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ABSTRACT

In this article, we present a theoretical study on localized surface Plasmon of
spherical Ag nanoparticles (NPs) done by numerical simulation. A plane EM
wave was used to determine absorption cross-section and results showed that
excitation of LSPPs produced an electric field on the surface of the
nanoparticle. This field causes a large cross sectional area that influences
higher scattering of incident photon at the surface of an absorber layer. It was
concluded that LSPPs excitations in small size spherical particles can be
utilized in low-cost solar cells to increase PCE of solar panels and can be
expanded to many other fields of optoelectronic technologies ranging from
solar cells, through photo diodes to optical bio-sensing applications.
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INTRODUCTION

A surface Plasmon was first explained in terms of spectral reflection using the Mie
theory (Petryayeva and Krull, 2011) of light scattering by a metal nanoparticles
encountering energy loss (Ritchie, 1957) by travelling electrons in metals. The term
“plasmon” describe a free oscillating electron in nanoparticles responsible for energy
loss (Mansoor et al., 2018). Energy loss in thin metal nanolayer is due surface
Plasmons. Surface Plasmons have a number of applications such as in biosensors,
solar cells (Zayats et al., 2003), IR diodes IR spectroscopy (Willets and Van Duyne,
2007) and subwavelength imaging technologies (Hu et al.,, 2006). Their Plasmon
waves propagate either along the surface of a metal layer or inside a layer either at the
interface between metal and dielectric or in small size particles comparable to photon
wavelengths (Barnes et al., 2003; Billaud, 2007). Plasmons get confined at the metal-
dielectric interface. In this article, LSPPs of spherical silver nanoparticles are modeled
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numerically to evaluate its effects on a far-field and near-field optical responses and
its potential applications as they have exhibited promising influences on nanomaterial
semiconductors. In research, nanomaterials are considered to have a number of
structures characterized by at least one dimension within 1-100 nm nanoscale range at
Petryayeva and Krull, (2011). These nanostructures are used to differentiate between
molecules and the bulk systems and determine the distance crystals or particles. Three
dimensions are commonly considered as 3D, 2D and 1D to determine the state density
of material also referred to the number of energy states per unit volume in a unit
energy interval (Gonzélez et al., 2015).
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Fig. 1: Representations of 3D, 2D, 1D and 0D and density of state-energy curves
(Ungureanu et al., 2009)

A semiconductor is classified as nano-material if its system has quantum confinement
equal to the Bohr radius within 2 - 50 nm range from at least one dimensional
approach related as (Nasser, 2017);
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where o represent the radius of nanomaterial. If & > & then, the system has weak
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confinement with its density of state proportional to E 2 while if & = &, then, the
system has intermediate confinement with its density of state independent of E. When

a < g, the nanomaterial system has strong confinement and the density of state
1

proportion with E 2 (Nasser, 2017). Confinement in one dimension is called 2D
nanomaterial like a quantum wall, in two dimensions is called 1D such as a quantum
wire while in three dimensions is called zero dimension 0D nanomaterials like quantum
dot. Where m* is effective mass, Ec conduction band, 0=1 or 2 and 6 function peaks. Fig.
1 shows the three types of nanomaterials and their density of states while table 1 shows
their energy and density of states for 3D, 2D, 1D and 0D functions.
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Table 1: 3D, 2D, 1D and 0D energy and density of states functions

Degrees of freedom Kinetic energy Density of states
3D bulk K2 *\3/2
2, 1,2, 2 1 (2m
E:W(kx Ky +k2) Poos :Zﬁz[hzj E-Ec
2D R (o2 o _ M
E_ﬁ(kf"ky) pDOS:?J E-Ec
2 * *
1D E= h*(kxz) P _m ;. m
2m %% | 2(E-E.)
0D £ Poos = 20(E - Ec)
2m
THEORY

To analyze LSPP modes, Maxwell’s equations are solved. An EM field cause an
accumulation of free electrons on one side of a NP, leaving positive charges on the
other (Wood, 1902; Catchpole et al., 2008). An electric field is generated opposite to
that of the incident photons. This field attempts to restore the electrons to its original
equilibrium position resulting into an oscillation with kinetic and electrostatic
energies equivalent to that possessed by the incident photon (Kumar et al., 2012; Cao
et al., 2014). The excited LSPP inside the particle causes a partial extinction of incident
photon as it conserves energy, hence absorption takes place. Scattering cross-section
of a spherical metal NP is calculated using (Mansoor et al., 2018);

