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Abstract

of the nanostructure.

In the current work, detailed investigations on shape-dependent optical properties of gold nanostructures are carried
out using the finite element method. The key objective of the work was to explore the optical response of differently
shaped gold nanostructures. Five differently shaped gold nanostructures i.e. nanopyramid, nanocylinder, nanocone,
nanosphere, and nanocube were considered to study the optical properties including skin depth, relative permittivity,
refractive index, absorption cross-section, and extinction cross-section. The optical properties of gold appeared to
depend on the shapes of nanostructures. The nanostructures with sharp apexes exhibit more skin depth in contrary
to those having smooth surfaces. The surface Plasmon resonance (SPR) for the nanostructures was found maximum
at 540 nm throughout the calculated range of wavelengths and the intensity of all the curves depends on the shape
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1 Introduction

he size and shape dependence of optical prop-

erties of metallic nanostructures is a striking
research field due to their applications in devices
and different areas of life [1-3]. The work on nano-
materials and related phenomena [4-6], which was
initiated in the 9th century appeared as a research field
in nanotechnology/[7, 8] after the discovery of ruby gold
nanoparticles. The current era is undoubtedly domi-
nated by nanotechnology when research, development,
applications, and industrial activities are concerned
[9-11]. The realization of metallic nanoparticles with
a focus on gold and silver nanoparticles due to their
striking properties and variety of applications is an
important research outcome. Gold nanoparticles (Au-
NPs) have gained significant importance in recent
decades owing to their noteworthy applications. The
researchers have been trying hard to further explore
the properties of Au-NPs, which is obvious from cur-
rent activities across the globe and surveys of pub-
lished literature. When Au-NPs are allowed to disperse
in aqueous solutions, they are found to be more chem-
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ically stable as compared to silver nanoparticles [12,
13]. A number of ways have been used to fabricate dis-
tinctly shaped and sized nanoparticles [14]. They have
applications in medical science in cancer treatment
[15], bio-sensing [16], and drug delivery [17-19]. The
usage of Au-NPs in electrochemical applications is also
a growing field [20]. The analysis of elementary phys-
ical effects and exploring the relevant phenomenon
occurring in Au-NPs has been a hot research topic
recently [20].

The metallic nanoparticles, when exposed to light,
exhibit novel behavior that can be studied via differ-
ent techniques based on light-matter interaction. The
nanomaterials whose optical properties indicate their
activity in the visible region of the electromagnetic
spectrum are attractive for devices and applications
[21]. The optical phenomenon includes transmission,
reflection, absorption, excitations, recombination ki-
netics, excitonic features, surface plasmonics, quantum
confinement, etc., which open up the road to broad
applications of metal nanoparticles [22, 23]. The op-
tical properties basically include skin depth, refractive
index, relative permittivity, absorption, and extinction
cross-section, which are highly material-dependent.
These exhibit significant variations when the size or
shape of metal nanoparticles is altered. Like other
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metals, when the Au-NPs are exposed to light, the
photons interact with conduction electrons to undergo
absorption as well as scattering of light, as explained
by Mie theory [24, 25].

It is well known that metallic nanoparticles exhibit
plasmonic response when irradiated by electromag-
netic waves. One of the prime reasons behind the
exceptional research interest in Au-NPs is their optical
response involving surface plasmons [26]. Basically,
there are plenty of conduction electrons present in
Au-NPs that interact with electromagnetic radiations
in order to generate striking optical phenomena [27].
In response to incident electromagnetic waves, the
collective oscillations of electrons that appeared in the
metal-dielectric interface are termed localized surface
plasmon resonance (LSPR), which strongly depends
on the size, shape, and dielectric environment of the
nanoparticles. The alterations made in the refractive
index of the outer dielectric environment make sur-
face plasmons more sensitive and provide the basis
for surface plasmon resonance spectroscopy [13]. This
property is affected by the size of the nanoparticles in
such a way that the behavior is different for large and
small nanoparticles. For small nanoparticles having a
size up to 50 nm, the dipolar response can be used to
differentiate intrinsic as well as extrinsic effects. On the
other hand for larger nanoparticles the phenomena of
absorption and scattering of light are dominated [13].
The absorption (scattering) spectra give information
about the number of photons absorbed (scattered) by
nanoparticles that help to explore the properties of
the material. The sum of absorption and scattering
cross-section is referred to as extinction cross-section
that provides information on overall interaction and
observation of resonance peak at a particular fre-
quency. Besides the size-dependent effects, the op-
tical properties are greatly affected by the shapes of
nanoparticles [28]. By changing the outer dielectric
environment, nanoparticles having sharp apexes are
reported to be more sensitive to optical phenomena
[13]. The maximum optical response has been observed
for nano-branches and the minimum for nano-spheres
in comparison to nano-cubes, nano-rods, and nano-
bipyramids. The shape-dependent optical properties
of surface plasmons are highly desired as they have
the potential to offer widespread applications [29].

