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Abstract. This work presents the simulation of localized surface plasmon resonance (LSPR) prop-
erties for two discrete shapes of gold nanoparticle (AuNP) (i.e spherical AuNPs with diameters
smaller than 100 nm and triangular AuNPs from 20 nm to 40 nm side length and 8 nm thick).
The optical properties of AuNPs have been investigated by using the boundary element method
implemented in the MNPBEM toolbox. The dependence of the electric field (E-field) distribution
and extinction properties on tunable parameters such asAulNPs size and inter-particle separation,
as well as the surrounding medium were investigated showing the sensitivity of upto 270 nm/RIU.
Mapping of the confined regions in which a local E-field enhanced (i.e hotspot) was also presented.
The simulated results revealed a highly geometry-dependent LSPR property that can be used to
guide the design of plasmonic AuNPs-based light-harvesting systems for potential applications
such as sensing, photocatalysis, surface-enhanced Raman scattering (SERS) and imaging.
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I. INTRODUCTION

Nanosized metallic particles known as plasmonic nanoparticles (NPs) have been of great
interest due to their ability to efficiently trap photons through localized surface plasmon resonance
(LSPR) properties. Classically, when a metallic NP is irradiated by light, the oscillating electric
field causes electrons to oscillate coherently. The electric field of the light interacts with free
electrons in the NPs, leading to charge separation between free electrons and the part of ionic
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cores. The Coulomb repulsion among free electrons acts as a restoring force pushing free electrons
to move in the opposite direction. It then results in the collective oscillation of electrons around the
NPs [1-3]. In case that the frequency of these confined oscillations matches that of irradiated light,
electrons oscillate resonantly with a maximum magnitude, resulting in the occurrence of strong
absorption in the visible to the near-IR range, as known LSPR [4]. Thanks to this phenomenon,
the interaction between light and matter could be optimized in the confined volume that is below
the size of diffraction. The light energy therefore can be concentrated in a tiny volume where the
electromagnetic field is greatly enhanced [5]. This interesting phenomenon opens a new efficient
technique to extend the capability of using LSPR at the nanoscale over the macroscopic area.

Among noble metals, gold has attracted widespread interest because of its strong extinc-
tion part of the dielectric function [6]. For spherical Au nanoparticles (AuNPs), it was found
that their plasmon absorption bands are located in the visible region, thus particularly feasible for
many applications operating under the excitation of available sources such as lasers and LEDs.
Moreover, AuNPs possess unique intrinsic properties, such as biocompatibility, high chemical
stability, convenient surface modification with organic and biological molecules. These remark-
able behaviors of AuNPs make them a promising candidate for LSPR-based sensing [7-10], the
analysis of traced analytes by Surface-Enhanced Raman Spectroscopy (SERS) [11], photothermal
therapy [12], light-harvesting applications [13].

For the sensing applications, the mechanism of detection relies on the modulation of LSPR
signal recorded, which principally due to the change in size, shape, and reflective index of the
surrounding medium around AuNPs. So that, maximizing the modulation of the LSPR signal is
a strategy to develop an ultra-highly sensitive surface for sensing application [14, 15]. To do so,
SERS sensors based on the different AuNPs-shaped including flower-shape [16], nano-island [17]
have widely been developed for the rapid detection of analytes.

Putting two NPs close to each other, the electric field in the tiny gap between them becomes
enhanced. This region is thus named hotspot. Light-matter interaction reinforces in this confined
region [4, 18-24]. It is therefore expected to improve the sensing performance. Recently, it was
experimentally shown the formation of plasmon-induced “hotspots” at NPs vicinity wherein the
electric field was found to strongly localize [1,13,25]. Accordingly, it is crucial to have a system-
atical investigation of the behavior of this hotspot area at various light wavelengths, inter-particle
distances, and the medium surrounding the particles. To this aim, the simulation approach is
considered to be useful because it is feasible for mapping plasmon-enhanced optical near field.
This technique allows to visually show the hotspot region. It thus helps to investigate the energy
conversion from light to chemical energy [26, 27].

