughness of the surface would be described by
different induced dipole moments, as

P=E -2 ° (30)

In here, a is the radius of the particle, E,, represents the incident electric field, and ¢,, and ¢,
denote the relative permittivity of the particle and the surrounding medium, respectively. The
dependence of dipole enhancement with the grain is thus illustrated. A more distinct demon-
stration can be achieved by simulation through controlling the different sizes of peripheral
particles, as shown in Figure 8, which indicates the enhanced induced dipole moment with
larger peripheral particles.

x10° "3
8.0 "
€ 751
c
L 70
(& ]
g /
2 6.5 1 <
o
3)
6.0 -
55 1 L] I L 1 L] | v | L T L 1 L

20 25 30 39 40 45 50
radius (nm)

Figure 8. Enhanced dipole mode of LSPR with the increasing radius of the peripheral particles.

The effects of a rough surface are thus thoroughly studied combining experiment and
theoretical calculation. The enlightening result indicating how small particles affect the
enhancement factor helps further design more advanced nanoparticle detectors.



Enhanced Molecular Spectroscopy via Localized Surface Plasmon Resonance
http://dx.doi.org/10.5772/64380

6. Conclusion

The localized surface plasmon resonance taking advantage of easy excitation is becoming
increasing popular in the application of molecular spectroscopy, which has improved the
resolution of spectroscopy and makes detection limit as low as femtogram. As we show in this
chapter, there are numerous techniques to synthesize the desired nanostructures nowadays,
and LSPR derived from those nanoparticles has demonstrated considerable enhancement
factor to improve the applicability of molecular spectroscopy involving fluorescence, the
Raman scattering, etc. On the one hand, it is to design better nanoparticles that arise localized
surface plasmon; on the other hand, the mechanism of resulting electric field on the surface of
nanoparticle needs to be accounted for different nanostructures. The multifactor-determined
LSPR can now be currently elaborated through FDTD method. The joint experimental data
with theoretical perspective are beneficial for a better understanding of the characteristic of
LSPR and the resulting enhancement factor. Further intensive studies on LSPR combining
experiments and modeling will broaden the application of LSPR and favor spectroscopies at
molecular precision.
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