In recent years, substantial research has been carried
out in order to study the shape-dependent attributes of
Au-NPs because of their promising application in sev-
eral scientific as well as technological applications [30-
33]. The prior investigations have revealed the peculiar
chemical as well as physical properties of Au-NPs are
greatly affected by their morphology having distinct

shapes like plates, spheres, cubes, and rods. These
morphologies showed different optical, electronic, and
catalytic properties. Such shape-dependent character-
istics have been ascribed to the changes within the
NP-surface plasmon resonance, crystal surfaces as well
as surface energies, etc.

Despite the availability of rich literature on the optical
properties of Au-NPs, much less is known about their
shape dependence. Owing to the development of ma-
terial synthesis and crystal growth technologies in the
recent past, the realization of nano-materials of differ-
ent shapes has become possible. This work is carried
out with the motivation to provide initial predictions
on shape-dependent optical properties of Au NPs for
use in future miniature devices and applications. The
five distinctly shaped gold nanostructures including
Nanopyramid, Nanosphere, Nanocone, Nanocylinder,
and Nanocube were designed, each having a maximum
size of 100 nm. The aspect ratio varied from shape
to shape as some of the nanostructures have smooth
surfaces and the others have sharp apexes. The finite
element method, implemented in the simulation pack-
age COMSOL Multiphysics was employed to design
the structures of Rekic gold and study the optical
properties.

2 Methodology

In the current work, the optical properties of gold
nanostructures in the visible region of the electromag-
netic spectrum were studied by using the simulation
package COMSOL Multiphysics (version 5.1a). The
method adopted to model geometry and extraction of
results for the problem to be investigated is termed as
Finite Element Method (FEM) which makes the basis
for obtaining results [29, 34]. This FEM basically con-
sists of three main steps [35]; namely pre-processing,
solver, and post-processing relevant to geometry and
mesh design, solving mathematical equations in the
model, and obtaining suitable results respectively.
Nanostructures with a size of about 100 nm were mod-
eled with different shapes as nanopyramid, nanocone,
nanocube, nanocylinder, and nanosphere, and then
all of them were subjected to visible light separately.
The material of nanostructures was taken as gold
(Rakic) and an RF module was used to simulate
the structures. The dielectric environment was such
that the nanostructures were placed in the air. The
entire shapes were studied under identical boundary
conditions and under the same dielectric environment.
A Perfectly Matched Layer (PML) was used to solve
the problem with scattering boundary conditions. The
structures were irradiated by visible electromagnetic
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radiations in the spectral region of 400 nm to 700 nm.
The optical properties including skin depth, refractive
index, relative permittivity, absorption, and extinction
cross-section were investigated in detail.

3 Results and Discussions

The interaction of electromagnetic waves with gold
nanostructures was comprehensively studied in this
work to calculate the optical properties and investi-
gate the shape dependence. The computed results are
described below.