In this paper, we present simulation results for the LSPR characteristics of spherical AuNPs
and triangular AuNPs with an average size below 100 nm. The effect of the particles’ shape, size
as well as the surrounding medium, and the polarization of incident light, the inter-particle sep-
aration distance between NPs were examined. The extinction/scattering cross-sections of these
AuNPs were numerically calculated to map the plasmon-enhanced electric field region. We also
estimated the sensitivity of these AuNPs in the order of several hundred nm/RIU when considering
surrounding media of air, water and toluene present their potentials for biosensing applications.
The resonance shifts the near-field enhancement of the AuNP dimers were analyzed and presented
in this paper. The simulation results would bring a convenient way to decide the optimal parame-
ters for the fabrication process of these AuNPs.



LUONG LAM NGUYEN et al. 371

II. PLASMON EXCITATION ON SPHERICAL GOLD NANOPARTICLES

I1.1. Effect of size on the plasmonic behavior of single spherical gold nanoparticles

For spherical metallic NPs with a size much smaller than the wavelength of light, the Mie
solution to Maxwell’s equations can be used to describe the light absorption caused by LSPR [5,
28]. According to the Mie theory, for well-separated spherical NPs with a volume V, the extinction
cross-section, Ceyt, can be expressed as
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where &, is the dielectric constant of the surrounding medium, & and & are a real and an imaginary
part of the dielectric function of the metallic NPs, respectively. As indicated by equation (1) and
(2), the plasmon absorption band appears when & = —2¢,, and the color of the spherical NP is
observed accordingly.

Here, different sized spherical AuNPs are excited by x-polarized light with wavelength
varying from 400 nm to 800 nm in the surrounding medium of air in order to examine their optical
response by calculating the extinction cross-section. The calculated extinction (scattering and
absorption) cross-section of spherical AuNPs with a diameter in the range of 30 nm to 100 nm as
a function of incident light wavelength is depicted in Fig. 1 (a). It is well noted that the extinction
cross section increases with respect to the increase of the particle’s size, which follows Eq. (1) or
Mie theory [5,28]. In addition, the extinction peak wavelength shifts to the longer wavelength,
while the full width at half maximum is broader when the diameter of the particle increases because
of the electromagnetic wave retardation [29, 30].

Figure 1(b) presents the electric field distribution of the isolated spherical AuNP with a
diameter of 80 nm illuminated by the extinction peak wavelength, i.e. 548 nm wavelength x-
polarized light. The field enhancement is localized around the particle and is strongly distributed
in the x-direction corresponding to the x-polarized incident light. The x-component of the electric
field shown in Fig. 1(c) also exhibits the dominant localization along with the light polarization.
Therefore, the tight localization of the electric field induced by LSPR makes AuNPs highly sensi-
tive to the small change in the surrounding refractive index.

Figure 2 exhibits the optical responses of the spherical AuNPs with a diameter in the range
of 10 nm to 100 nm, being excited by x-polarized light in different surrounding media, i.e. air
(black solid curve with diamonds), water (red dotted curve with circles), and toluene (blue dashed
curve with triangles). In a particular medium, the resonant scattering peak increases linearly with
the size of spherical AuNPs, the same behavior of the extinction depicted in Fig. 1. Besides,
the scattering peak shifts to longer wavelength as the refractive index of the surrounding medium
increases from the air (n = 1) to water (n = 1.344) and toluene (n = 1.49). The sensitivity (S = %)
can be estimated of several hundred nm/RIU, i.e., at approximately 160 nm/RIU for the 80 nm
diameter spherical AuNPs. This redshift is attributed to the delayed plasmon resonance [31].
Moreover, the bigger the spherical AuNP, the greater sensitivity to the immersing environment,
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this performance is in good agreement with previous observation [32]. This property of spherical
AuNPs is the basis for biosensing applications.
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Fig. 1. (Color online) (a) Extinction cross section for different spherical AuNPs with
diameter ranging from 30 nm to 100 nm excited by x-polarized light in the range of 400-
800 nm wavelength, Distribution of (b) electric field magnitude and (c) x-component of
the electric field for an 80 nm diameter spherical AuNPs excited by a 548 nm x-polarized
light in the surrounding medium of air.
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Fig. 2. Evolution of peak wavelength of scattering effect for different size of spherical
AuNPs with diameter ranging from 10 nm to 100 nm in the surrounding medium of air
(black solid curve with diamonds), water (red dotted curve with circles) and acetone (blue
dashed curve with triangles).



