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Abstract: Diabetes has emerged as a global health crisis, with a substantial increase in prevalence and associated
healthcare costs. The urgency for early diagnosis to prevent complications has fueled research into advanced biosensing
technologies. Plasmonic sensors, leveraging localized surface plasmon resonance (LSPR), have gained prominence for
their sensitivity. This study explores a metamaterial-based sensor platform comprising nanospheres fabricated through
colloidal lithography. A comprehensive numerical and experimental analysis of the designed metamaterial-based sensor is
presented, focusing on the spectral response at the resonance frequency of 535 nm. Finite-difference time-domain (FDTD)
simulations reveal the field and charge distributions, enabling a systematic exploration of geometric parameters’ impact on
absorption resonance. The chosen optimum parameters are validated experimentally, demonstrating excellent agreement
between numerical predictions and experimental outcomes. The spectral shifts occurring in the absorption spectrum of
the sensor have demonstrated the molecular detection capability of very low concentrations of glucose oxidase, such as
0.001 ppm. Our approach, offering a cost-effective alternative to common fabrication methods, holds promise for the
mass production of highly sensitive biosensors, providing a pathway for the development of advanced diagnostic tools
for diabetes and other healthcare applications.
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1. Introduction
Diabetes is a widespread chronic disease among the fastest-growing global health emergencies of the 21st century.
Five hundred and thirty-seven million adult individuals (aged 20–79) were reported living with diabetes and it
has been estimated that this number will rise to 643 million in 2030 and 783 million in 2045 according to the
International Diabetes Federation†. Diabetes† is responsible for 6.7 million deaths in 2021 in low- and middle-
income countries. The healthcare expenditures for this disease amount to at least 996 billion dollars, indicating a
316% increase in spending over the past 15 years. Globally, 541 million adults have Impaired Glucose Tolerance
(IGT)†, which puts them at high risk of developing type 2 diabetes. Diabetes Mellitus can be distinguished by
the amount of increase in blood sugar levels resulting from disorders in insulin secretion or insulin action [1, 2].
High blood sugar, also known as glucose level, is directly associated with various health problems such as
chronic kidney failure, cardiovascular diseases, stroke, retinal damage, and foot ulcers [3, 4]. The abnormal
changes in glucose levels lead to life-threatening complications when examining these negative outcomes. Early
diagnosis is crucial to prevent complications and reduce mortality. Recent studies have intensively focused
on detecting glucose concentration with various methods, including electrochemical, colorimetric, optical, and
thermoelectric-based biosensors [5–11].
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The working principles of the sensors used in research are quite different from others, and the selection
of the most suitable sensor type is often based on performance, cost, and application areas. Among these
sensor platforms, plasmonic sensors have smaller sizes and are more advantageous as they can operate at
room temperature compared to others. In recent years, plasmonic sensors have attracted significant interest
in developing new miniature devices in modern and advanced applications, including nano-antennas, gas
generators, waveguides, and modulators [12–17]. Plasmonic biosensors work based on localized surface plasmon
resonance (LSPR) as a result of electromagnetic radiation and produce strong resonance signals. The spectral
response and signal strength of resonance mode are related to different results depending on the changes in the
refractive index of the surrounding dielectric medium caused by the presence of the targeted analytes [14, 18–20].

Researchers have been conducting intensive studies to develop small-sized plasmonic sensors for the
detection of various target analytes (biomolecules, gases, etc.). According to recent studies, plasmonic sensors
are the most useful method for highly sensitive detection of biomolecules [18, 21–25]. These sensors are developed
based on metamaterials that have ideal properties at microcellular dimensions compared to the wavelengths of
the electromagnetic spectrum. These materials can achieve maximum power transfer and absorb light perfectly
by matching the impedance of the material to the surrounding space z =

√
µ
ϵ = 1 by adjusting the geometric

parameters of the selected material and its geometry (subnanostructures) in proper portions resulting in strong
absorption across a wide electromagnetic spectrum.

Nanostructures have desired optical properties such as optical invisibility, strong near-field enhancement,
and negative refractive index. These nanostructures have been extensively studied in biological and chemical
sensors due to their advantages [26–28], nonlinear optics [29, 30], plasmonic photocatalysis [31, 32], waveg-
uides [33, 34], and energy harvesting [35–37]. Most MAs consist of different unit cells and sizes of nanostructures
or complex metal patterns [38–41]. The common fabrication of these sensors is costly and complex processes,
such as electron beam lithography and ion beam etching. On the other hand, colloidal lithography offers a
low-cost and suitable approach for the mass production of sensors although the periodicity and uniformity of
optically designed sensors are not as perfect as those synthesized using lithography.