3.1 Skin depth

When a material is exposed to electromagnetic waves,
an interaction between them takes place in such a
way that some portion of waves is reflected from the
surface and another portion tends to propagate in the
material to a certain depth. The distance to which
the electric field’s amplitude in the material becomes
1/e of its value at the surface is referred to as skin
depth [36]. The relation of frequency f and skin depth
is 0 = /- flf'r‘llo where 9§, p, and f are skin depth,
resistivity, and frequency of incident light respectively.
The skin depth of a conductor is inversely proportional
to the frequency of incident radiation and related
directly to the resistivity. The skin depth calculated
for the Au nanostructures as a function of incident
wavelength is shown in Fig. 1. The results indicate
that skin depth varies not only with wavelength but
also with the shape of nanostructures. The value of
skin depth increases from 400 to 490 nm and decreases
beyond it throughout to 700 nm. The skin depth for
all structures peaks at 490 nm whereas the values of
height and Full width half maximum (FWHM) of the
peak are different for all structures. It appeared that
the broadening and intensity of the peak is maximum
for nano-pyramid whereas the same are minimum for
nano-cylinder. The comparison of values of skin depth
reveals that its values are found in decreasing order
of nano-pyramid, nano-cube, nano-sphere, nano-cone,
and nano-cylinder respectively. The value of FWHM
calculated for the five nano-structures came out as
1.77 nm, 1.75 nm, 1.76 nm, 1.76 nm, and 2.47 nm for
nano-cone, nano-cube, nano-cylinder, nano-pyramid
and nano-sphere respectively.

In the region 400- 490 nm, the variation is con-
sistent with relation (1) but the situation is different
beyond 490 nm as the classical trend of skin depth
is not followed. The maximum value of skin depth
calculated for all the shapes is smaller than the size
of the nano-structures (i.e.; 100 nm); therefore, the
scattering of light from the surface contributes to the
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Fig. 1: Skin Depth of Gold Nanostructures; nano-cone,
nano-cube, nano-cylinder, nano-pyramid, nano-sphere
as a function of wavelength.

resistivity of the material [37]. The decrease in skin
depth and hence the resistivity beyond 490 nm will
cause an increase in skin conductivity and hence the
surface current density.

Now, let us compare the skin depth of bulk gold
and the nanostructures. For two of the five nano-
structures, the skin depth exceeds the bulk gold skin
depth (approximately 38.46 nm for Rakic gold- ob-
tained from COMSOL). This is because the properties
of materials become more vibrant at the nano-scale.
The metals with appreciable conductivity work in
visible as well as near-infrared regions, most of the
current flows on the surface and in a very small region
of total volume. It is reported that the amount of
electric current, which flows in a very small portion
of the total volume, is confined below the air-medium
interface of less than ten nanometers in agreement
with the literature [38]. Thus, the peak is observed in
the skin depth of gold for various shapes. In the case
of our material, skin depth is maximum at 490 nm and
is lowest at 700 nm.

It can be seen in Fig. 1 that for the wavelength range
400 nm < A < 700 nm, skin depth increases with an
increase in wavelength. An increase to about 490 nm
indicates that the blue and green wavelengths of the
electromagnetic spectrum are absorbed significantly
by conductors, hence more skin depth due to current.
The skin depth reduces after 490 nm until 700 nm
which shows that the free electrons in the conductor
reemit the red wavelengths of the electromagnetic
spectrum.

The skin depth appeared to change with the shape of
the nanostructures. Since the volume of the structures
is the same, the changes in skin depth are obviously
due to the difference in geometry[39]. Some of the
structures have sharp edges thus the flow of skin cur-
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rent caused by incident electromagnetic waves varies
from one shape to another. As the shape changes, the
flow of electrons (that are contributing to skin cur-
rent) as well as their collisions among themselves and
with the skin of the conductor also varies. The plots
showed that skin depth is maximum for nano-pyramid
and minimum for nano-cylinder which is due to the
reason that the apexes of nano-pyramid are sharp
while smooth for the cylinder. The sharp edges tend to
diffract the light that gets penetrated in the conductor
more readily than a cylinder. The smooth surface
of nano-cylinder with round edges doesn’t penetrate
the waves very much, hence, fewer collisions among
electrons are likely. Though the nano-cube has edges
that are not sharper than that of a nano-pyramid, the
top surface as well as side walls of the cube are smooth,
only the corners are sharp. Hence, diffraction in this
case is more than those of nano-cylinder, nano-sphere,
and nano-cone but less than that of nano-pyramid
due to which the current in conductor flows sharply
due to its sharp edges. If the corners of the cube are
removed, then it becomes a sphere and hence both are
smooth manifolds due to which they should show a
minor difference in skin depth. Nano-cone has a little
bit much sharper apex than the cylinder, hence the
skin current for the nano-cone is less than that of the
nano-sphere.

