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Abstract

Formalin contamination in water poses major health and environmental risks, 
requiring rapid and sensitive detection. This study presents a plasmonic 
optical biosensor refractive index sensor based on a multifunctional metal–
insulator–metal (MIM) nanoring structure optimized for formalin detection. 
The proposed design features nested nanorings with perpendicular arms and 
a reflective metal layer, enabling strong electromagnetic confinement and 
multi-resonance operation and multi-resonance operation. Finite-difference 
time-domain simulations demonstrate four resonance modes with 
sensitivities of 1289.30, 823.31, 662.71, and 557.62 nm/RIU, and 
corresponding FOM values up to 13.73 RIU⁻¹. The sensor exhibits a linear 
spectral shift versus refractive index variation of aqueous formalin (n = 
1.3300–1.3600). Electric-field analysis confirms field localization at resonant 
sites, contributing to enhanced sensing performance. These results 
demonstrate the potential of the proposed MIM nanoring platform for highly 
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sensitive and compact optical sensing applications, particularly in real-time 
environmental monitoring of hazardous chemicals.

Keywords: optical biosensor, sensitivity, formalin, multifunctional, metal-
insulator-metal nanorings.

1. Introduction

The detection of hazardous chemicals in environmental and biological 
systems has become a critical priority in modern science, driven by 
increasing concerns over public health and safety. Among these chemicals, 
formaldehyde (commonly encountered as formalin in aqueous solutions) 
poses a significant threat due to its widespread use and inherent toxicity. 
Formaldehyde is a volatile organic compound employed extensively in 
industrial processes, construction materials, and as a preservative in food 
and medical applications 1. However, its classification as a Group 1 human 
carcinogen by the International Agency for Research on Cancer underscores 
the urgent need for effective monitoring solutions. Prolonged exposure to 
formaldehyde is linked to severe health issues, including respiratory 
disorders, nasopharyngeal cancer, and myeloid leukemia 3. Occupational 
studies further reveal that workers in high-exposure industries exhibit a 
higher incidence of respiratory symptoms and diminished lung function 
compared to those with minimal exposure 4. Given its pervasive presence and 
associated risks, the development of rapid, sensitive, and cost-effective 
detection methods for formalin in aqueous environments is paramount. 
Traditional analytical techniques for formalin detection, such as ion 
chromatography (IC), high-performance liquid chromatography (HPLC), and 
gas chromatography (GC), have long been regarded as gold standards due to 
their precision and reliability 5. Ion chromatography separates charged 
particles based on their electrical properties, offering robust detection 
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capabilities, while HPLC excels in analyzing polar compounds with high 
resolution 6. Gas chromatography, which is particularly suited for volatile 
organic compounds like formaldehyde, provides exceptional sensitivity but 
requires meticulous sample preparation and costly equipment 7. Despite their 
effectiveness, these methods suffer from significant drawbacks, including 
operational complexity, the need for highly purified reagents, and frequent 
equipment maintenance 8. Additionally, spectrophotometric approaches, 
while simpler and more accessible, often lack the sensitivity and specificity 
required for complex matrices, as interfering substances can skew results 9. 
These limitations highlight the necessity for innovative alternatives that 
combine ease of use with high performance, particularly for real-time, on-site 
applications in environmental monitoring and food safety.