LUONG LAM NGUYEN et al. 373

I1.2. Effect of light polarization and inter-particle separation on the plasmonic behavior of
spherical gold nanoparticle dimers
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Fig. 3. (a) Electric field distribution and (b) x-component of electric field for a spherical AuNP excited
by a 650 nm x-polarized light. Electric field distribution of a spherical AuNP dimer excited by a 650 nm
(c) x-polarized light, (d) y-polarized light in the surrounding medium of water. The diameter of the
spherical AuNP is 80 nm and the inter-particle separation is 10 nm.

When two spherical AuNPs are in the vicinity, the E-field is confined in the gap of the dimer
and the polarization of incident light determines the orientation of the field strength. Here, 80 nm
diameter spherical AuNPs immersed in water are injected by a 650 nm wavelength light in differ-
ent polarizations. Figures 3(a) and 3(b) show the distribution of electric field magnitude and the
x-component electric field of a single spherical AuNP excited by a 650 nm wavelength x-polarized
light. The electric field profiles obviously align along the x-polarization of light with lower inten-
sity compared with those excited by a 548 nm wavelength (the peak wavelength) as depicted in
Figs. 1(b) and 1(c). Due to the radial symmetry of the sphere, the polarized light excitation has
no effect on the induced electric field strength. Whereas the polarized light has strong influence
on both the orientation and the strength of the induced electric field in the spherical AuNP dimer.
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Figs. 3(c) and 3(d) present the electric field distribution of the spherical AuNP dimer excited by
x-polarized and y-polarized lights in which the inter-particle separation between two AuNPs is of
10 nm.

The difference in electric field distribution for two light polarizations is caused by the direc-
tion of localized oscillation of conduction electrons. In the case the incident light is x-polarized,
the conduction electrons only oscillate and generate the induced electric field on the two sides of
the particles parallel to the x-axis (as depicted in Figs. 3(a), 3(b)). When the distance between
two isolated spherical AuNPs decreases to a specific distance, the E-field induced satisfies the
interference condition, which results in the creation of*hotspot”, i.e. the region where the electric
field is strongly enhanced. The E-field intensity at the“hotspot” is much larger than that of isolated
spherical AuNPs. On the other hand, with the irradiation of y-polarized light, the E-field formed
around the AuNP dimer distributes mainly parallel to the y-axis (as shown in Fig. 3(d)). This
result thus demonstrates the dependence of the plasmonic properties of these spherical AuNPs on
the incident light polarization.
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Fig. 4. (a) Scattering cross section for an 80 nm spherical AuNP dimer as a function of the inter-
particle separation x: x = 5 nm (black solid curve), x = 15 nm (red dash-dotted curve), x = 25 nm
(blue solid curve), x = 35 nm (yellow dash-dotted curve), x = 45 nm (violet solid curve) (b) The de-
pendence of ‘hotspot” intensity on the inter-particle separation for different size of spherical AuNPs
from diameter of 20 nm to 80 nm, excited by the 650 nm wavelength x-polarized light in the sur-
rounding medium of water.

Figure 4(a) presents the scattering cross section of an 80 nm diameter spherical AuNP dimer
while varying the inter-particle separation between two NPs from 5 nm to 45 nm. The blueshift
of scattering peak wavelength and the decrease of scattering cross section are observed as the
inter-particle separation increases. This may result from the weaker interaction between the two
spherical AuNPs when they get further to each other. As the two AuNPs come closer to each other,
the conduction electrons near each particle surface become delocalized and are shared amongst the
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neighboring particles. At this state, the scattering peak shifts to longer wavelengths. In order to
examine properly the critical inter-particle distance, the intensity of the E-field at the “hotspot” as
a function of the inter-particle separation has been investigated and is depicted in Fig. 4(b).

