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Abstract 

We present a numerical analysis of  the optical properties of  a gold nanohole with 
diameters ranging from 90 nm to 130 nm to examine the behavior of  the LSPR 
phenomenon. We utilized COMSOL Multiphysics software to calculate the 
changes in optical transmittance, absorbance, and reflectance over a wavelength 
range from 400 nm to 900 nm. The calculated transmittance curves for diameters 
of  90 nm, 100 nm, 110 nm, 120 nm and 130 nm show that the LSPR initial 
position shifts from 675 nm to 690 nm. A similar behaviour was observed in the 
absorbance and reflectance spectra. The maximum absorbance ranges from 686 
nm to 710 nm while the reflectance maximum shifts from 659 nm to 673 nm. 
The results suggest that these diameters are suitable for generating the LSPR 
phenomenon; however, the 100 nm diameter showed the highest electromagnetic 
field value of  9.28 x108 V/m. Additionally, an optical transducer based on gold 
nanoholes with a diameter of  100 nm is feasible to fabricate using low-cost 
techniques like colloidal lithography. Therefore, this work provides a tool for 
students and researchers to design optical transductors based on nanostructures, 
leveraging the potential offered by numeric simulations.

Keywords: numerical simulation, gold nanohole, plasmonics, diameters.
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1.  Introduction

The fascination with the optical properties of  metal nanostructures arises 
from their distinctive phenomenon called localized surface plasmon resonance 
(LSPR). This phenomenon is caused by collective oscillations of  electron gas on 
the surface of  metal nanostructures, particularly noble metals like gold and silver. 
These oscillations take place within a surrounding dielectric medium. LSPR is 
characterized by distinct spectral peaks in optical absorption, transmittance, 
and reflectance, as well as strong enhancements in the electromagnetic field, 
which occur at specific wavelengths [1, 2]. The position of  these peaks is 
highly sensitive to changes in the refractive index of  the surrounding dielectric 
medium. Therefore, any molecules adsorbed at the nanoparticle surface induce 
a modification of  the local refractive index consequently causing a shift of  the 
LSPR position [3], which forms the basis for detecting analytes using LSPR 
sensors [4 - 6].

Researchers have proposed that LSPR sensing techniques utilizing 
nanoparticle or nanostructures substrates could retain the advantages of  
traditional SPR methods while significantly expanding their scientific and 
technological applicability. This is because LSPR sensing fundamentally relies on 
straightforward optical extinction measurements, exhibits minimal temperature 
sensitivity, and can be implemented using widely available, standard laboratory 
equipment. Thereby, nanoparticle based LSPR sensing could open challenging 
application avenues across diverse fields [7, 8]. For example, LSPR sensors have 
been applied to detect bladder cancer [9]; determining chemicals in urine such 
as creatinine, albumin and glucose, three of  the most abundant components in 
urine [10]; and detecting cardiovascular disease [11]; among many others.

LSPR sensor sensitivity can be influenced by nanostructure size, shape, 
aspect ratio, spacing, and material dielectric constant. In this way, optimizing 
the nanostructure geometry is critical to maximize sensitivity and the limit 
of  detection (LOD) and take full advantage of  the material’s properties. For 
instance, while spherical gold nanostructures have advantages in terms of  
chemistry and fabrication, other shapes such as stars, pyramids, tips, and rods 
may be more sensitive to changes in the refractive index [12 - 21]. Among the 
nanostructures, metallic nanoholes are very attractive due to their extraordinary 
optical transmission that produces LSPR. Hence, nanoholes have been 
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employed in diverse application areas such as sensing. Those have been used 
for the direct optical probing of  proteins, viruses, bacteria, and even cancer 
cells [22 - 25].

Consequently, the research and fabrication of  noble metal nanostructures 
as optical transducers have gained importance for the development of  LSPR 
sensor technology, therefore, we can discover a multitude of  techniques for 
their creation [26 -29]. However, selecting each transducer parameter based 
on nanoholes is challenging, and an error could result in significant time and 
material losses.

Numerical simulations have emerged as a potent tool for researching and 
designing plasmonic transducers allowing the study of  optical parameters in 
a virtual environment, reducing the need to manufacture them. Also, they 
facilitate testing a multitude of  design parameters for optical transducers, 
including geometry, dimensions, materials, light excitation sources, and dielectric 
mediums. This enables the evaluation of  their impact on the transducer’s optical 
properties, facilitating informed decision-making for future manufacturing 
projects. 