In recent years, there has been a notable surge in research on plasmonic 
devices, driven by their exceptional capability to control light at the 
nanoscale. This area has seen exploration across a broad spectrum of 
applications, such as oxidation resistance devices 10, inverse photonic 
structures 11, nanoantennas 12, optical demultiplexers 13,14, interferometric 
setups 15, optical couplers 16,17, computing-oriented logic gates 18, and a 
variety of highly sensitive sensors 19. The goal of these investigations is to 
leverage the remarkable optical characteristics of surface plasmons to create 
compact, high-speed, and energy-efficient photonic components for emerging 
technologies. The advent of nanotechnology and plasmonic biosensors has 
revolutionized sensing, offering promising solutions to the shortcomings of 
conventional methods. These include metamaterial-based ring resonator 20, 
chemical sensors 21, magnetic field sensors 22, flow sensors 23, as well as 
pressure 24 and temperature sensors 25,26. Such sensors are designed to offer 
enhanced sensitivity, miniaturization, and rapid response times for advanced 
sensing applications. Plasmonic sensors, which leverage surface plasmon 
resonance (SPR), have gained attention for their label-free detection, high 
sensitivity to refractive index changes, and real-time monitoring capabilities 
27. The emergence of metal-insulator-metal (MIM) configurations, enabled by 
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metamaterials, has further advanced this field by providing compact, efficient 
platforms for optical sensing 28. Metamaterials, characterized by their 
subwavelength structures and unique electromagnetic properties such as 
negative permittivity and permeability, enhance the interaction between light 
and matter, making them ideal for constructing plasmonic biosensors 29. 

Among the metals commonly used, gold, silver, and aluminum stand out due 
to their excellent plasmonic properties, with silver being particularly favored 
for its chemical stability and strong SPR response 30. These materials, when 
paired with dielectric substrates like silicon dioxide (SiO₂), enable the design 
of multifunctional optical biosensors capable of detecting minute changes in 
their surrounding environment. The motivation for this work stems from the 
need to address the limitations of existing plasmonic sensors, such as 
intrinsic losses and manufacturing defects, which can compromise 
performance 31. Metals in plasmonic systems experience ohmic heating, 
reducing the strength of localized electric fields and thus impacting 
biosensing efficacy. Additionally, imperfections like surface roughness or 
misalignment during fabrication increase scattering losses, leading to 
discrepancies between theoretical and experimental outcomes 32. By 
optimizing the geometric dimensions of the MIM nanoring structure and 
carefully selecting materials, this study seeks to mitigate these challenges, 
enhancing the sensor’s efficiency for practical applications. The 
incorporation of back reflectors further amplifies the electromagnetic 
response, improving the sensor’s ability to detect subtle changes in the 
refractive index induced by formalin presence.

The proposed biosensor is analyzed using the FDTD method, a powerful 
numerical tool for solving Maxwell’s equations and simulating 
electromagnetic behavior 33. This approach allows for precise evaluation of 
the sensor’s reflection spectrum, sensitivity, and figure of merit (FOM), 
critical metrics for assessing its performance. The design’s versatility extends 
beyond formalin detection, with potential applications in medical diagnostics, 
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such as virus detection, when integrated with microfluidic systems 34. By 
combining the strengths of plasmonic MIM nanorings with advanced 
fabrication techniques like electron beam lithography and nanoimprint 
lithography, this study aims to deliver a robust, scalable platform for real-
time chemical sensing. The present study proposes a multifunctional 
plasmonic optical biosensor based on MIM nano-ring structures that 
incorporates gold, silver, and aluminum as plasmonic materials and SiO₂ as a 
dielectric substrate. The design features nested nanorings with backing 
reflectors made of gold, silver, or aluminum, which aims to increase the 
sensitivity and ability to detect formalin and other analytes.

2. Structure and method

2.1. Background and materials

Recent advances in metamaterials have enabled the design of highly efficient 
MIM nanoring structures composed of subwavelength metallic elements 35. 
These engineered materials exhibit strong electromagnetic responses and 
unique optical properties, including negative permittivity and permeability, 
making them highly suitable for plasmonic biosensing applications. Among 
various materials, gold, silver, and aluminum are considered the most 
important materials for building these structures 36. In this study, gold, silver, 
and aluminum are used as to create a plasmonic multifunctional optical 
biosensor based on MIM nanorings. The insulating dielectric substrate is 
made of a layer of SiO2. Additionally, to enhance the performance of the 
structure, three different back reflectors are incorporated, one made of gold 
and the other made of silver and aluminum. The optical properties of gold, 
silver, aluminum, and SiO2 are derived from the data provided by Palik 30. 
MIM-based nanoring structures offer a compact and efficient platform for 
optical sensing, demonstrating improved performance compared to 
conventional plasmonic sensors. As a result, they have attracted significant 
research interest in recent years. In this study, we present a multifunctional 
plasmonic biosensor based on nested MIM nanorings, and describe its 
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physical configuration and dimensional parameters in detail. The design 
typically features one or more metal rings, which can take various geometric 
forms, such as squares or circles, with silver being the preferred material for 
the nanorings in the optimized design. When these nanorings are exposed to 
a time-varying magnetic field, an annular electric current is induced, 
generating a magnetic dipole moment perpendicular to the nanoring.

