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ABSTRACT

The biotechnology sector is focusing on developing biosensors that allow us to detect and monitor
substances in vivo using non-invasive methods. For example, in substances detection using the label-
less method, radiation in the mid-infrared (mid-IR) has been used to obtain the vibrational fingerprint.
In this work, we propose to use plasmonic nanoantennas called spaceship to develop a SEIRA substrate
that can be used in disease detection. The spaceship nanoantennas were fabricated using electron beam
lithography. A potential SEIRA device was fabricated with Au spaceship nanoantennas based on gold
fractal nanoantennas with dimensions of 5.5 um long and 5 pm high, inner structure with 970 nm, 950
nm in length and height respectively. Arm width of 400 nm and 50 nm of thickness. The resonance
frequency (vres) Was analyzed using gold nanoantennas absorbance as a function of frequency where one
peak was found at 33THz. Additionally, these results were corroborated with a simulation where the
magnitude of the electric field E=7.79 V/m at 34.98 THz was found. These results allow us to propose

spaceship nanoantennas as good candidates for the design of a SEIRA substrate.
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Biosensado a nanoescala: Nanoantenas fractales de oro para analisis de
frecuencia de resonancia plasmonica no invasiva

RESUMEN

El sector de la biotecnologia se esta centrandzo en el desarrollo de biosensores que permitan detectar y
controlar sustancias in vivo mediante métodos no invasivos. Por ejemplo, en la deteccidn de sustancias
mediante el método sin etiquetas se ha utilizado radiacion en el infrarrojo medio (medio-IR) para obtener
la huella vibracional. En este trabajo, proponemos utilizar nanoantenas plasménicas denominadas
spaceship para desarrollar un sustrato SEIRA que pueda utilizarse en la deteccion de enfermedades. Las
nanoantenas spaceship se fabricaron mediante litografia por haz de electrones. Se fabricé un posible
dispositivo SEIRA con nanoantenas spaceship de Au basadas en nanoantenas fractales de oro con unas
dimensiones de 5.5 um de longitud y 5 pum de altura, estructura interna con 970 nm, 950 nm de longitud
y altura respectivamente. La anchura del brazo es de 400 nm y el grosor de 50 nm. La frecuencia de
resonancia (v,..s) se analizo utilizando la absorbancia de las nanoantenas de oro en funcion de la
frecuencia, donde se encontrd un pico a 33THz. Ademas, estos resultados se corroboraron con una
simulacién donde se encontrd la magnitud del campo eléctrico E=7.79 V/m a 34.98 THz. Estos
resultados nos permiten proponer a las nanoantenas espaciales como buenas candidatas para el disefio
de un sustrato SEIRA.

Palabras clave: litografia por haz de electrones, nanoantena fractal, sustrato SEIRA, frecuencia de

resonancia, espectroscopia infrarroja por transformacién de Fourier
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INTRODUCTION

The biotechnology sector is focusing on developing biosensors that allow us to detect and monitor
substances in vivo using non-invasive methods. For example, in substances detection using the label-
less method, radiation in the mid-infrared (mid-IR) [1] has been used to obtain the vibrational
fingerprint. In fact, it has provided an identifying method for molecular capacity using the characteristic
vibrational spectrum, which is directly related to its molecular constituents and chemical bonds. This
allows us to obtain information from biosamples [2], such as lipids or proteins, for detection,
identification, and diagnosis [3]. Therefore, it has been widely proposed that plasmonic nanostructures
(patterned as nanoantennas) seem like candidates to take on a key role in detection using enhanced
surfaces to overcome the problem of limited molecular absorption. Surface Enhanced Infrared
Absorption (SEIRA) spectroscopy [4] [5] of substrates was successfully implemented and shown to
have an advantage in the specific and selective detection of low and ultra-low concentrations of analytes
in the (UM-pM) range [6]. These plasmonic devices based on nanoantenna arrays can be used for gas
sensing, disease detection, and optical imaging [7]. Fractals, on the other hand, are geometric shapes
that exhibit self-similarity at different scales. They are characterized by a repeating pattern that appears
similar at all levels of magnification. Fractals can be found in nature, such as in snowflakes and ferns,
and can also be created artificially using mathematical algorithms. Fractals have many interesting
properties, including infinite complexity, non-integer dimensionality, and the ability to fill space without
repeating. These properties make them useful for a variety of applications, including antenna design,
data compression, and image processing. The combination of hanoantennas and fractals has led to the
development of fractal nanoantennas, which combine the enhanced electromagnetic response of
nanoantennas with the self-similarity and complex geometries of fractals. Fractal nanoantennas can
exhibit a wide range of optical responses, including enhanced absorption, scattering, and fluorescence.
They can also be used for sensing applications, such as detecting small molecules and biomolecules.
Additionally, fractal nanoantennas have been used in the development of metamaterials, which are
engineered materials with properties not found in natural materials.