Besides the above-described effects, an important as-
pect may be the surface roughness within the bulk
counterparts. Surface roughness could induce changes
within the potent surface area along with the alter-
ation in the electromagnetic interactions referring to
the variation in the skin depth. This impact is specif-
ically important when a comparison of skin depth
of nanostructured materials with their relevant bulk
counterparts is made. In addition to this, the surface
roughness over the bulk materials could introduce
specific features at the nanoscale. These features could
be due to a number of reasons like grain boundaries,
crystalline defects, or any other surface defects. As
the EM waves interact with the rough surfaces the
diffraction phenomenon along with the multiple scat-
tering phenomenon occur, that impressively modify
the apparent skin depth of the materials.

Thus, the variation in the plots of skin depth is just
because of variation in shapes. The more the sharp
edges of an object, the more skin depth because of the
motion of electrons and collisions in the edge regions.

3.2 Refractive Index

Refractive index is such a property of optical media
which is the ratio of the speed of light in a vacuum
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Fig. 2: Refractive Index of Gold Nanostructures;
nanocone, nanocube, nanocylinder, nanopyramid,
nanosphere, as a function of wavelength.

to the speed of light in the medium [40], [32]. It is
the measure of variation in the speed of light as it
changes its path from vacuum to any other medium.
The refractive index of the majority of the materials is
complex, consisting of two parts; real and imaginary
part. Thus, the complete refractive index is given
by n"=n+ik, where n and k indicate the real and
imaginary parts respectively. The real part provides
information about the ratio of the speed of light in a
vacuum to a medium while the imaginary part tells
about absorption of incident light by the material. For
the majority of materials, like metals, the value of k is
equal to or greater than 1. In such cases, the absorption
of incident electromagnetic waves by the material is
very strong such that the wave is unable to penetrate
for longer wavelengths.

Under the irradiation of electromagnetic waves, all of
the gold nanostructures tolerated a change in their
refractive index that varied from one shape to an-
other. The variations in the refractive index of gold
(real part) nanostructures are plotted as a function of
wavelength as shown in Fig. 2. The results show that
the property varies not only with the wavelength of
incident radiation but also with the shapes of nanos-
tructures. The refractive index for all studied nanos-
tructures decreases with an increase in wavelength and
a sharper decrease is observed after 450 nm throughout
the calculated range of wavelengths. The behavior for
all the structures is the same in regions 650 nm to 700
nm where no further decrease in the refractive index
takes place[41, 42]. It appears that the refractive index
is maximum for the nanosphere and minimum for the
nano-pyramid[43]. The comparison of the refractive
index for all nanostructures exposes that its values are
found in ascending order for nano-pyramid, nano-cube,
nano-cone, nano-cylinder, and nano-sphere.
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The variations in the patterns of refractive indices
for all nanostructures reveal that it decreases by
increasing the wavelength of light from 400 nm to
700 nm as described above. The refractive index
has an inverse relation with the wavelength of light
as frequency doesn’t change from one medium to
another. The inverse relation between refractive index
and wavelength (na}) is obvious from the plotted
patterns which show a decrease of n for the entire
calculated range of wavelengths.