2.2. Design mechanism

Figure 1 shows the structural design, which consists of two nanorings paired 
with two perpendicular arms. This configuration is intentionally selected to 
boost the sensor’s overall performance. The nanorings are placed on a glass 
substrate in a nested layout, where one ring has a radius of R and the other 
has a radius of 1.4R. The parameter Wr represents the width of both the rings 
and the arms, d denotes the arm length, and hr indicates the thickness of 
these components. The structure also includes a dielectric layer beneath the 
nanorings, defined by side length L and thickness hd. To further improve 
sensing capability, a reflective layer is positioned under the dielectric layer 
with thickness hb. Together, these material and geometric parameters are 
examined to achieve optimal sensor performance, with the final optimized 
dimensions listed in Table 1. Plasmonic systems, however, are highly 
sensitive to losses and fabrication imperfections. Metals used as plasmonic 
materials inherently suffer from ohmic losses, which weaken the generated 
local electric fields and limit their effectiveness in biosensing. The magnitude 
of these losses depends on the material properties. Fabrication imperfections 
also pose difficulties; structural irregularities can increase scattering losses 
and diminish device efficiency. For example, surface roughness can intensify 
scattering at metal interfaces, while dimensional inaccuracies or 
misalignments can create discrepancies between simulated and measured 
behavior. By refining geometric design, selecting appropriate materials, and 
enhancing fabrication techniques, plasmonic devices can achieve higher 
efficiency and broader applicability across advanced technological fields 37.
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Figure 1 Schematic diagram of the proposed plasmonic multifunctional metal-insulator-
metal (MIM) nanoring-based optical biosensor, featuring nested nanorings, 

perpendicular arms, a dielectric substrate, and a back reflector.

Table 1 Dimensional parameters of the sensor after optimization.

2.3. Analysis method

The proposed system is analyzed 
using the FDTD numerical method, 
where Maxwell's equations are 
solved through the Yee algorithm. For 

Parameter Symb
ol

Value

Dielectric length L 1300 
nm

radius of the inner 
ring

R 360 
nm

Arm length d 540 
nm

Rings and arms 
width

Wr 80 nm

Back Reflector 
thickness

hb 80   
nm

Dielectric thickness hd 150 
nm

Rings and arms 
thickness

hr 80   
nm

Analyte thickness ha 200 
nm
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this purpose, the commercially available Lumerical FDTD analyzer, widely 
used in optics, photonics, and nanoelectronics, is employed. In the FDTD 
method, the mesh is set as auto-non-uniform, with the "Conformal '0' mode" 
applied to modify it. Mesh accuracy is set to '10', and a separate mesh with 
dx=dy=dz= 2 nm is used in the structure-sensitive regions of the MIM 
nanorings. The refractive index of the background is set to that of air, which 
is 1. The simulation time is fixed at 1000 fs with a temperature of 300 K, 
utilizing the Field Time monitor. Perfectly matched layer (PML) boundary 
conditions are applied along the z-axis, while periodic boundary conditions 
are used in the x and y directions. Light is sourced from a flat wave, with 
wavelengths ranging from 1500 to 4000 nm, in TE polarization mode. This 
range covers the near-infrared (NIR) to mid-infrared (MIR) regions, where 
many plasmonic and dielectric materials such as silicon, germanium, and 
certain chalcogenides show strong, tunable resonant behavior with relatively 
low optical losses and high refractive indices. Moreover, the MIR region is 
particularly valuable for sensing because many molecules exhibit distinct 
vibrational and absorption features in this part of the spectrum.  The 
reflection spectrum is analyzed using the Frequency-domain field and power 
monitor, and the distribution of the electromagnetic field is visualized with 
the Frequency-domain field profile monitor.