In the present work, for the fabrication of spaceship nanoantennas, a morphology based on a fractal

nanoantenna that refer to intricate patterns that appear in fields of crops, typically wheat, barley, or other
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cereal grains. These patterns often involve flattened crops in a circular or geometrically complex
arrangement (see Fig. 1). This morphology was studied by analyzing the electric field generated due to
the interaction between infrared radiation and the nanoantenna as a function of frequency. We analyze
the feasibility of use in a SEIRA substrate based on the obtained results.

Figure 1. Morphology and dimensions used as fractal nanoantenna in numerical simulations.
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Materials and Methods

We fabricate plasmonic devices based on Au nanoantenna arrays using electron beam lithography (EBL)
on silicon (Si) substrates with 300nm silicon dioxide (SiO2), and their resonance frequency was
investigated using infrared spectroscopy (FTIR). In addition, the frequency was studied using
simulations by the finite element method to analyze the dependence of the electric field on frequency.
Numerical Simulations

COMSOL Multiphysics is a commercial software package that is widely used for simulating physical
phenomena. It is based on the FEM and can be used to model a variety of engineering systems, including
plasmonic devices [8].

In the simulations described plane waves that are linearly polarized to the z-axis are used to interact with
a plasmonic device based on arrays of gold (Au) nanoantennas [9]. The purpose of the simulations is to
evaluate the absorbance of the plasmonic device as a function of the frequency of the incident wave.
The range of frequencies considered in the simulations is (20 — 90) THz [10], [11], which is in the
terahertz (THz) range. This is an important range for many applications, including imaging, sensing,

and communication.
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Overall, the simulations using COMSOL Multiphysics, and the FEM are a powerful tool for studying
the behavior of plasmonic devices and can provide valuable insights into their performance and potential
applications.

The software solves equation 1 in the frequency domain

-1 2 jo _
Vxu,"(VxE)—kile, ——|E=0 (1)
WEy

where o is the frequency, E is the electric field, € is vacuum permittivity, & is relative permittivity, ¢ is
material conductivity, U, corresponds to relative permeability, and kO is the wavelength vector, see Table
1[12], [13].When using the COMSOL RF module to simulate the absorbance of a material, meshing is
an important factor to consider in order to obtain accurate results. The mesh should be fine enough to
capture the details of the electromagnetic waves at the highest frequency of interest. This means that the
mesh density should be proportional to the wavelength, with smaller mesh elements for shorter
wavelengths.

Table 1. Gold value used to analyze a resonant frequency of fractal nanoantennas at 10.3um.
Variable Name Value

& Relative permittivity 1975.6

To explain the resonance phenomenon in the far-field plots using the near-field contours, one can
analyze the spatial distribution of the electric field around the structure at different frequencies. At
frequencies far from the resonance frequency, the near-field contours show weak or spatially uniform
field distributions, indicating weak interactions between the structure and the incident light. This will
lead to far-field plots that show weak or isotropic radiation patterns.

As the frequency approaches the resonance frequency, however, the near-field contours will show strong
and spatially non-uniform field distributions, indicating strong interactions between the structure and
the incident light. This will lead to far-field plots that show enhanced and directional radiation patterns,
with higher intensity in certain directions or polarizations.

By analyzing the near-field contours, one can also gain insight into the physical mechanisms underlying
the resonance phenomenon. Near-field contours may reveal the formation of plasmonic hotspots, where

the electric field is highly concentrated and leads to enhanced absorption. Near-field contours also show
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the formation of standing waves or interference patterns, which can lead to directional scattering of light
[14].

Fabrication

The nanoantennas were fabricated using electron beam lithography on Si wafers with 300 nm SiO; as a
thermal and electric insulator. The manufacturing procedure used was as follows: 300 nm of
polymethylmethacrylate (PMMA) were deposited on the Si/SiO; substrates by spin coating, the pattern
was made with a Raith ELPHY Quantum lithography system. Nanoantenna patterns were recorded using
a 30 keV and an area dose of 250 uC/cm? The development was performed by immersing the Si/SiO;
substrate in a MIBK: IPA solution for 80 seconds. Subsequently, 50 nm gold layer was deposited by RF
sputtering. Finally, the devices were left two hours in acetone to remove excess resin and metal [15].
Results and discussion

FEM is a numerical technique used to solve partial differential equations (PDES) by discretizing the
problem domain into finite elements. It is commonly used in engineering and physics simulations to
analyze complex physical systems. Here, FEM simulations were employed to study the behavior of an
electromagnetic system. Figure 1 shows a 3D image of electric field enhancement E=7.79V/m at
vres=34.98THz. The resonance frequency of 34.98 THz indicates the specific frequency at which the
system under simulation exhibits resonance behavior. Resonance occurs when the system's response to
the incident electromagnetic wave is maximized, leading to enhanced effects such as increased electric
field strength.