The plots indicate that the refractive index patterns
have very small penetration in the material. The
incident photons can either reflect from the surface
or refract as they interact with matter. In the case of
metals, the refraction of photons owes to absorption by
electrons and then their re-emission [44]. Regardless
of wavelength, the majority of photons get absorbed
by metal electrons as per energy levels and bands of
the material. It is known that metals have complex
indices of refraction for different ranges of wavelengths
[45] because the metallic electrons respond to the
incoming radiations either by absorption or by
emission of photons. If the response of the electrons
is not quick due to a number of reasons, a time lag
between incoming and emitted radiations exists which
leads to a complex index of refraction. The analysis
of such complex optical properties may provide
important information on the material. According to
Lorentz and Drude models, there is no absorption
of waves at high frequencies and metal behaves as
transparent material. It is only due to the fact that
at these frequencies, free electrons present in metals
don’t respond instantly to the incoming radiations
[45]. Since gold is metal, the value of k approaches
unity or higher which leads to the propagation of
waves for small wavelengths and hence incident
light does not penetrate further because of strong
absorption. The absorption is hence maximum for
longer wavelengths due to which we see a gradual
decrease in wavelength beyond 550 nm.

The trend shown in Fig. 2 indicates that the refractive
index of gold varies not only with wavelength
of incident light but also with the shapes of the
nanostructures. The nano-pyramid exhibited the least
refractive index which points to a maximum speed
of light in this structure. The speed of the incident
electromagnetic wave inside the pyramid shows that
the wave propagates more readily in it. The waves
reflected from the sharp apexes of the pyramid support
the incoming wave due to which they penetrate longer
in the material. It is obvious from the plots of skin
depth of nanostructures that it is maximum for
nano-pyramids, thus skin depth and refractive index

are interrelated in the case of pyramid. The waves with
maximum speed can penetrate the conductor to some
longer depth, thus the more the refractive index more
the skin depth. The highest value of refractive index
for nano-sphere shows that the propagation speed of
incident electromagnetic waves inside the material is
very slow due to which the waves cannot penetrate
to more depth that points to the small skin depth.
The refractive index for three other nanostructures
increases for nano-cylinder, nanocone, and nanocube
in the ascending order respectively. This is due to
the fact that light can travel faster in a nanocube,
due to its sharp edges, in comparison to nanocylinder
and nanocones as they have comparatively smooth
surfaces.

The nanopyramid structures seem to have the highest
skin depth while having the least refractive index. This
may be due to the existence of a hotspot within the
nanoparticle environment that is predominant within
the sharp-corned structures such as the nanopyramids
in contrast with the spherical nanoparticles [30, 31].
This phenomenon has a substantial impact on the
interaction of light with matter. Such hotspots are
considered through the localized EM enhancements,
which emerge at the sharp corners as well as
edges of the nanoparticles, giving rise to amplified
scattering, absorption as well as field confinement.
Consequently, the production of the hotspots could
provide enhanced interactions of the photons having
the localized surface plasmon resonance (LSPR) of the
nanoparticles. However, the impact of the hotspots
is beyond the scope of this paper and hence not
considered in this paper.

3.3 Relative permittivity

The permeability of a material basically describes the
capability to get polarized under the application of an
electric field [46]. It is also defined as the ability of a
material to permit the transmission of an electric field
[47]. Relative permittivity, on the other hand, is the
ratio of the permittivity of medium to the permittiv-
ity of free space. It is sometimes called as dielectric
constant of the material. For metals, the dielectric
constant may be complex showing real and imaginary
parts and the imaginary part deals with absorption
loss just as the imaginary part of the refractive index
provides information about the absorption of waves
incident on the surface.

The variation in the relative permittivity of distinctly
shaped nanostructures as a function of the wavelength
of incident electromagnetic radiations is given in Fig.
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Fig. 3: Relative permittivity of Gold Nanostructures;
nanocone, nanocube, nanocylinder, nanopyramid, and
nanosphere, as a Function of Wavelength is simulated.

3. It appears that relative permittivity varies not only
with the wavelength of incident radiation but also with
the shapes of gold nanostructures. A rapid decrease
in the permittivity of the material is seen at about
465 nm and decreases up to 700 nm. It can be seen
that the property for all nanostructures decays slowly
from 400 nm to 460 nm, and then a rapid decrease ap-
pears. Moreover, the plots for all nanostructures have
negative permittivity values ranging from 0 to -250.
Besides these, the permittivity of gold nanostructures
is maximum for nanopyramid and holds a descend-
ing order from nanopyramid to nanocube, nanocone,
nanocylinder, and nanosphere, overall calculated range
of wavelengths.