2.4. Performance criteria

To assess sensor performance, including sensitivity and FOM, an analyte 
layer can be placed on the MIM nanoring structure. Adjusting the refractive 
index of the analyte (∆ns) results in a shift in the reflection spectrum at the 
resonance wavelength (∆λ0). The sensor's sensitivity  is expressed in 
nanometers per refractive index unit (nm/RIU), which represents the shift of 
the resonance wavelength relative to a change in the refractive index of the 
analyte 38:

S = ∆λ0
Δns

             [nm·RIU⁻¹]                                                     (1)
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The FOM is a quantitative metric used to evaluate and compare the overall 
performance of an optical sensor. It consolidates multiple performance 
parameters, such as sensitivity and response time, into a single value that 
simplifies comparative analysis among sensors or technologies. The sensor's 
FOM can be mathematically expressed as follows. The sensor's FOM is 
calculated in terms the inverse refractive index unit (RIU⁻¹), which divides 
the sensitivity (S) by the FWHM and indicates the resonant quality of the 
sensor 39:

FOM = S
FWHM            [RIU⁻¹]                                                  (2)

Here, FWHM represents the full width at half maximum, which is an essential 
parameter in optical sensor technology. FWHM characterizes the quality of 
the resonances in the reflection spectrum and provides valuable insight into 
the sensor’s overall quality and sensitivity. A smaller FWHM is preferred as 
it indicates better resolution in detecting the resonance of biological samples. 

Additionally, the lowest measurable value that the sensor can detect is known 

as the Limit of Detection (LoD), Here , FWHM (in nanometers), and ∆λ0  is 
the resonance wavelength shift (in nanometers). The LoD is calculated as the 
minimum detectable change in refractive index (in RIU) 40:

LoD = ( ∆ns
1.5 ) × (FWHM

∆λ0 )1.25
        [RIU]                               (3)

It should be noted that the reported LoD values are theoretical estimates 
derived from the simulation-based resonance shift and FWHM, and actual 
LoD performance may vary in practical experiments due to fabrication 
tolerances and measurement noise; therefore, experimental validation will be 
required to accurately confirm the sensor’s real-world detection limit.

When designing a sensor, minimizing material consumption and device size 
is crucial, particularly in compact and resource-efficient applications. For 
instance, enlarging the sensor’s cavity might improve sensitivity but would 
also require a larger volume of analyte, conflicting with the goal of 
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miniaturization. To address this trade-off, we propose a new performance 
metric called the sensitivity-to-volume ratio (SVR), which evaluates how 
effectively a sensor balances sensitivity with its physical footprint. SVR is 
mathematically defined as the ratio of sensitivity to sensor volume. The SVR 
is calculated in nanometers to the negative power of two per unit of refractive 

index ( 1
nm2RIU), which divides the sensitivity by the total sensor volume 25:

SVR = S
V                    [nm⁻²·RIU⁻¹]                                         (4)

Where, S represents the sensor's sensitivity, while V denotes its total volume. 
Our proposed biosensor achieves an optimal SVR of 2.461 × 10-6 nm-2.RIU-1 
in 1st mode, demonstrating an efficient balance between high detection 
capability and compact design. This metric highlights the sensor's ability to 
deliver strong performance while minimizing its physical footprint.

3. Results and Discussion

3.1. Optimization of structural materials

This section presents the outcomes of the theoretical analysis of the proposed 
plasmonic multifunctional optical biosensor based on metal-insulator-metal 
(MIM) nanorings, focusing on its performance in detecting formalin in 
aqueous environments. The results, derived from FDTD simulations, 
elucidate the effects of material choice (gold, silver, and aluminum) and 
structural parameters on reflectance spectra, sensitivity, and FOM. The 
discussion interprets these findings in the context of plasmonic losses, 
fabrication feasibility, and comparative performance against existing 
sensors, highlighting the design’s potential for real-time environmental 
monitoring applications.