The ability to use the software and all its functionalities may require time for 
users to learn because of  the extended list of  attributes involved in numerical 
simulations and its properties. Also, obtaining useful information to guide the 
step-by-step design of  an optical transducer in such detailed way is a challenging 
task. In this work, we describe the design of  a plasmonic transducer based on gold 
nanoholes. A single gold nanohole is simulated using COMSOL Multiphysics 
6.1, exploring different diameters ranging from 90 nm to 130 nm within a 300 
nm by 300 nm area on a glass substrate.

The nanohole is excited by a white light source reaching wavelengths from 
400 nm to 900 nm, with air as the dielectric medium. We start by performing a 
numerical analysis to evaluate the impact of  nanohole diameter on significant 
optical properties such as transmittance, reflectance and absorbance, and 
determine the wavelength of  the LSPR, as well as the distribution of  the 
electromagnetic field. The objective of  this numerical analysis is to illustrate how 
variations in nanohole size affect optical properties, including the position of  
the LSPR and the distribution of  the electric field, understanding these factors 
is determining for designing effective plasmonic transducers and developing 
advanced optical sensors.
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2.   Methodology

This section outlines the methodology employed to design and execute a 
simulation aimed at analyzing the behavior and response of  a plasmonic nanohole 
with different diameters. The structural configuration consists of  a glass substrate 
supporting a 20 nm gold film with a singular nanohole, and air serving as the 
dielectric medium. The system is stimulated by an electromagnetic field with a 
wavelength ranging from 400 nm to 900 nm. This simulation’s main objective 
is to investigate the impact of  nanohole diameter on its optical properties. To 
achieve this, the diameters at values of  90 nm, 100 nm, 110 nm, 120 nm, and 130 
nm were varied. 

To generate this simulation, COMSOL Multiphysics software 6.1, which 
enables the customization of  simulation parameters, including physics modules, 
system geometry, boundaries, materials, and other physical parameters, was 
used. Additionally, with this software, graphical representations of  three optical 
properties, absorbance, transmittance, and reflectance over the wavelength range 
were obtained. Furthermore, COMSOL enables to visualize the electric field 
behavior around the gold nanohole. These graphs and animation provide valuable 
information about the nanohole’s optical behavior. This section details each 
phase of  the methodology to generate this 3D simulation, including simulation 
set-up, parameter variation, and analysis techniques. This is shown in Figure 1.

Figure 1. Phases of  the methodology to generate the 3D simulation for the analysis of  the 
behavior and response of  a nanohole with different diameters, including simulation set-up, 

parameter variation and analysis techniques.
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2.1.  COMSOL Simulation Settings

First, the simulation in COMSOL Multiphysics was set up, as summarized 
in Table 1. The first step was to create a new model with Model Wizard, and 
then the modeling space was established as three-dimensional (3D). Next, the 
electromagnetic waves, Frequency domain (ewfd) interface was selected in the 
Physics window, allowing the simulation of  the electromagnetic source across a 
range of  frequencies and its interaction with the plasmonic nanohole structure. 
Finally, on the Study selection page, the wavelength domain was chosen to 
compute the structure’s optical properties versus wavelength and the propagation 
of  electromagnetic waves through it. 

Settings Details

Space dimension 3D

Physics Electromagnetic waves, Frequency domain (ewfd)

Study Wavelength domain

Table 1. COMSOL simulation settings for the gold nanohole.

2.2.  Nanohole geometry 

Figure 2a illustrates the cell design and the parameters required to design the gold 
nanohole in COMSOL Multiphysics. To start building the nanohole geometry, 
the width, length and height of  each structure (glass, gold and air) were defined: 
wcell for the cell width, Lcell for the cell length, hcell for the cell height, 
hhole for the height of  the gold nanofilm, and rad for the nanohole radius, as 
shown in Figure 2b.

a)           b)

Figure 2. Parameters to design the gold nanohole. (a) Represents the nanohole geometry and 
the parameters of  each section. (b) Parameters used to design nanohole geometry.
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COMSOL Multiphysics offers predetermined primitive structures. To create 
the cell, the block option from the top menu twice was selected, resulting in two 
blocks: one for the whole structure, designated as block1, as shown in Figure 3a, 
and the second one for the thin 20 nm gold film, designated as block 2, illustrated 
in Figure 3b. Then, we select the cylinder option to create the nanohole inside 
the gold film, as shown in Figure 3c. The following Table 2 summarizes the 
parameters (width, length, height, base) to configure each structure. While all the 
measures remain constant, the diameter value ranges from 90 to 130 nm.