In the case of metals, the real part of permittivity
remains negative because the frequency of incident
radiation is smaller than plasma frequency and free
electrons contribute to the property [48]. It is this neg-
ative valued permittivity that results in the imaginary
part of the refractive index [49]. The permittivity of
gold is plotted in accordance with the Drude model.
It appears in Fig. 3 that the relative permittivity
of gold nanoparticles decreases with an increase in
wavelength. The relation between relative permittivity
and wavelength can be derived by a simple method.
Since we know that A\ = £ that points to an inverse
relation between wavelength and relative permittivity.
Hence it is the only reason behind the decay curve of
permittivity over a calculated range of wavelengths.
From the plots it is clear that the ability of gold
(rakic) to transmit the no of lines of electric field,
i.e. relative permittivity, in the blue region of the
optical spectrum, decreases slowly but as we move to
green and red, a rapid decay is observed. Hence, for
a material to allow transmission on more electric-field
lines, it must be operated with the blue region of the

visible spectrum. The propagation of electromagnetic
waves in matter is studied via the relation between the
refractive index and the relative permittivity of the
material. For most of the materials, i is very close to
po thus n = /€. Our results of relative permittivity
and refractive index agree with this relation and both
of the properties tend to decrease with an increase in
wavelength.

From the plots, it appears that the relative permit-
tivity varies from one shape of nanostructure to the
other over the visible region from 400 nm to 700
nm. It means that by changing the shape/structure
of gold nanoparticles, this optical property changes.
Therefore, we can say that €, of gold nanoparticles also
depends on geometry. From Figure 3, it can be seen
that relative permittivity is minimum for the nano-
sphere and maximum for the nano-pyramid. It means
that the nano-pyramid has more ability to permit the
E-field lines to pass than the nano-sphere. We can
relate it with the refractive index of a nano-pyramid
as it is minimum for this shape, meaning that the
speed of light in the nanoparticle is maximum thus
refractive index is minimum. The more no. of lines
inside the pyramid power each other with collisions,
hence more speed, thus nanopyramid has the smallest
refractive index and maximum relative permittivity.
On the other hand, the nano-sphere has the smallest
relative permittivity among all nanostructures, which
shows that it doesn’t have much ability to allow more
electric field lines to pass. The reason is that a sphere
has a smooth round surface and a pyramid has sharp
edges, when light falls on them, a nano-sphere due to
its round shaped boundary doesn’t allow more lines to
pass while a pyramid due to sharp apexes has more
probability to pass them, because the reflected waves
power more waves to pass through them. Similarly, the
refractive index is maximum for the nano-sphere which
shows that the speed of light is minimum, as there are
fewer waves inside the sphere so the speed is minimum
as there will be no collision among waves inside it.
Moreover, the relative permittivity of nano-cylinder,
nano-cone, and nano-cube is in between. Both the
optical properties; refractive index and relative per-
mittivity are related in this case. If one property is
maximum for a nanostructure, the other is minimum
for it as it can be seen from both patterns. Relative
permittivity is in ascending order from nano-cylinder
to nano-cone and nano-cube, and refractive index is
in descending order from nano-cylinder to nano-cone
and nano-cube. Thus, more no of lines inside the
nanostructure lead to the minimum refractive index.
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Fig. 4: Absorption Cross Section of Gold Nanostruc-
tures; nanocone, nanocube, nanocylinder, nanopyra-
mid, nanosphere, as a Function of Wavelength.

3.4 Absorption Cross Section

Nanoparticles of noble metals exhibit Surface Plasmon
Resonance (SPR) at optical frequencies that enable
them to absorb and scatter visible light, efficiently [50].
Absorption cross-section is basically a particular cross-
section of an object to absorb incident electromagnetic
waves and also corresponds to the amount of incident
light that has been absorbed by the object. Absorp-
tion is shape and size-dependent as it has also been
determined by several studies. Under the irradiation
of electromagnetic waves, the following results (Fig. 4)
have been obtained from the calculations.