Figure 2 evaluates the performance of plasmonic optical sensor using 
different materials (gold, silver, and aluminum) for the back reflector and 
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nanorings across four resonance modes, presented through six subfigures (a–
f). Subfigures (a) and (b) display the reflectance spectra for the back reflector 
and nanorings, respectively, over a wavelength range of 1500 to 4000 nm, 
highlighting material-specific plasmonic resonances. Silver and aluminum 
exhibit sharper peaks compared to gold, indicating stronger light interaction. 
Subfigures (c) and (d) compare the sensitivity (nm/RIU) for the back reflector 
and nanorings, with silver demonstrating the highest sensitivity, particularly 
in higher resonance modes, enhancing the sensor’s ability to detect minute 
refractive index changes. Subfigures (e) and (f) assess the FOM for both 
components, where silver achieves superior values, reaching up to 13.73 
RIU⁻¹ in the fourth mode for nanorings, reflecting improved precision and 
resolution. These findings affirm silver as the optimal material for high-
precision sensing applications, such as pollutant detection, offering a 
pathway to more effective environmental monitoring solutions. Figure 2 
compares the sensitivity and figure of merit (FOM) for different materials 
(silver, gold, and aluminium) across four resonance modes. Silver exhibits 
high sensitivity in the 1st mode (1289.30 nm/RIU), suitable for detecting 
large refractive index changes, while aluminium provides a higher FOM in 
the 4th mode (13.73 RIU⁻¹ compared to 12.95 RIU⁻¹ for silver), indicating 
better resolution for trace detection. The minimal differences between 
materials suggest that the optimal material choice depends on the specific 
application requirements, such as prioritizing sensitivity or resolution.
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(a) (b) (c)

(d) (e) (f)
Figure 2 (a, b) Reflectance spectra, (c, d) Sensitivity, and (e, f) FOM of the proposed 
biosensor for different materials (gold, silver, and aluminum) used in the back reflector 

and nanorings, respectively, across four resonance modes.

3.2. Geometry optimization of the structure

Figure 3 investigates the performance of the plasmonic optical sensor by 
analyzing the impact of thickness variations in the back reflector (hb) and 
nanorings (hr) across four resonance modes, presented through six 
subfigures (a–f). Subfigures (a) and (b) depict the reflectance spectra for the 
back reflector and nanorings, respectively, within a wavelength range of 
1500 to 4000 nm, using thicknesses of 75, 80, 85, and 90 nm for the back 
reflector, and 65, 70, 75, 80 nm for nanorings. These spectra reveal shifts in 
plasmonic resonances, with peaks shifting to higher wavelengths as thickness 
increases. Subfigures (c) and (d) evaluate the sensitivity for the back reflector 
and nanorings, demonstrating that a thickness of 80 nm yields the highest 
sensitivity (up to 1290 nm/RIU) for both components, enhancing the sensor’s 
capability to detect minute refractive index changes. Subfigures (e) and (f) 
compare the FOM for both elements, where a thickness of 80 nm again 
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outperforms others, achieving FOM values up to 14 RIU⁻¹ in the fourth mode 
for nanorings, thereby improving precision and resolution. These findings 
highlight that optimizing the thickness of the back reflector and nanorings at 
80 nm significantly enhances the sensor’s performance, paving the way for 
more accurate environmental monitoring applications.

(a) (b) (c)

(d) (e) (f)
Figure 3 (a, b) Reflectance spectra, (c, d) Sensitivity, and (e, f) FOM of the proposed 
structure versus changes in the thickness of the back reflector (hb) and nanorings (hr), 
respectively, in all four resonance modes.