Size and shape Block 1 Block 2 Cilinder
Width Wcell wcell Radius rad
Depth Lcell Lcell Height hhole
Height Hcell hhole Position Z -10
Base Center Center

Table 2. Parameters to create each section of  nanohole geometry.

Figure 3. Steps and parameters for each section. (a). First step to start building the geometry 
and the parameters for the first block corresponding to the entire cell. (b) Second step, where 

the second block, the gold film, and its parameters are added. (c) Third step, where the cylinder 
and its measures are added to create the nanohole’s geometry, notice that in this step the 

diameter varies from 90 to 130 nm.

2.3.  Gold nanohole materials

The COMSOL Multiphysics material selection allowed to define the 
electromagnetic properties of  the materials present in the model. By selecting 
and setting these properties for the dielectric medium, it was possible to model 
optical properties, such as transmittance, reflectance, and absorbance of  

a)                 b)             c)
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electromagnetic waves in different types of  materials. To observe the behavior 
of  the electric field as it passed through the gold cell and propagates through a 
dielectric medium, materials for each domain in the geometry had to be selected. 
First, air was chosen for the top domain of  the geometry and the cylinder domain 
(Figure 4a). Air has a refractive index of  n =1 and is already established by the 
software.

The second material selected for the simulation was gold, a noble metal that 
exhibits unique electronic and plasmonic properties including LSPR. Gold is 
biocompatible, making it suitable for biological applications. Gold was assigned 
to the second domain representing the thin gold film between the dielectric 
medium (air) and the glass substrate (see Figure 4b). The material Johnson 
and Christy 1972: n.k 0.188-1.937 µm was chosen because its refractive index 
is predefined by COMSOL. The plasmonic resonance of  gold nanoparticles is 
influenced by their size, shape, and surrounding environment, therefore control 
over these characteristics determines the optical properties of  gold nanoholes. 
Changes in the refractive index of  the surrounding medium can significantly 
impact the optical properties of  gold nanoholes. Finally, the bottom layer in the 
geometry (as shown in Figure 4c) represents the glass substrate, which can be 
composed of  either Corning® Eagle XG® Glass or Corning® Gorilla® Glass 
Victus®. These materials are pre-defined in COMSOL with a refractive index of  
n = 1.5. Table 3 shows the materials with their refractive indices.

a) b) c)

Figure 4. Structure’s geometry sections. (a) The upper section (highlighted in blue) constitutes 
domains 3 and 4; this section represents air in the model with refractive index of  n = 1. 

(b) Domain 2 represents the gold nanofilm in the model with a refractive index defined by 
COMSOL. (c) The bottom section of  the geometry, designated as Domain 1, is made of  glass 

with refractive index of  n = 1.5.
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Material Type Extra settings

Air Built in → Air 
Refractive Index:
Real part: 1
Imaginary part: 0

Gold
Au (Gold) (Johnson and Christy 
1972: n,k 0.188-1.937 µm).

Refractive Index:
Real part: n
Imaginary part: k
Predefined in COMSOL

Glass
Corning ® Eagle XG ® Glass.
Or Corning® Gorilla® Glass 
Victus®.

Refractive Index:
Real part: 1.5 
Imaginary part: 0 

Table 3. Material specifications of  gold nanohole dielectric media.

2.4.  Physics configuration

For this work, the Electromagnetic Waves, Frequency Domain (ewfd) physics 
interface was used in COMSOL Multiphysics to model and simulate the behavior 
of  an electromagnetic field across a range of  wavelengths interacting with the 
gold nanohole. This section includes defining boundary conditions, setting up 
the source properties and establishing the mesh definition.