A 779

Figure 2. shows the magnitude of the electric field E=7.79 V/m at 34.98 THz.

Figure 2 shows the results obtained from the finite method simulation using COMSOL where
absorbance was analyzed as a function of frequency. One peak corresponding to the resonance
frequencies located at 34.98 THz was found [17].
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Figure 3. Graph of the results of the finite element method simulation where absorbance was analyzed
as a function of frequency; One peak corresponding to the resonance frequency located at 34.98 THz
was found.

1.0

0.8
v=34.98THz

!

064

0.4 4

Absorbance (a.u.)

0.2+

1
20 30 4 50 80 70 8 90

W(THz)

Figure 3 shows the results obtained from analyzing the fabricated morphology by electron beam using
the FEI Inspect F50 field emission scanning electron microscope. We can see that each spaceship
nanoantenna measures 5.5 um in length, 5 um in height, inner structure with 970 nm, 950 nm in length

and height respectively. Arm width of 400 nm and 50 nm of thickness.

Figure 4. Micrograph of spaceship nanoantennas based on gold fractal nanoantennas which are 5.5
um long and 5 um high.

10.3 mm I ETD

Hence, the optical properties of plasmonic devices based on nanoantenna arrays were studied using
infrared spectroscopy (FTIR) with Bruker Vertex 70 equipment, analyzing the absorbance as a function
of frequency (THz), which allows us to define the resonance frequency of the device. Figure 4 shows

that the resonance frequency (Vrs) for the nanoantenna named spaceship presents one peak 33 THz [16].
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Figure 5. Graph of the infrared spectroscopy results where absorbance was analyzed as a function of
frequency; it is seen that the resonance frequency (ves) for the nanoantenna called spaceship based on
the fractal nanoantenna presents one peak at 33 THz.
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Comparing resonance frequency obtained from experimental and simulations results of the device, a
shift was observed. This shift can due to different factors, such as material composition or environmental
conditions. The experimental results are based on measurements taken from a physical system, whereas
the simulation results are based on a model created within the finite element method. Discrepancies can
arise due to simplifications or assumptions made in the simulation model that may not perfectly
represent the real-world system.

Nanoantennas themselves are not typically used as biosensors or biodetectors in the same way that
specific biomolecules, enzymes, or antibodies are used. However, nanoantennas can enhance the
performance of biosensors and biodetectors by improving their sensitivity, signal-to-noise ratio, and
detection limits. Nanoantennas can concentrate and enhance the interaction between electromagnetic
waves (e.g., light) and the target molecules in the biosensor. This results in stronger and more detectable
signals, making it easier to identify and quantify biological or chemical analytes. Moreover, plasmonic
nanoantennas made of noble metals like gold or silver, can exhibit surface plasmon resonance (SPR).
SPR is sensitive to changes in the refractive index of the surrounding medium, making it a valuable tool
for label-free biosensing. When target molecules bind to the sensor surface, it causes a shift in the SPR

wavelength, which can be measured and correlated with analyte concentration. Plasmonic nanoantennas,
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are often used in immunoassays. Functionalized nanoantennas can serve as labels for antibodies or
antigens, and their plasmonic properties enable sensitive detection through changes in scattering or
absorption when binding events occur. In summary, while nanoantennas themselves do not directly act
as biosensors or biodetectors, they are valuable components in enhancing the performance of these
devices. Their ability to manipulate light at the nanoscale and create localized electromagnetic fields
makes them essential for improving the sensitivity and specificity of detection in various applications,
including biosensing and biodetection.

CONCLUSIONS

A potential SEIRA device was fabricated with Au spaceship nanoantennas based on fractal
nanoantennas with dimensions of 5.5 pum long and 5 pm high, inner structure with 970 nm, 950 nm in
length and height respectively. Arm width of 400 nm and 50 nm of thickness. Using infrared
spectroscopy (FTIR), the gold nanoantennas absorbance was analyzed as a function of frequency, where
one peak was found that correspond to the resonance frequency located at 33 THz. These results were
corroborated with finite method simulations, where it was found that the magnitude of the electric field
was E=7.79 V/m when v=34.98 THz. These results allow us to propose fractal nanoantennas as good
candidates for the design of a SEIRA substrate. In summary, while nanoantennas themselves do not
directly act as biosensors or biodetectors, they are valuable components in enhancing the performance
of these devices. Their ability to manipulate light at the nanoscale and create localized electromagnetic
fields makes them essential for improving the sensitivity and specificity of detection in various
applications, including biosensing and biodetection.
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