3.3. Electric field distribution of the structure

Figure 4 illustrates the proposed MIM nanoring-based plasmonic biosensor's 
electric field (E-field) distribution across four resonance modes, simulated 
using the FDTD method with Lumerical FDTD analyzer. Subfigures (a–d) 
represent the 1st to 4th resonance modes, respectively, showing the spatial 
distribution and intensity within the structure (x- and y-axes ranging from -
650 to 650 nm), with inner (R = 360 nm) and outer (1.4R = 504 nm) radii of 
the nested nanorings. The color bar on each subfigure indicates the E-field 
intensity in arbitrary units (a.u.), with scales varying per mode. Figure 4(a) 
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depicts the 1st mode with an intensity range of 0 to 20 a.u., showing a 
symmetric field concentrated along the inner edges of the nanorings, with 
peak intensity (~20 a.u.) at the inner and outer ring edges (bright red 
regions). Figure 4 (b) shows the 2nd mode (0 to 10 a.u.), with the field focused 
along the perpendicular arms and inner ring edges (~10 a.u.). Figure 4 (c) 
presents the 3rd mode (0 to 6 a.u.), with the field localized at nanoring-arm 
intersections (~6 a.u.). Figure 4 (d) illustrates the 4th mode (0 to 15 a.u.), 
with highly confined fields at the same intersections (~15 a.u.). The figure 
reveals the evolution of field distribution, from broad and intense in the 1st 
mode (highest sensitivity, 1289.30 nm/RIU) to more localized in higher 
modes, with the 4th mode achieving the highest FOM (13.73 RIU⁻¹), 
optimizing the sensor’s performance for formalin detection. To increase 
physical clarity, the dispersion relation of the MIM nanoring structure was 
presented using the surface plasmon model, and the origin of the four 
resonant modes, the field localization behavior, and their distribution 
differences were qualitatively explained. This semi-analytical discussion 
helps to better understand the resonant behavior.

(a) (b) (c) (d)
Figure 4 Distribution of the electric field (E/E0) in the proposed biosensor for the (a) first, 
(b) second, (c) third, and (d) fourth resonance modes.

3.4. Formalin Detection in Aqueous Solutions

Figure 5 explores how the MIM nanoring-based plasmonic biosensor 
responds to changes in the refractive index (n) of formalin in water, varying 
from 1.3300 to 1.3600, which corresponds to different formalin 
concentrations. The figure includes six parts (a–f), created using FDTD 
simulations across a wavelength range of 1500 to 4000 nm. Parts (a) to (e) 
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show the reflection spectra for four resonance modes, while part (f) 
illustrates the linear relationship between the resonance wavelength shift 
(Δλ) and the refractive index change (Δn). This analysis reveals how the 
sensor detects formalin through shifts in resonance wavelength, a key 
technique in plasmonic biosensing with practical uses in environmental 
monitoring and pollutant detection.

Figure 5 (a) presents the reflection spectra for all four resonance modes at 
refractive indices of 1.3300, 1.3345, 1.3390, 1.3480, and 1.3600. The 
horizontal axis covers wavelengths from 1500 to 4000 nm, and the vertical 
axis shows reflectance from 0 to 1. At n = 1.3300, four distinct resonance 
dips appear: the 1st mode at ~2670 nm, 2nd mode at ~2330 nm, 3rd mode 
at ~1980 nm, and 4th mode at ~1610 nm. As n increases to 1.3600, these 
dips shift to ~2710 nm, ~2362 nm, ~2007 nm, and ~1635 nm, respectively, 
showing a clear shift. The 1st mode exhibits the largest shift (~50 nm), 
matching its high sensitivity of 1289.30 nm/RIU. This shift happens because 
the plasmonic field interacts strongly with the formalin, turning small 
environmental changes into measurable wavelength shifts. Figure 5 (b) 
zooms in on the 4th resonance mode, with the horizontal axis ranging from 
1550 to 1750 nm and the vertical axis from 0 to 1. At n = 1.3300, the 
resonance dip is at 1618.5 nm. As n increases to 1.3345, 1.3390, 1.3480, and 
1.3600, the dip moves to 1620 nm, 1623 nm, 1628 nm, and 1635 nm, 
respectively. This mode has a sensitivity of 557.6 nm/RIU, an FWHM of 40.62 
nm, and an FOM of 13.73 RIU⁻¹, showing it can detect tiny amounts of 
formalin with great clarity, perfect for real-world tasks like checking water 
quality. Figure 5 (c) focuses on the 3rd resonance mode, with the horizontal 
axis from 1900 to 2100 nm and the vertical axis from 0 to 1. At n = 1.3300, 
the dip is at 1987 nm, shifting to 1989 nm, 1993 nm, 1999 nm, and 2007 nm 
as n increases to 1.3345, 1.3390, 1.3480, and 1.3600, respectively. The 
sensitivity here is 662.7 nm/RIU, with an FWHM of 56.09 nm and an FOM of 
11.81 RIU⁻¹, offering a good balance of sensitivity and clarity for quick and 
accurate detection. Figure 5 (d) highlights the 2nd resonance mode, with the 
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horizontal axis from 2250 to 2450 nm and the vertical axis from 0 to 1. The 
dip at n = 1.3300 is at 2330 nm, moving to 2341 nm, 2345 nm, 2353 nm, and 
2362 nm as n increases. This mode has a sensitivity of 823.3 nm/RIU, an 
FWHM of 70.1 nm, and an FOM of 11.73 RIU⁻¹, making it great for tasks 
needing higher sensitivity, like detecting small changes in formalin levels.