2.4.1.	 Ports

To start the physics configuration, Ports were set up to define the regions where 
the electromagnetic field enters and exits the model domain, as well as indicate the 
direction and amplitude of  the electromagnetic field. In this model, the bottom 
face of  the block labeled as Boundary 3 in COMSOL, was designated as the entry 
point (Figure 5a), thereby wave excitation was activated here, as specified in Table 
4. The top face, labeled boundary 10 in COMSOL, was designated as the exit 
point for the transmitted light (Figure 5b) and the wave excitation option is turned 
off. The objective of  this set up was to compute the amount of  light absorbed, 
reflected, and transmitted through the nanohole at certain wavelengths.

Port Type Wave 
excitation Input Quantity Electric mode 

field amplitude
Refractive 
index, real part

Port 1 Periodic On Electric field
 x → 1
 y → 0
 z → 0

1.5

Port 2 Periodic Off Electric field
 x → 1
 y → 0
 z → 0

1

Table 4. Port properties set up.
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Figure 5. Physics configuration for the model. (a) Configuration of  Port 1 (Boundary 3, bottom 
face), which serves as the Light source entry point. (b) Configuration for Port 3 (top face, 
boundary 10). (c) Boundary selection for periodic conditions 1. (d) Boundary selection for 

periodic conditions 2.

2.4.2. Periodic Conditions

Periodic conditions were applied to confine the flow of  the electromagnetic 
field within the model geometry and prevent energy leakage. In this simulation, 
which features a 4-sided block geometry, periodic boundary conditions are 
applied to two pairs of  parallel sides, the selection process is illustrated in 
Figure 5c-d, which highlights the necessary parallel selection for the simulation. 
To avoid leakage during the simulation, all regions from each side must be 
selected.

2.5.  Mesh

The mesh divides the computational domain into smaller elements, allowing for 
the discretization of  equations governing the model, for this study COMSOL 
Multiphysics uses FEM equations to solve for the electromagnetic fields within 
the gold nanohole and its surrounding medium. 

In this simulation, the mesh is automatically generated by COMSOL 
Multiphysics, breaking down the domain into manageable units and maintain 
computational efficiency. The mesh coverage is shown in Figure 6a.

a)                 b)      c)         d)
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Figure 6. Mesh and wavelength. (a) Mesh selected determines the number of  points examined, 
and the time the software will take to perform the calculations, thereby with a fine mesh, the 

computing time will take longer. (b) Wavelength range of  interest for studying the optical 
properties of  the gold nanohole. Note: The Step can be increased to minimize the time of  

computing, but the information will not be the same and the statistical values may be slightly 
different from each other.

2.6.  Study confi guration

The Study section in COMSOL is where the studies to be performed on the 
model were defined and configured, allowing to determine what type of  analysis 
were carried out. In this simulation, the study section allowed the analysis of  
plasmonic gold nanohole behavior as a function of  frequency to obtain optical 
properties (transmittance, reflectance, absorption), electromagnetic fields, and 
COMSOL solves the point-to-point mesh equations.

After setting up the physical characteristics of  the system and establishing the 
geometry, the next step was to analyze the behavior of  the electric field through 
the gold nanohole. This study was done by varying the wavelength of  the electric 
field across a range from 400 nm to 900 nm in increments of  1 nm (Figure 6b). 
This wavelength range has been specifically selected because it corresponds to 
the excitation of  the plasmon. The main objective of  this study is to generate a 

a)                 b)  
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light transmittance spectrum across the entire cell, which provides information 
about the wavelengths that most excite the plasmon in the simulation.

2.7.  Data extraction and export

The Results section in COMSOL provided an important tool for analyzing and 
understanding of  the simulations performed by visualizing the data, generating 
graphs, and extracting important information about the behavior of  the simulated 
system, including the electric field and optical properties. Once the simulation 
was completed, the behavior of  each cell, as the plasmonic nanohole diameter 
was varied, can be easily analyzed by examining the optical properties and electric 
field. To visualize the electric field in COMSOL (Figure 7a), the “Volume” option 
in the Electric Field section was selected and the expression “ewfd.Ex” was 
entered, since it propagates in the x-direction through the cell. The Plot button 
on the Electric Field (ewfd) toolbar was selected to generate the appropriate 
visualization. Figure 7c shows graphs of  transmission, reflection, and absorption 
properties. These properties are displayed in Reflectance, Transmittance, and 
Absorbance (ewfd) 1. To obtain each property, the above plot was duplicated, and 
the property of  interest was selected in the Y-Axis Data Configuration window. 
The options for exporting the data obtained are shown in Figure 7b. 