The variation in the absorption cross-section of dif-
ferent nanostructures as a function of wavelength is
given in Fig. 4. The results plotted here reveal that
the absorption cross-section not only varies with wave-
length but also with the shape of nanostructures. It
appears that the absorption cross-section for all differ-
ently shaped nanostructures peaks at the wavelength
540 nm, over a calculated range of wavelengths; from
400 nm to 700 nm. The results also indicate that
the broadening and intensity of the peak are maxi-
mum for the nanosphere and the values are minimum
for the nanopyramid. The overall comparison of the
absorbance of nanostructures directs that the values
are found in decreasing order for nanosphere, nano-
cylinder, nano-cube, nano-cone, and nano-pyramid
throughout the visible region, plotted here. The value
of the absorption cross-section increases from 400 nm
to 540 nm and decreases beyond it throughout to 700
nm.

The plots in Fig. 4 indicate that the absorbing effi-
ciency; and absorption cross-section, of all gold nanos-
tructures, vary from one structure to another thus
we can say that the absorption cross-section is shape-
dependent.

Basically, it also corresponds to that particular

involved in absorption, as well as the ability of a
particle to respond to a particular photon. It is ob-
vious that the absorption spectra of all of the gold
nanostructures have a broad resonance at about 540
nm caused by the collective oscillations of conduction
electrons. It means that the free electrons present in
gold respond to particular photons of energy, as a
result, they begin to oscillate and hence surface plas-
mon resonance. For all nanostructures, the absorbance
of photons is maximum when the wavelength is 540
nm. Thus, for gold (rakic) nanoparticles, the SPR is
obtained at 540 nm. The shape of gold nanoparticles
highly affects the absorption cross-section. The gold
nano-spheres have maximum absorbance than all other
nanostructures, which means that the nanosphere has
more probability to absorb photons of incident light
because of its smooth round shape. The minimum
optical absorption is seen by the gold nano-pyramid
as it has sharp edges from which other processes like
reflection and scattering may also be possible. All the
nanostructures with smooth surfaces are more likely
to absorb photons by showing maximum absorption
cross-section.
Nano-cylinder has more optical absorption of incident
photons than other nanostructures except for nano-
sphere. It is because that cylinder has smooth top
and bottom surfaces with round edges hence providing
more probability of absorption. The other nanostruc-
tures have optical absorption in a decreasing order for
nano-cube, nano-cone, and nano-pyramid respectively
which is only due to the shape of particular nanostruc-
ture as described above. It is clear that the nanoparti-
cles provide more cross-sectional area to absorb the in-
coming photons in increasing order for nano-pyramid,
nano-cone, nano-cube, nano-cylinder, and nano-sphere
respectively. Thus, the optical absorption dependence
of gold nanostructures directs that if more absorption
is required then the shape of the nanostructure must
be modified to achieve the desired surface plasmon
resonance (SPR).

3.5 Extinction Cross Section

Besides absorption of incident light, gold nanoparticles
exhibit scattering spectra when interacting with light.
The colors exhibited by metals are due to scatter-
ing properties. As mentioned above, the absorption
spectrum of gold nanoparticles shows the photons of
incident light that tend to resonate with the elec-
trons’ oscillations, however, scattering spectra provide
information about photons that are scattered by the
surface without making interaction with electrons’ os-
cillations. Extinction is basically the sum of absorption
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Fig. 5: Extinction Cross Section of Gold Nanostruc-
tures; nanocone, nanocube, nanocylinder, nanopyra-
mid, nanosphere, as a Function of Wavelength

and scattering, and extinction cross section is the
sum of absorption cross section and scattering cross
section, describing the particle’s efficiency of removal
of photons from incident light and extinction spectra
give information of SPR of gold nanostructures as well.
The variation in the extinction cross-section of differ-
ently shaped nanostructures as a function wavelength
of incident electromagnetic radiation is given in Fig.
5. The results indicate that the extinction of incident
waves varies with wavelength as well as from one
shape of nanostructure to another. Extinction cross
section for all of the nanostructures peaks at 540 nm
of incident wavelength and maximum for nano-sphere
while minimum for nano-pyramid. The comparison of
values of extinction cross-section reveals that its values
are found in decreasing order for nano-sphere, nano-
cylinder, nano-cube, nano-cone, and nano-pyramid,
respectively throughout the calculated range of wave-
lengths (from 400 nm to 700 nm).