In this work, we have designed a plasmonic-based sensor platform consisting of nanospheres that are
fabricated based on colloidal lithography. We have investigated the spectral response of the proposed sensor
platform both numerically and experimentally. The numerical analysis including the field and charge distri-
butions at the resonance frequency of 535 nm is carried out using the finite-difference time-domain (FDTD)
method. The effect of geometric parameters on the absorption resonance is investigated, numerically. The op-
timum parameter of the sphere is chosen for experimental validation. Our numerical and experimental results
are in good agreement as shown in Figure 1b.

2. Material and methods
2.1. Numerical analysis numerical design of the sensor platform
The dimensions of gold-coated spheres, the period, and the thickness of the film layers were studied using the
Finite Difference Time Domain (FDTD) method. The spectral behavior of the designed nano-sphere antennas
was numerically investigated and analyzed. In the simulation, a unit cell of a sphere was repeated in x– and
y–directions under periodic boundary conditions and a perfectly matched layer was set for the x–direction.
The full simulation region was evaluated with a 5 nm mesh setting. A plane wave was illuminated at 90◦ along
the z–direction under perfectly matched layer boundary conditions. The incoming radiation was set along
the y–direction. The simulation results of the proposed sensor platform showed a resonance peak at 535 nm
wavelength which is in good agreement with the experimental result.
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The proposed sensor system is composed of gold-coated polystyrene spheres on a 140 nm thin layer of
Si3N4 film on a glass substrate as shown in the schematic in Figure 2a. Inserting the Si3N4 interlayer, which
is a high-index dielectric material, between the gold layer and the substrate will provide well well-defined single
resonance mode [43].

Figure 1. (a) SEM image of the structure of the gold-coated sphere. (b) Comparison of numerical and experimental
absorption spectra of the plasmonic structure. The numerical absorption spectrum is obtained with FDTD simulation.
The diameter of the polystyrene spheres is 240 nm, the thickness of the Si3 N4 and gold layers are 140 nm and 60 nm,
respectively.(c) The schematic view of the sensor platform. The electric field is oriented along the y-direction and k is
the propagation direction of the incoming light.

The spectral response of the gold-coated spheres is at the wavelength of 535 nm as shown in Figure 2.
By varying the diameter of the spheres, the resonance wavelength can be tuned to the desired frequency value.
The strongest absorption was obtained for the sphere with 240 nm diameter and these parameters were used for
the fabrication of the sensor platform for efficient results as seen in Figure 2. Also, the experimental result has
a smaller full-width half maximum (FWHM) (63.7 nm) compared to the numerical result (108 nm). Having a
smaller FWHM is a critical measure for the highly sensitive detection of analytes. The limit of detection (LOD)
of plasmonics sensor, which is the smallest amount of analyte that plasmonic sensors can detect, is defined by
sensitivity (S ) and figure of merit (FoM). The sensitivity is calculated using the formula S = ∆λ/∆n , which
takes into account the shift in the resonance wavelength as the refractive index changes. The unit of sensitivity
is the nm/refractive index unit (RIU). FoM = S/FWHM value is obtained by dividing this sensitivity by the
full-width at half-maximum of the resonance peak. As a result, the sensitivity of the sensor will increase with a
low FoM value [42]. The sensitivity and FoM of our sensor are 3.75 nm/RIU and 0.058 RIU−1 , respectively.

42



DURMAZ/Turk J Phys

Figure 2. The enhanced electric field at gold-polystyrene spheres as the diameters of polystyrene spheres; i= 240 nm,
ii= 250 nm, iii=260 nm, and iv= 270 nm. (b) The corresponding numerical absorption spectra (c) A linear relation
between the resonance wavelength and the diameters of the polystyrene spheres. (d) Similarly, a linear relationship
between the absorption rate and the diameters of the polystyrene spheres.