Figure 4(b) describes the evolution of the intensity of the“hotspot” of the spherical AuNP
dimer with a diameter ranging from 20 nm to 80 nm as a function of the inter-particle separation
from 5 nm to 45 nm, excited by the 650 nm wavelength x-polarized light. The*“hotspot” intensity
of these spherical AuNP dimers decreases dramatically in the range of 5 nm to 15 nm and slowly
decreases until the inter-particle distance is 45 nm. When the two spherical AuNPs are quite
close, e.g., 5 nm, the incident light excites the oscillation of conduction electrons which generates
the intrinsic induced electric field and it also forms the optimal condition for electrons to tunnel
across the region between two AuNPs. However, when the inter-particle separation gets larger,
the induced electric field of these spherical AuNPs can’t interfere anymore thus the“hotspot™ in-
tensity decays. When the inter-particle separation is larger than 15 nm, i.e., the critical distance,
the*hotspot” intensity becomes saturated. This result indicates that the two 80 nm diameter spheri-
cal AuNPs now become isolated when the inter-particle separation reaches 15 nm. In this situation,
the electric field in the region between two NPs is not enhanced by the interference of the induced
electric field of each NP. Besides, the larger the size of spherical AuNPs, the higher the intensity
of the “hotspot” which can be explained by the larger amount of the conduction electrons in cor-
responding spheres. The evolution tendency of the“hotspot” intensity in the two spherical AuNPs
depends on the size of the NPs. The “hotspot” intensity has steeper slope for larger NPs, however,
when the inter-particle separation is beyond the critical distance, the size has negligible effect and
the*hotspot” intensity becomes small and similar for different sizes of AuNPs.

III. PLASMON EXCITATION ON TRIANGULAR GOLD NANOPARTICLES

III.1. Plasmonic behavior of single triangular gold nanoparticles

In order to evaluate the shape effect on the plasmonic behavior of AuNPs, we report here
the optical response of the single equilateral triangular AuNPs or nanoprisms in different environ-
ments. The considered equilateral triangular AuNPs have the side length in the range of 20 nm
to 40 nm while the thickness is chosen at 8 nm. Fig. 5(a) depicts the evolution of scattering peak
wavelength of these AuNPs excited by x-polarized in air (n = 1), water (n = 1.34) and toluene
(n = 1.49). When the side length increases, i.e. the size of NPs gets bigger, the scattering peak
wavelength also shifts to the longer range. In addition, the redshift of the LSPR occurs when the
refractive index of surrounding medium increases linearly in the same manner as observed in the
case of spherical AuNPs. The sensitivity can be extracted up to 270 nm/RIU, these results thus
reveal the potential of exploiting these triangular NPs for sensing application.

The dependence of the plasmonic behaviors of these triangular AuNPs on the polarization
of incident light is demonstrated in Figs. 5(b)-5(e). Fig. 5(b) presents the E-field distribution of
the 30 nm side length and 8 nm thickness equilateral triangular AuNPs excited by a 650 nm x-
polarized light in water. In this case, the field is reinforced at the edge of the AuNP as shown
by the x-component electric field distribution in Fig. 5(c). While the induced filed is enhanced
surrounding two edges along y-axis if the excited light is y-polarized as shown in Fig. 5(d) for the
electric field distribution and Figure 5(e) for the x-component profile of the electric field. As the
light polarization changes from x-polarized to y-polarized, the magnitude of the electric field in
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Fig. 5. (a) Evolution of peak wavelength of scattering effect for different size of equilateral triangular
AuNPs with size length ranging from 20 nm to 40 nm while the thickness is fixed at 8 nm in the surrounding
medium of air (black solid curve with diamonds), water (red dash-dotted curve with circles) and toluene
(blue dashed curve with triangles). (b) Electric field distribution and (c) x-component of electric field of
a 30 nm side length and 8 nm thickness equilateral triangle excited by a 650 nm x-polarized light and (d)
Electric field distribution and (e) x-component of electric field by y-polarized light in water.
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x-component decreases. The electric field profile of the AuNPs depends on their shape and here
in this triangular AuNPs, the induced electric field is strongly confined around the edges due to
the appearance of the sharpness in the triangular AuNPs resulting in the generation of lightning
rod effect.