Figure 7. Exporting data. (a) 
Electromagnetic field of  the gold nanohole 
and the values of  energy at the scale. (b) 
Plotting settings for obtaining graph results 
in COMSOL Multiphysics. (c) Graphs of  
the optical properties of  interest, such as 
transmittance, reflectance, and absorbance.

a)                b)  

c)
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3.  Results and Discussion 

This section entails a numerical analysis comprising five simulations of  a gold 
nanohole, each with varying diameters: 90 nm, 100 nm, 110 nm, 120 nm, and 
130 nm. Within each simulation, the optical properties alongside the electric field 
in the x-direction for the nanohole to analyze the behavior of  the cell when 
increasing the diameter of  the nanohole were examined.

3.1.  Optical properties: 90 nm diameter nanohole

The initial diameter under examination is 90 nm for the nanohole. Figure 8 
illustrates three optical properties representing the behavior of  light through the 
cell, using the parameters established in the preceding section. These properties 
are correlated, and the simulation’s accuracy can be confirmed by scrutinizing a 
specific wavelength on the graph. Summing all properties at their intersecting 
points along a vertical line in a point of  interest should yield 1.0. In Figure 8, the 
arbitrary unit (a.u.) for each property is evident. For example, the transmittance 
value at 675 nm that wavelength measures 0.13985 a. u., reflectance stands at 
0.4197 a. u., and absorbance records at 0.44045 a. u. When these properties 
are combined, they sum to 1.0 a. u., affirming that all incident light interacts 
with the cell and that there is no light leakage in the cell’s configuration. The 
675 nm wavelength value was selected because it represents the lowest point in 
transmittance, where the LSPR is manifested. However, any wavelength can be 
chosen, since the sum of  all properties is equal 1 a. u.

Figure 8. Correlation between the optical properties at one specific wavelength and its sum which 
equals 1 a.u. to prove the settings simulation by having all the energy interaction in the geometry.
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Each property provides information about different behavior in geometry, 
each of  them is useful for different applications. The transmittance (Figure 9a) 
gives information of  the amount of  light that arrives to the detector (output) for 
every wavelength in a range of  400 nm to 900 nm, this interaction is represented 
by the blue curve, the point of  interest in this curve is the lowest point in the 
graph seeing that it is the value where the light is interacting all over the cell 
and a plasmon dipole is created by having oscillations with gold electrons and 
interactions with each other. This phenomenon can only be created with very 
stable noble metals like gold, due to its plasmonic properties. It is important to 
note that every design alters the LSPR wavelength. Changes in characteristics 
such as size, composition, and geometry in the simulation could provoke different 
LSPR responses. In this case, the plasmon dipole is created at the wavelength of  
675 nm and generates an electric field in x direction with a value of  8.033x108 
V/m (see Table 6 for the maximum values of  energy at each point of  interest) 
[30, 31]. This can be observed in Figure 9b-c. The Figure 9b is the top view of  
the nanohole and the dipole can be seen on the gold film, while in the side view, 
Figure 9c, it is seen the interaction of  the light all over de geometry and it is 
observed how the dipole is created only in the surface of  the nanohole by having 
gold electron oscillations. With the sidebar color, it is evident that interactions 
primarily occur within the noble metal, resulting in the highest electric field value 
(red color) concentrated around the nanohole.

Figure 9. (a) Transmittance, absorbance, and reflectance curves for the 90 nm diameter gold 
nanohole and its wavelengths at which the plasmon originates for each property. (b), (d), (f) Top 
view of  the gold film at those points of  interest for transmittance, absorbance, and reflectance, 
and (e), (f), (g) side view of  plasmon interaction with air (top), gold (center), and glass (bottom) 

at those same points.

a) b)

d)

f)

c)

e)

g)
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The absorbance (Figure 9d-e) gives information of  the amount of  light that is 
absorbed by the gold. In this case, the red curve exhibits the light interaction over 
the cell for every wavelength with a range of  400 nm to 900 nm where the point 
of  interest is the highest point where the energy is interacting with the nanohole 
in a wavelength of  686 nm and creating an Ex of  8.65x108 V/m.