2
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(2.1)

where k is the wave vector magnitude of incident light, &, is permittivity of the

metal and &, is permittivity of the surrounding while a is the NP radius. Absorption

cross section on the other hand is calculated using Poynting’s theorem from:
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(2.2)

Total extinction cross section is their sum obtained from (Mansoor et al., 2018);

(2.3)

Therefore, absorption cross-section is a measure of their efficiency and calculating
optical absorption is a good approach to determine excitation of the LSPPs of
nanoparticles.

O_ext = O-abs + O_scatter
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METHODOLOGY
Modeling

An incident photon field excites free electrons in metal atoms which respond by
generating collective oscillations which act as a force that displaces free electrons from
positive ions causing resonance behavior (Kumar et al., 2012; Willets and Van Duyne,
2007). To model its action, two metal nanoparticles were illuminated by an incident
photon EM field as illustrated in Fig. 1 using model boundaries and was adopted for
simulation.
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Figure 1: Model of effect of plane wave cause electrons oscillations
CST simulation

A spherical silver nanoparticle was modeled with a radius of 80 nm and simulated
using frequency domain solver. Electric field distribution on the outer surface and its
absorption cross-section were calculated using CST (3D simulation software) exposed to
an EM plane wave source as shown in Fig. 2. The CST is a 3D EM solver that solves
Maxwell's equation in time domain with Finite Integration Method (FIT) and
frequency domain with Finite Element Method (FEM) techniques.

REsuLTS

As shown in Fig. 1, LSPPs are discrete modes as excited by incident photon
illuminated in free space. LSPP Frequency modes are dependent on particle geometry
and geometrical shape and size determine its resonance frequency modes with a
frequency band located in the visible band. Fig. 2 illustrates the electric field
distribution as a result of LSPP excitation, while Fig. 3 show simulated absorption
cross-section of the 80nm silver NP.

Figure 2. Electric field distribution on the surface of 80 nm silver spherical NP
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Figure 3. Absorption cross-section of 80 nm silver spherical NP

As shown in Fig. 2, LSPP excitation results into an increased electric field strength at NP
surfaces while Fig. 3 shows an increased absorption as a result of light coupling with
surface Plasmons. Similarly, Fig. 2 exhibit a relative agreement with Fig. 1. Therefore, if a
NP absorbs half of incident photons that hits its surface, its absorption geometrical factor
(Petryayeva and Krull, 2011) reduces by half. The incident photons gets scattered in
different directions which can be evaluated. In the silver (Ag) nanoparticles, coherence of
oscillations of free electrons coupled incident photon energy to cause the electrons to
oscillate in the conduction band (Mansoor et al., 2018; Zayats et al., 2003; Willets and Van
Duyne, 2007; Tokman et al., 2000; Catchpole et al., 2008; Billaud, 2007; Cao et al., 2014).
This caused the excitation of Surface Plasmon Polaritons (SPPs) (Ungureanu et al., 2009).
In fact, localized Surface Plasmon is prominent optical property exhibited by small size
metallic nanoscale particles (Barnes et al., 2003; Ritchie, 1957; Kumar et al., 2012; Pattnaik
and Priyabrata, 2005) and their extinction cross-section is of great interest in evaluating the
performance of LSPPs (Pattnaik and Priyabrata, 2005; Mansoor et al., 2018; Zayats et al.,
2003; Willets and Van Duyne, 2007).

CONCLUSION

In this study, localized surface Plasmon of spherical Ag NPs were numerically
simulated and presented. Their absorption cross-section under illumination by a
plane EM wave was determined. It was noted that LSPPs excitation caused an electric
field to be established on the surface of a nanoparticle resulting into a large scattering
cross section that influence higher photon scattering at the surface and across inside a
layer. The excitation of LSPPs was suitable for applications in the fabrication of low-
cost solar cells, photo diodes and optical bio-sensing applications.
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