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ABSTRACT— Nobel metal nanoparticles (NPs) 

are widely used in various applications including 

optical and biological sensors, biomedicine, 

photocatalysts, electronics, and photovoltaic 

cells. The optical properties of gold NPs are 

surveyed in this paper under the Localized 

Surface Plasmon Resonance (LSPR) effect, 

which increases the light absorption and 

scattering at the LSPR wavelength. This LSPR 

frequency depends on various factors, including 

the shape and size of the particles as well as 

incident electromagnetic polarization. Here, the 

optical response of gold NPs with different 

shapes and sizes are investigated using the finite 

element method (FEM). The results show that 

the bandwidth, amplitude, and LSPR 

wavelength depend on the shape and dimensions 

of the NPs as well as the polarization of the 

incident light. The LSPR wavelength changes 

from 500 to 650 nm for different shapes of the 

gold NPs including sphere, octahedral, cube, 

ellipsoid, triangle, and with identical volume. To 

study the NP size effect on the optical properties, 

the absorption and scattering cross-sections 

(CSs) are also investigated for different sizes of 

NPs. The results show a redshift in the LSPR 

wavelength by increasing the NP size.  

KEYWORDS: Absorption Cross Section, Gold 

Nanoparticles, Localized Surface Plasmon 

Resonance, Scattering Cross Section, Shape 

Effect. 

I. INTRODUCTION 

As the dimensions of the materials reduce to the 

nanometer scale, their physical and chemical 

properties change. The optical properties of the 

noble metal NPs are dominated by the 

Localized Surface Plasmon Resonance (LSPR) 

phenomenon. This phenomenon is related to the 

collective oscillation of free electrons of the 

metal NPs under the electromagnetic waves 

(EMWs) excitation. Indeed, when a metal NP is 

exposed by an EMW, a charge distribution may 

be created on the interface of the NP and the 

dielectric medium due to the dielectric 

confinement. Therefore, the oscillating electric 

and magnetic dipoles/multipoles can be 

induced [1]. When the incident EMW 

frequency is matched to this oscillation, a 

resonance may occur, known as surface 

plasmon resonance (SPR). By contrary to an 

infinite metal-dielectric interface, such as a 

metal layer, these surface plasmons cannot be 

propagated at the interface. So, they are known 

as localized surface plasmon resonances. 

 This phenomenon results in an absorption pick 

in a wavelength, so called the SPR wavelength. 

These NPs, therefore, are proposed in a wide 

range of medical and photonics device 

applications. In particular, they are proposed for 

enhancing the efficiency of solar cells [2], the 

response of surface-enhanced raman 

spectroscopy (SERS) [3], medical imaging, 

drug delivery, and cancer thermal treatment [4]-

[6]. In these applications, adjustment and 

control of the LSPR wavelength are crucial. 

The optical properties of metal NPs depend on 

the structure, composition, and morphology of 

the NPs. Such effects have been studied, 

experimentally as well as theoretically, by 

different groups [7]-[9]. In these works, 

absorption and/or extinction coefficient were 

reported for different shapes of NPs. Many 

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

op
.ir

 o
n 

20
25

-1
2-

11
 ]

 

                               1 / 8

https://ijop.ir/article-1-452-en.html


P. Khajegi and M. Rashidi-Huyeh Optical Properties of Gold Nanoparticles: Shape and Size Effects 

42 

researchers have already focused on synthesize 

of noble metal NPs with various shapes. 

Different methods are also proposed for this 

purpose, leading to synthesizing of NPs with 

diverse shapes including sphere [10]-[13], 

ellipsoid and rod [14]-[17], triangular prisms 

[18]-[21], octahedral [22]-[26], and cube [27], 

[28]. The absorption or extinction spectra are 

reported in these works. From a  theoretical 

point of view, the effects of the size or shape on 

the optical properties of NPs have been studied 

by many authors. These works are treaded by 

using the Mie and Gans theory  [29], [30] the 

discrete dipole approximation [31], the finite 

difference time domain methods [32], and the 

boundary element method [33]. 

In this paper, we investigate the effects of the 

incident EMW polarization on optical 

properties of NPs with different shapes and 

sizes using the finite element method (FEM). 

This is especially crucial for non-spherical NPs. 

Moreover, the absorption and scattering cross-

section (CS) profiles are determined for various 

shapes of NP with identical volume, including 

the sphere, rod, prolate ellipsoid, equilateral 

triangular prism, octahedral, and rectangular 

cube. In addition, the impact of size is also 

discussed on the absorption and scattering CSs 

for different shapes of gold NPs. 

II. MODEL 

The finite element method is used to model the 

optical properties of NP suspended in a 

dielectric medium. A scattering calculation is 

used, instead of the full field calculation, 

wherein a background field with a specific 

polarization is applied as the source to excite 

the particle. The model calculates the 

Helmholtz equations for EMWs and the results 

are obtained using a perfectly matched layer 

(PML) as an absorber layer in the outer domain 

of the modeling environment. The thickness of 

the PML must be at least equal to half of the 

EMW wavelength in the dielectric media 

(λ0/2n, where n is the dielectric refractive 

index). The same distance of λ0/2n must be 

considered between the PML and the NP. The 

scattering boundary condition is used at the 

outer boundaries of the PML to ensure that the 

light cannot be reflected back to the modeling 

domain. The absorption and the scattering CSs 

are obtained from equations (1). 