The difference between experimental and numerical data arises from the inability to precisely control the
thickness of gold on the side walls of the 60 nm gold-coated spheres and the challenge of accurately applying
this condition to the model provided in the simulation. In Figure 2a, the regions numbered 1 and 2 are the
polystyrene and gold-covered regions, respectively. In the experiment, it is hard to know the thickness of the
gold at the side wall of the polystyrene sphere. In addition, as the sensor system is experimentally formed by
placing spheres on the surface using the colloidal method, the difficulty in controlling the periodic arrangement
of the spheres contributes to the difference between experimental and numerical spectral responses.

The spectral responses were analyzed with the same program by varying the diameters of polystyrene
spheres to determine the optimum absorption signal of the sensor platform. Figure 2a shows the electric field
distributions of polystyrene spheres with diameters of 240, 250, 260, and 270 nm, respectively. According to
this figure, as the diameter of the polystyrene sphere decreased, the development of the electric field increased.
The stronger field confinement between the polystyrene spheres with a diameter of 240 nm and the gold layer
was observed. The field confinement developed by the polystyrene spheres with a diameter of 240 nm exhibited
a high absorption while the polystyrene spheres with a diameter of 270 nm showed a lower absorption signal.
It is noted that the absorption strength increases as the diameter of the spheres gets smaller since the thin gold
layer induces the excitation of surface plasmons at the interface between the polystyrene sphere and the gold
layer. The maximum absorption strength for the sphere with a diameter of 240 nm is because the light-metal
interactions couple to surface plasmons at 535 nm of the resonance frequency. As the diameter gets smaller than
240 nm (not shown here), absorption starts to decrease again as the impedance matching condition deteriorates.
Also, as the diameter of the spheres gets smaller, the gap between the spheres increases; therefore, the light
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transmission increases with a decrease in absorption. There is a linear dependence between the diameter of the
sphere and the resonance wavelength as depicted in Figure 2c. The absorption rate is also linearly dependent
on the diameter of the spheres as shown in Figure 2d. The linear relationship in these results is crucial for
obtaining repeatable and reliable results in plasmonic sensor designs. Also, it gives insight to understand the
sensitivity and specificity of the sensors.

The localized near-electric field enhancement between the gold layer and the polystyrene spheres at the
resonance wavelength is given in Figure 2a side view and Figure 3a top view. The interaction of light with the
gold-coated spheres triggers the excitation of localized surface plasmons (LSPs), which are collective oscillations
of conduction electrons responding to the incident electromagnetic fields. Particularly, regions between the
polystyrene spheres and the gold layer experience significant increases in localized electric fields due to the
excitation of LSPs resulting from near-field interactions of densely packed polystyrene spheres. The interaction
between closely positioned spheres results in the generation of dipole moments with opposite charges relative to
their neighboring dipoles as shown in Figure 3b resulting in the formation of a complex pattern characterized
by varying charge polarization. The charge exchange between the polystyrene and gold layers occurs due to the
dynamic dipole moment of the subwavelength particles resulting in the generation of an electric current at the
resonance wavelength. This generated current induces a magnetic field that is one of the criteria for satisfying
the impedance matching along with the electric field at a specific resonance frequency.

Figure 3. (a) The enhancement of the electric field between the gold layer and the polystyrene spheres at the resonance
wavelength of 535 nm. (b) The dipolar charge distributions on the surface at the resonance wavelength of 535 nm.

3. Experimental analyses of the sensor platform
3.1. Fabrication process
The glass-based chip 2.5 × 2.5 cm2 is washed with acetone, ethanol, and deionized (DI) water in a 5-min
ultrasonic bath, followed by drying with dry air. After drying, it is treated with a UV-Ozone cleaning device
to remove any remaining organic residues from the surface. Subsequently, as shown in Figure 4b, it is coated
with a silicon nitride (Si3N4 ) film with a thickness of 140 nm using electron-beam evaporation. The coating
process is optimized to achieve a homogeneous film formation at a rate of 1 kÅ/s. Once the film structure
is obtained, hydrophilic polystyrene colloidal spheres (PS) with carboxyl groups and dimensions of 0.5 µm
are coated onto the surface using dip-coating and Langmuir–Blodgett techniques at the air/water interface
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(Figure 4c). The formation of a monolayer coating relies on the principle of a hexagonal close-packed (HCP)
arrangement of colloidal polystyrene spheres on the surface. The tightly packed monolayer has almost no gaps
between the spheres (Figure 4c). This characteristic ensures that the subsequent coating on the monolayer is
closely aligned with the thin film formation, without forming plasmonic hotspots. Therefore, a pretreatment
process is performed to enhance the plasmonic behavior of the polystyrene sphere template, referred to as size
reduction. In this process, reactive ion etching (RIE) is employed to create spaces between the spheres without
disrupting their periodic arrangement (Figure 4d). These spaces facilitate the formation of points that positively
influence plasmonic behavior during the subsequent gold coating. After reducing the sizes of the spheres within
the desired ranges, the gold coating is applied using the thermal deposition method (Figure 4e). The resulting
chip consists of gold-coated spheres on the surface as depicted in the SEM image in Figure 1a.