For the reflectance (Figure 9f-g), this property gives information of  the amount 
of  light that returns to the light source when it is interacting over the cell, this 
interaction is represented by the green curve and the point of  interest is the highest 
point of  the curve because it is the greatest amount of  light that returns to the light 
source at the wavelength of  659 nm. At this wavelength the plasmon interaction 
has an Ex of  3.63x108 V/m, in this value the plasmon dipole is generated. Thus, it 
was shown that LSPR is present at the point of  interest of  each property.

3.2.   Optical properties: 100 nm diameter nanohole

For the 100 nm nanohole and the subsequent ones (110 nm, 120 nm, and 130 
nm) the image distribution is the same as indicated for the 90 nm nanohole. 
Figure 10a shows a graph with three different curves with the following colors: 
blue for transmittance (T), red for absorbance (A) and green for reflectance (R). 
In every curve there is a highlighted point for T, A, R, respectively, that indicates 
where the plasmon dipole is created. Then, Figure 10b, Figure 10d, and Figure 
10f  show the top view of  the nanohole at that specific wavelength and Figure 
10c, Figure 10e, and Figure 10g the side view of  the entire geometry and how the 
light interacts with the different cell materials (air at the top, gold at the center 
and glass at the bottom). 

In this case, for the T point, the minimum value of  the curve indicates that 
the plasmon originates at a wavelength of  684 nm and has a maximum energy 
value of  9.28x108 V/m. The A point, the maximum value of  the curve, originates 
at a wavelength of  697 nm and has a maximum energy value of  6.48x108 V/m, 
and finally the R point, the maximum of  the curve, originates at a wavelength 
of  663 nm and has a maximum energy value of  4.03x108 V/m. Notice that the 
wavelength at which the plasmon originates, has shifted to the right compared to 
the 90 nm diameter nanohole: 9 nm for T, 11 nm for A, and 4 nm for R. Since 
the accuracy of  the simulation was established, the verification process with the 
vertical line in the three optical properties for this diameter or subsequent one 
was done. This step was previously demonstrated and confirmed in Figure 8, 
affirming the validity of  the results obtained.
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Figure 10. (a) Transmittance, absorbance, and reflectance curves for the 100 nm diameter gold 
nanohole and its wavelengths at which the plasmon originates for each property. (b), (d), (f) Top 
view of  the gold film at those points of  interest for transmittance, absorbance, and reflectance, 
and (e), (f), (g) side view of  plasmon interaction with air (top), gold (center), and glass (bottom) 

at those same points.

3.3.  Optical properties: 110 nm diameter nanohole

With the 110 nm diameter nanohole (Figure 11) for the T point the plasmon 
originates at a wavelength of  685 nm, has a maximum energy value of  7.8x108 

V/m. For the A point originates at a wavelength of  700 nm and has a maximum 
energy value of  6.65x108 V/m, and for the R point originates at a wavelength 
of  666 nm and has a maximum energy value of  3.81x108 V/m. Focus on the 
displacement of  the wavelength where the plasmon originates, which has been 
shifted to the right compared to the 100 nm diameter nanohole: 1 nm for T, 3 nm 
for A, and 3 nm for R. However, this time the shifts have not been as significant 
as with the previous one. 

In this scenario, we note a decrease in the values of  the electric field for 
transmittance (T), which contrasts with the observed increase from a diameter 
of  90 nm to 100 nm. This observation prompts a more detailed analysis of  
the electric field values for subsequent diameters to pinpoint where the highest 
electric field energy is concentrated. Such insight can guide in identifying the 
most optimal diameters for transducer nanofabrication.

a) b)

d)

f)

c)

e)

g)
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Figure 11. (a) Transmittance, absorbance, and reflectance curves for the 110 nm diameter gold 
nanohole and its wavelengths at which the plasmon originates for each property. (b), (d), (f) Top 
view of  the gold film at those points of  interest for transmittance, absorbance, and reflectance, 
and (e), (f), (g) side view of  plasmon interaction with air (top), gold (center), and glass (bottom) 

at those same points.