We know that extinction is basically the information of
incident electromagnetic waves after their interaction
with matter. It gives information about the particle’s
ability to remove photons from incident radiation by
the processes of absorption and scattering [51]. The
extinction cross-section is basically the sum of the
absorption cross-section and scattering cross-section.
Thus, it comes out to be more than absorption cross
section because contribution from scattering is in-
volved too. In our case, the scattering is very minimal
and has its roots in Rayleigh scattering because the
size of the particle is very minimal as compared to
wavelength. It can be seen that the plasmonic wave-
length for gold nanoparticles is the same as obtained
from absorption cross-section spectra, meaning that
all nanostructures have localized surface plasmon res-
onance at 540 nm.

The spectra for all of the nanostructures are shifted
to maximum values as compared to absorption spectra
due to the addition of scattering spectra. It indicates
that nanoparticles scatter light too, which scatters in
all directions as revealed by Rayleigh scattering. The
extinction spectra for nano-cone and nano-pyramid are
very close to each other as is not the case with absorp-
tion spectra. It is because of nanopyarmid which is
shifted more than nanocone. It indicates that nanopy-
ramid is more likely to scatter light than nanocone and
hence overlaps with its spectra. Because of the sharp
apexes and edges of the nanopyramid, it scatters more.
The decreasing order of nanostructures for nano-
sphere, nano-cylinder, nano-cube, nano-cone, and
nano-pyramid shows that the nanosphere is more likely
to remove photons of particular wavelength and energy
from incident electromagnetic radiation than other
nanostructures. It has already been seen from absorp-
tion spectra that it is maximum for the nano-sphere
and holds the decreasing order same as extinction
spectra. Thus we can say that there is no dominant
change in both plots, indicating that scattering is
very minimal because extinction is the sum of absorp-
tion and scattering cross-sections. The comparison of
all nanostructures reveals that extinction spectra are
maximum for nanocylinder than all other nanostruc-
tures except nanosphere, hence, we can say that the
scattering and absorption responses of nanocylinder
are more than other structures indicating that the
probability of removal of photons from radiation is
second maximum for nanocylinder as it is highest
for nanosphere. The optical scattering and absorption
contributions are highly shape-dependent as per the
findings of this work [52]. It is therefore recommended
that, if more extinction of incident wave is desired for
a particular nanoparticle, the modifications in shape
should be made in addition to the variations in size.

4 Summary

In order to determine the optical properties of five
different shapes of nanostructures, visible light was
allowed to interact with differently shaped gold nanos-
tructures using the finite element method. The com-
puted results indicated that the optical properties of
gold highly depend upon the shapes of nanostruc-
tures. The optical properties; skin depth, refractive
index, relative permittivity, absorption cross-section,
and extinction cross-section, are found to not only vary
with wavelength but with the shape of nanostructures.
The calculated skin depth and refractive index of gold
are directly related to each other for all the shapes.
Moreover, the refractive index is concluded to be
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inversely related to relative permittivity. The nanos-
tructures with sharp apexes exhibit more skin depth,
on the other hand, smooth-surface nanostructures of-
fer more geometrical cross-section to absorb incident
electromagnetic waves as well as exhibit low refractive
index. The nanostructures expose plasmonic response
when irradiated by electromagnetic waves and Surface
Plasmon Resonance (SPR) for all of these nanostruc-
tures peaks at 540 nm. The intensity of all the curves
depends on the shape of the nanostructure. From all
of these indications of results, we can conclude that
the optical properties of gold are shape-dependent.
Furthermore, the results revealed the various shapes of
Au-NPs may serve as potential candidates for several
applications such as biosensing, plasmon-enhanced
photovoltaics, optoelectronics, displays, etc.
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