/
/

2

0

1

2

abs scat
abs scat

e

W
CS

E



 , (1) 

where, 

1

2
absW dv



  J E , (2) 

 1
Re

2
c c

scat scat s s

S S

W dS dS     n S n E H

 (3) 

are absorbed power in the NP and scattered 

power, respectively. The integration of 

absorbed and scattered power are performed on 

the overall volume of the particle of  and on 

the particle surface of Sc. J, E, H, S, and n 

represent current density, electric field, 

magnetic field, Poynting’s vector, and the 

particle surface normal vector respectively 

[34]. The model is first validated by comparing 

the results with those obtained using Mie theory 

[35] for two small and large nanospheres with 

radii of 10 and 100 nm. The results are shown 

in Fig. 1, which presents the normalized 

absorption CSs. As seen, the simulation results 

have shown a very good agreement with those 

obtained by Mie theory. 

 
Fig. 1. Comparing the results obtained using 

simulation by FEM method with those calculated by 

using Mie theory for the small and large spherical 
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nanoparticle with radii of 10 and 100 nm suspended 

in the water with the refractive index of 1.34. 

To study the NP shape and size effect on the 

optical properties, different shapes of sphere, 

ellipsoid, octahedral, rectangular cubic, 

equilateral triangular prism, and rod NPs with 

different sizes are considered. The NPs 

dimensions were chosen so that their volume 

remains constant, corresponding to a sphere 

with a radius of 10 nm. The NPs dimensions are 

summarized in table 1. 

Table 1 Geometrical properties of simulated gold 

nanoparticles 

Geometry Dimension (nm) 

Sphere r=10 

Rod D=12, L=36 

Prolate Ellipsoid a=b=8, c=16 

Rectangular Cube Side Length=19, Height=10 

Equilateral Triangular 

prism 
Side Length=30, Height=10 

Octahedral Side Length=20 

 

The air is considered as the surrounding 

medium. Moreover, in each NP shape, the 

incident light polarization was chosen so that 

maximum SPR amplitude could be achieved. 

For instance, Fig. 2 represents the absorption 

CSs of equilateral triangular NP with different 

incident light polarizations. The maximum 

LSPR amplitude is corresponding to the z 

propagation of EMW with polarization in x and 

y directions. 

 
Fig. 2. Absorption CS of an equilateral triangular NP 

with a side length of 50 nm and height of 10 nm for 

three different polarizations and propagation 

directions of incident EMW. 

III. RESULTS AND DISCUSSION 

A. Shape Effect 

To investigate the shape effect of NPs on the 

optical properties, the absorption and scattering 

CSs are compared for different shapes of 

spherical, elliptical, cubic, rod, octahedral and 

triangular NPs. As mentioned, for non-

spherical NPs, in which the intensity of 

absorption depends on the incident light 

polarization, the polarization with the highest 

absorption intensity is considered. The results 

are shown in Fig. 3. The LSPR wavelength for 

spherical, octahedral, elliptical, cubic, 

triangular, and rod NPs are located at 502, 520, 

526, 532, 562, and 634 nm, respectively (see 

inset in Fig. 3(a). For triangular prism and 

octahedral NPs, a shoulder shape may be 

observed in the absorption CS spectra. This 

shoulder is located in a wavelength that is larger 

than that the LSPR wavelength. The LSPR 

bandwidth and amplitude depend also on the 

particle shape. While the maximum amplitude 

is observed for the nanorod, the lowest one is 

for the spherical NP. The peak in the nanorod is 

related to the longitudinal mode, which is 

caused by electrons oscillation along its longer 

dimension. To understand these behaviors, let 

us first mention that as the sizes of 

nanoparticles are very smaller than the incident 

light wavelength, the NPs optical responses 

may be given by dipole approximation very 

well. Under an EMW excitation, the negative 

and positive charges separate from each other. 

So, an electric dipole moment is induced. The 

longer is the particle, the stronger is the electric 

dipole moment. Thus, by increasing the length 

of the particle, the LSPR wavelength presents a 

redshift and the LSPR amplitude increases. By 

increasing the particle edge number, its optical 

properties get closer to sphere ones. This 

behavior can be seen in Fig. 3(a), by comparing 

the LSPR wavelength of cubic, octahedral, and 

spherical nanoparticles. 