3.4.  Optical properties: 120 nm diameter nanohole

Figure 12. (a) Transmittance, absorbance, and reflectance curves for the 120 nm diameter gold 
nanohole and its wavelengths at which the plasmon originates for each property. (b), (d), (f) Top 
view of  the gold film at those points of  interest for transmittance, absorbance, and reflectance, 
and (e), (f), (g) side view of  plasmon interaction with air (top), gold (center), and glass (bottom) 

at those same points.

a)

a)

b)

b)

d)

d)

f)

f)

c)

c)

e)

e)

g)

g)
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Subsequently, we increment the diameter by 10 units to 120 nm (Figure 12) and 
observe the peak energy values: for the T point, originating at a wavelength of  687 
nm, the electric field strength reaches 7.42x108 V/m; for the A point, originating 
at a wavelength of  705 nm, it measures 4.28x108 V/m, and for the R point, 
originating at a wavelength of  669 nm, it registers at 4.36x108 V/m. Notably, the 
wavelength of  plasmon excitation shifts further rightward: by 2 units for T, 5 
units for A, and 2 units for R. Remarkably, energy levels decrease at every point 
except for point R, where an increase is observed.

3.5.  Optical properties: 130 nm diameter nanohole

Finally, for the 130 nm diameter hole (Figure 13), we get the maximum energy 
values: for the T point at a wavelength of  690, with 5.88x108 V/m; for the A 
point originated at a wavelength of  710 nm, with 3.52x108 V/m, and for the R 
point originated at a wavelength of  673 nm, with 3.6x108 V/m. The wavelength 
at which the plasmon originated keeps on moving to the right: 3 units for T, 5 
units for A, and 4 units for R. The energy has decreased at every point without 
exceptions.

Figure 13. (a) Transmittance, absorbance, and reflectance curves for the 130 nm diameter gold 
nanohole and its wavelengths at which the plasmon originates for each property. (b), (d), (f) Top 
view of  the gold film at those points of  interest for transmittance, absorbance, and reflectance, 
and (e), (f), (g) side view of  plasmon interaction with air (top), gold (center), and glass (bottom) 

at those same points.

a)
b)

d)

f)

c)

e)

g)



NUMERICAL ANALYSIS OF PLASMONIC NANOHOLE DIAMETERS IN THIN GOLD FILMS 179

The optical properties analysis reveals a notable wavelength displacement as the 
nanohole diameter increases. This displacement is observed in the transmittance 
(Figure 14a-b), absorbance (Figure 14c-d), and reflectance spectra (Figure 14e-f). 
Notably, altering the cell geometry by enlarging the diameter while reducing the 
gold area induces a rightward shift in the curves. 

Figure 14. (a) Transmittance, (b) Absorbance and (c) Reflectance graphs for different gold 
nanohole diameters: 90 nm, 100 nm, 110 nm, 120 nm, and 130 nm.

For instance, with a 90 nm diameter, the transmittance curve initiates at 
a wavelength of  675 nm and terminates at 690 nm for the 130 nm diameter, 
resulting in a 15 nm rightward displacement. Similarly, the absorbance curve 
commences at 686 nm for the 90 nm diameter and extends to 710 nm for the 
130 nm diameter, producing a 24 nm shift to the right. Reflectance, beginning 
at 659 nm and concluding at 673 nm, generates a 14 nm displacement. These 
findings highlight the influence of  geometry alterations on optical properties, 
primarily attributed to increased diameter and reduced gold area. Notably, 
despite these changes, each proposed diameter retains the ability to induce 
Localized Surface Plasmon Resonance (LSPR), as evidenced by the consistent 
shape of  the optical property curves across different geometries, with only the 
displacement varying (Figure 14). Detailed values of  these curves are presented 
in Table 5.

a)

b)

c)

d)

e)

f)
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Nanohole 
Diameter

LSPR Wavelength 
(nm) / Minimum 
in Transmittance 
(a. u.)

LSPR Wavelength 
(nm) / Maximum 
in Absorbance  
(a. u.)

LSPR Wavelength 
(nm) / Maximum 
in Reflectance  
(a. u.)