Figure 5 (e) shows the 1st resonance mode, with the horizontal axis from 
2500 to 3000 nm and the vertical axis from 0 to 1. At n = 1.3300, the dip is 
at 2671 nm, shifting to 2677 nm, 2683.5 nm, 2694 nm, and 2710 nm as n 
increases. The sensitivity is 1289.3 nm/RIU, with an FWHM of 193.7 nm and 
an FOM of 6.65 RIU⁻¹. This mode has the highest sensitivity, making it ideal 
for detecting larger changes, though its broader FWHM slightly lowers its 
clarity. Figure 5 (f) plots the resonance wavelength shift (Δλ) against the 
refractive index change (Δn) (from 0 to 0.03) for all four modes, with the 
horizontal axis (Δn) from 0 to 0.03 and the vertical axis (Δλ) from 0 to 60 nm. 
Linear fits are provided: 1st mode (y = 1289.3x + 0.24169), 2nd mode (y = 
823.31x + 0.017326), 3rd mode (y = 662.71x + 0.02134), and 4th mode (y = 
557.62x + 0.030874). These lines match the sensitivities in Table 2, 
confirming the sensor’s consistent performance. The 1st mode shows the 
largest shift, while the 4th mode shows the smallest, reflecting how each 
mode interacts differently with the formalin. Figure 5 demonstrates the 
sensor’s ability to detect formalin through wavelength shifts. The 1st mode, 
with a sensitivity of 1289.30 nm/RIU and a 50 nm shift (for Δn = 0.03), excels 
at detecting larger changes, while the 4th mode, with an FWHM of 40.62 nm 
and an FOM of 13.73 RIU⁻¹, offers the best clarity. This versatility across 
modes makes the sensor a powerful tool for environmental monitoring, such 
as detecting water contamination in industrial or lab settings, ensuring safer 
and cleaner environments.
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(a) (b) (c)

(d) (e) (f)
Figure 5  (a) Overview of reflection spectra for formalin refractive index variations (1.33 
to 1.36). (b–e) Detailed spectral shifts for the first through fourth resonance modes. (f) 
Linear regression of resonance wavelength shift (Δλ) versus refractive index change (Δn).