Figure 4. Schematic of plasmonic-based biosensor fabrication. (a) Silicon nitride (Si3 N4 ) deposition on the glass
substrate using electron-beam evaporation. (b) Coating of polystyrene spheres onto the Si3 N4 -coated substrate in
a monolayer hexagonal close-packed formation. (c) Opening up spaces between the polystyrene spheres using the size
reduction method with RIE. (d) Thermal deposition of gold onto the polystyrene template to obtain plasmonic structures.
The thickness of the Si3 N4 and gold layers are 140 nm and 60 nm, respectively.

3.2. Validation of the detection of the glucose
To validate the detection capabilities of the proposed plasmonic sensor, different concentrations of glucose
oxidase ranging from 0.001 ppm to 0.5 ppm were prepared. 10 mg of glucose oxidase was diluted in 10 mL of
buffer oxide solution to create a 1000 ppm solution stock. For the assessment of the sensitivity of the proposed
sensor platform, buffer oxide solution was added to get at concentrations of 0.001, 0.005, 0.01, 0.05, and 0.5 ppm.
Initially, a bare spectrum without any analyte on the sensor surface was recorded with 0.1 nm resolution for 128
sample points. Then the smallest concentration of 0.001 ppm was added carefully to the sensor surface with a
micropipette and coated with spin-coat to cover the surface of the chip with a uniform film of glucose oxidase
and let it dry at room temperature for 15 min before taking the spectrum.
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The experimental setup was composed of the sensor chip integrated with a visible spectrometer (Torr
Lab OSA 20X, model CCS 200) equipped with an Ocean Optic halogen Light source to visualize the different
concentrations of molecules. The experimental absorption spectra were recorded for different concentrations
of each molecule as shown in Figure 5a. Initially, a reference spectrum (bare) in the air was recorded for
background normalization then the spectrum from a bare sensor was recorded. The background normalization
provided a clean pure spectral response from only the plasmonic sensor at the resonance wavelength. All the
spectra were recorded starting from 0.001 ppm to 0.05 ppm for each molecule on identical chips.

There is a red-shift in resonance wavelength by approximately 5 nm with the 0.001 ppm concentration
relative to the bare signal as shown in Figure 5a. A detailed examination of the resonance wavelength change
with the concentration is shown in Figure 5b confirming a linear relation until the sensor surface is saturated.

Figure 5. The experimental absorption spectra of the plasmonic sensor without glucose and with glucose at a
concentration of 0.001 ppm to 0.05 ppm. (b) The spectral shift of glucose due to the concentration of 0.001 ppm
to 0.05 ppm.

4. Conclusion
In this study, the detection of glucose oxidase was aimed at using a highly sensitive plasmonic sensor based on
gold-coated polystyrene spheres. This sensor platform uses the cost-effective technique of colloidal lithography,
enabling the detection of glucose at a remarkably low concentration of 0.001 ppm. The results showed a
spectral shift of 5 nm at the resonance frequency at 0.001 ppm concentration, enabling molecular detection
with a sensitivity of ∼3.75 nm/RIU and FoM of ∼0.058 RIU−1 .The developed plasmonic sensor platform
provides sensitive detection without requiring complicated set-up and specialized personnel. Experimental
results demonstrate that an enzyme-free, simple, and portable plasmonic sensor can detect glucose at the lowest
concentration of 0.001 ppm. The developed sensor platform can be used as a detection tool for biological
and chemical substances in defense and health applications. Our results can provide valuable perspectives for
fundamental research and present significant benefits for practical implementations. This sensor platform can be
improved by adding surface modification via molecule bindings for the detection of certain analytes in complex
solutions for defense and biochemical applications. In light of this data, it enhances our understanding of the
potential impact of plasmonic devices and sensors on forthcoming research and applications.
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