On the other hand, the LSPR edge modes are 

determining for NPs with sharp edges. This is 

related to the enhancement of the electric field 

due to the surface electric charge density, and is 

shown in Fig. 4, in which the electric field 

intensity is exhibited for different NP shapes at 
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LSPR wavelength. Fig. 3(b). represents the 

scattering CS for the same NPs. It should be 

noted that scattering CS values are lower than 

the absorption ones for the considered particle 

size. The maximum value for octahedral, cubic, 

spherical, elliptical, triangular, and rod NPs are 

located at 526, 532, 544, 556, 556, and 628 nm, 

respectively. For NPs containing the edges and 

vertices, such as triangular and octahedral, a 

second peak (or shoulder) are seen, which are 

related to the edge mode (see inset in Fig. 3(b)). 

 
Fig. 3. Absorption (a) and Scattering (b) CSs for 

different particle shapes, presented in table 1. The 

insets show the normalized spectra. 

 
Fig. 4. Electric field norm  profile in logarithm scale 

at LSPR wavelength (520 nm for octahedral and 562 

nm for triangular prism). The arrows show the 

incident EMW polarization. 

B. Size Effect 

To study the NPs size effects on the optical 

properties, the absorption and scattering CSs 

per particle volume are calculated for spherical, 

rod, and triangular prism NPs with different 

sizes. The results for spherical NPs with radii of 

10 to 100nm are depicted in Fig. 5. By 

increasing the NP size, the amplitude of 

absorption CS per particle volume increases 

and, then it decreases. On the other hand, by 

increasing the NP size, the absorption CS 

bandwidth increases, and a weak redshift is 

observed in the LSPR wavelength. In fact, for 

the tiny particles with a dimension very smaller 

than the incident electromagnetic wavelength, 

just electric dipole may be excited, but for the 

particles with sizes comparable to the incident 

EMW, the electric multipolar can be excited. 

Also, with increasing the NPs size the electric 

dipoles moment power increase [36], [37]. So, 

the absorption CSs are enhanced, and the LSPR 

wavelengths displace to longer wavelengths (a 

redshift displacement). On the other hand, by 

evident, with increasing the particle size, its 

volume increases, and therefore absorption CS 

per volume particle decreases. These two 

contradictory size effects can very well explain 

the behaviors of the absorption CS per particle 

volume. The same behaviors may be observed 

in the scattering CS for the Spherical NPs (see 

Fig. 5b). Indeed, for the NPs with dimensions 

very smaller than the incident EMW, the 

scattering CS is negligible, but by increasing 

the NP size, it increases gradually, because of 

the increasing the electric dipole power on one 

hand, and the creation of the electric multipole 

effects, on the other hand. 

As there was mentioned, the longitudinal and 

edge LSPR modes are determining for rod and 

triangular prism NPs, respectively. Now, it is 

interesting to study the size effects of these NPs 

on their optical properties. To this end, the 

absorption and scattering CSs per NP volume 

are determined for the rod with 12 and 36 nm of 

diameter and an aspect ratio (L/D) of 3, and the 

equilateral triangular prism with the sides of 30 

and 90 nm and the height of 10 nm. 
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Fig. 5. Absorption (a) and Scattering (b) CS per NP 

volume for gold spherical NPs by different radii of 

10, 30, 50, 70, and 100 nm. 

 
Fig. 6. Absorption (a) and Scattering (b) CS per NP 

volume for a rod with diameters of 12 and 36 nm and 

an aspect ratio (L/D) of 3, and the equilateral 

triangular prism with a sides of 30 and 90 nm and the 

height of 10nm. The values of scattering CS of 

triangular NP are magnified by a factor of 10 for 

better visibility.  

By increasing the nanorod size, LSPR 

wavelength presents a redshift displacement 

and a second LSPR mode appears in the 

absorption and scattering CSs per particle 

volume, located in the shorter wavelength. 

Moreover, the amplitude of absorption CS per 

NP volume decreases. In the triangular NP case, 

by increasing the length side, LSPR wavelength 

experiences a redshift, same as the nanorod 

case, but contrary to the nanorod, the amplitude 

absorption CS per NP volume increases. In the 

two cases of nanorod and triangular prism, by 

increasing the particle size, the scattering CS 

per NP volume increase (Fig. 6b). These 

behaviors are related to the stronger electric 

dipole moment and appearance of the electric 

multipoles for the larger particle size. It is also 

noteworthy to mention that the electric 

multipole is more effective in the nanorod 

comparing with the triangular prism NPs, 

because of the considered morphology. 

IV. CONCLUSION 

In this paper, the shape and size effects of gold 

NPs on their optical properties were studied. 

Different NPs shapes were considered, 

including the sphere, rod, ellipsoid, octahedral, 

cube, and equilateral triangular prism. The 

results showed that the shape of the NPs affect 

the LSPR wavelength and amplitude. For the 

elongate particles such as rod and prolate 

ellipsoid NPs, longitudinal LSPR mode is 

governed on their optical properties, while in 

the NPs possessing the edges in their geometry, 

same as cubic, octahedral, and triangular NPs, 

the LSPR edge mode plays a crucial role. These 

results can help in many applications such as 

the design and fabrication of photonic devices, 

solar cells, and medical area. In such 

applications, one may need absorption and/or 

scattering CSs. 
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