Gold 
Area 
(%)

90 675, 0.13985 686, 0.57249 659, 0.53552 92.93

100 684, 0.10626 697, 0.60021 663, 0.55638 91.27

110 685, 0.08456 700, 0.59709 666, 0.56788 89.44

120 687, 0.06973 705, 0.5795 669, 0.57696 87.43

130 690, 0.05893 710, 0.55659 673, 0.58465 85.25

Table 5. Comparison between the different diameters and its arbitrary units (a.u.) maximum, 
for absorbance and reflectance, and minimum values, for transmittance, at which the plasmon 
dipole (LSPR) originates, and the percentage of  gold area obtained with every diameter, that 

match the literature. [30, 32].

Furthermore, the analysis of  the electric field at the focal point of  interest, 
particularly in relation to transmittance, offers significant insights into the light’s 
behavior within the geometry. It elucidates how oscillations in gold electrons 
generate a dipole effect. Note that the intensity of  the electric field (see Table 6) 
is notably higher in the first two diameters, namely 90 nm and 100 nm, with the 
highest value recorded at 100 nm, reaching 9.98x108 V/m.

Based on these numerical findings, it is recommended that for the 
nanofabrication of  optical transducers relying on nanoholes, a diameter of  100 
nm should be chosen. This diameter presents several advantages, including the 
availability of  various vendors guaranteeing its specific size, thus simplifying the 
nanofabrication process. Conversely, opting for other diameters would necessitate 
meticulous nanofabrication techniques to ensure precise diameter consistency 
across all holes.

Therefore, the recommendation stands to fabricate optical transducers with 
a 100 nm diameter to achieve optimal performance within the geometry and 
streamline the nanofabrication process.
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Nanohole 
Diameter Optical property Electric field maximum 

value (V/m)
LSPR Wavelength 
(nm)

90 nm

Transmittance 8.03 x108 675

Absorbance 8.65 x108 686

Reflectance 3.63 x108 659

100 nm

Transmittance 9.28 x108 684

Absorbance 6.48 x108 697

Reflectance 4.03 x108 663

110 nm

Transmittance 7.80 x108 685

Absorbance 6.65 x108 700

Reflectance 3.81 x108 666

120 nm

Transmittance 7.42 x108 687

Absorbance 4.28 x108 705

Reflectance 4.36 x108 669

130 nm
Transmittance 5.88 x108 690

Absorbance 3.52 x108 710

Reflectance 3.60 x108 673

Table 6. Electric field maximum energy values for each diameter nanohole at its different 
properties at the wavelength where the plasmon originated, that match the literature. [20, 21].

4.  Conclusions

In this work, a numerical analysis of  the diameter of  a nanoplasmonic transducer 
based on gold nanoholes is presented. Thereby, a study of  the gold percentage to 
induce plasmonic resonances is analyzed. 

Simulations explored nanohole diameters ranging from 90 nm to 130 nm, 
revealing significant effects on optical properties. As the diameter increased, the 
wavelength of  Localized Surface Plasmon Resonance (LSPR) for transmittance 
(T, 675 nm), absorbance (A, 686 nm), and reflectance (R, 659 nm) shifted 15 
nm, 24 nm and 14 nm towards longer wavelengths, respectively. Despite a 
reduction in the percentage of  gold area (900 nm2) from 92.93 % to 85.25 %, 
the curves for transmittance, absorbance, and reflectance continued to exhibit 
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the LSPR phenomenon. The optical curves showed slight changes in the width 
and depth. The transmittance (T) changed from 0.139 a. u to 0.058 a. u, the 
absorbance (A) from 0.572 a. u. to 0.556 a. u. and reflectance (R) from 0.535 
a. u. to 0.584 a. u. Additionally, the electric field distributions of  the plasmon 
dipole indicated that a gold nanohole with a diameter of  100 nm had the highest 
intensity of  9.28 x108 V/m, suggesting this configuration for optical transducer 
fabrication. Despite variations in nanohole diameter, all configurations maintain 
the ability to induce LSPR within the visible spectrum. This recommendation 
is supported by practical benefits like easier access from various suppliers and 
simpler fabrication processes. Therefore, this study emphasizes the importance 
of  diameter selection to optimize the performance of  optical transducers, 
which could enhance sensitivity, selectivity, and detection limits. By considering 
these insights, researchers and new students can improve the functionality and 
effectiveness of  plasmonic transducers, particularly in bioanalytical applications.
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