II1.2. Effect of gap distance on the plasmonic behavior of triangular gold nanoparticle dimers
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Fig. 6. (a) Scattering cross section for different gap distances between triangular AuNP dimers
(side length 30 nm, thickness 8 nm); (b) The evolution of scattering peak wavelength of these
triangular AuNP dimers (blue curve) and of the“hotspot” intensity (red curve) as a function of gap
distance between AuNPs varying from 1 to 10 nm excited by a 650 nm wavelength x-polarized
light in water. Insets are the electric field distribution of the 30 nm side length and 8 nm thickness
equilateral triangular AuNP dimer with the gap distance of 2 nm in water.

Figure 6(a) depicts the scattering cross section of the 30 nm side length and 8 nm thickness
equilateral triangular AuNP dimers for different gap distances between two NPs ranging from
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0 nm to 6 nm in the bowtie configuration. These equilateral triangular AuNPs are excited by a
650 nm wavelength x-polarized light in water. As the two triangular AuNPs are close enough,
the*“hotspot” occurs as a result of the interference of the induced electric field of each NPs as well
as the lightning rod effect. The scattering peak wavelength is blue-shifted as the gap distance (tip-
to-tip) increases. Especially, when the two triangular AuNPs are in contact, or the gap distance is
0 nm, the abnormal spectrum (blue curve) occurs due to the fact that the two triangular AuNPs are
now considered as one bowtie NP.

Figure 6(b) reports the dependence of the scattering peak wavelength (blue curve) and the
evolution of intensity of the“hotspot” (red curve) on the distance between the two NPs, inset
shows the electric field distribution of the triangular AuNP dimer with the gap distance of 2 nm
in xy plane and xz plane. As the gap distance increases, the scattering peak wavelength and the
intensity of the“hotspot” decrease, both observations are consistent with previous descriptions of
noble triangular nanoprisms [20]. The scattering peak wavelength decreases from approximately
800 nm down to 660 nm when the inter-particle distance continues increase from 1 nm to 10 nm.
In the same manner, the“hotspot” intensity decreases exponentially when the separation distance
between two triangular AuNPs increases. Moreover, the saturation of intensity when the gap
distance is larger than 6 nm exhibits that the two triangular AuNPs become isolated. It can be
explained due to the fact that in the bowtie triangular AuNP dimer, the“hotspot” is also affected
by the lightning rod effect.

IV. CONCLUSION

We simulated successfully the LRPR of the AuNPs in different geometrical shapes that im-
mersed in different mediums (air, water and toluene) by boundary element method (MNPBEM
toolbox). Two configurations including single AuNP and AuNPs dimers with different inter-
particle distances have been studied. The diameters of considered spherical AuNPs are smaller
than 100 nm while the equilateral triangular AuNPs have side length ranging from 20 nm to
40 nm and the thickness of 8 nm. The simulated results demonstrate the feasibility of AuNPs
for the refractive index sensing in which the sensitivity of 160 nm/RIU (for 80 nm diameter spher-
ical AuNPs) and up to 270 nm/RIU (triangular AuNP dimers) has been predicted. The effect
of the polarization of the excitation light on the induced electric field in these AuNPs has also
been investigated. The blue shift of the scattering peak wavelength and the exponential decrease
of the“hotspot” intensity as the inter-particle distance increases in the spherical/triangular AuNP
dimers have observed. The achieved results provide the guidelines to design AuNPs-based plas-
monic surface for desired applications.
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