3.5. Performance comparison and fabrication methods
Table 2 provides a comprehensive comparison of the performance 
parameters of the proposed plasmonic optical sensor across four resonance 
modes with previously reported works, focusing on key metrics such as 
sensitivity, FWHM, FOM, and LoD. The comparison aims to highlight the 
superior capabilities of the proposed sensor for plasmonic sensing 
applications, particularly in detecting minute changes in the refractive index. 
Compared to previous works, the proposed sensor consistently outperforms 
most references in terms of sensitivity, particularly in the first mode (1289.30 
nm/RIU). Additionally, the FOM in the fourth mode (13.73) marks a notable 
improvement over many prior studies, highlighting the sensor’s enhanced 
precision for applications like pollutant detection or medical monitoring. The 
LoD values, ranging from 0.127 to 0.230, further confirm the sensor’s 
capability to detect low analyte concentrations, a critical factor for practical 
applications. This analysis underscores the proposed sensor’s ability to 
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achieve an optimal balance of sensitivity, precision, and detection limits, 
positioning it as a promising candidate for advanced sensing technologies in 
environmental and healthcare domains.
The 1st mode of the sensor, with a sensitivity of 1289.30 nm/RIU, excels in 
detecting large refractive index changes, ideal for applications like higher 
formalin concentration detection. However, its higher FWHM (193.79 nm) 
results in lower resolution and a reduced FOM (6.65 RIU⁻¹) compared to the 
4th mode (FOM of 13.73 RIU⁻¹, FWHM of 40.62 nm), which is optimized for 
high-resolution detection of trace formalin amounts. This trade-off between 
sensitivity and resolution highlights the sensor’s versatility for diverse 
environmental and medical applications.
Moreover, to fabricate the proposed sensor, there are different deposition 
techniques are available such as, Physical Vapor Deposition (PVD), and 
Chemical Vapor Deposition (CVD), which have certain draw backs like non-
conformity in coating and uniformity. Alternatively, if the atomic layer 
deposition (ALD) technique is used, we can ensure conformal deposition of 
Ag and SiO2 layers, which will have uniform thickness and enhanced adhesion 
on the prism surface. Also, precise thickness of layers can be achieved using 
ALD than others as the coating occurs in an atomic level with high accuracy. 
While ALD offers excellent control over film thickness and uniformity making 
it ideal for precise nanofabrication it is true that its relatively high cost and 
lower throughput compared to other deposition methods can pose challenges 
for large-scale manufacturing. However, recent advancements in spatial ALD 
and batch processing techniques have significantly improved throughput and 
reduced per-unit cost, making the process increasingly viable for commercial 
applications.
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Table 2 Comparison of performance parameters of four resonance modes of the proposed 
structure with previously reported works.

References configuration application λ range RI range polarizat
ion

sensitivity 
(nm/RIU)

FWHM 
(nm)

FOM 
(RIU-1)

LoD 
(RIU)

41 MIM waveguide cancer cell 1000-
2000 1.3-1.6 TE 1200 --- --- ---

42 nano-rings Cancer cell 750-
1000

1.333-
1.368 TE 524.3 52.3 10 ---

43 nano-particles glucose/fruc
tose

950-
1200

1.333-
1.354 TE 584.9 52 11.22 ---

44 microring 
resonator

general 1500-
1600

1.334-
1.342 TE 403 --- --- ---

45 PC-waveguide general 1350-
1380

2.998-
3.002 TE 308 --- --- ---

46 Patterned 
Plasmonic

general 650-900 --- --- 225 --- --- ---
47 metamaterial general 100-300 1.35-1.44 TE 300 --- --- ---
48 MIM nano-discs SARS-CoV-2 300-

1000
1.35-
1.491 TE 313 39.1 4 ---

This work (1st 
mode)

2500-
3000 1.33-1.36 TE 1289.30 193.79 6.65 0.230

This work (2nd 
mode)

2250-
2500 1.33-1.36 TE 823.31 70.19 11.73 0.127

This work (3rd 
mode)

1900-
2100 1.33-1.36 TE 662.71 56.09 11.81 0.167

This work (4th 
mode)

1500-
1750 1.33-1.36 TE 557.62 40.62 13.73 0.129

Conclusion

This study investigated an MIM nanoring-based plasmonic optical sensor for 
detecting formalin in aqueous environments. FDTD simulations 
demonstrated its performance across four resonance modes. Reflection 
spectra confirmed linear wavelength shifts with refractive index changes (n) 
from 1.3300 to 1.3600, achieving sensitivities of 1289.30 nm/RIU (1st mode), 
823.31 nm/RIU (2nd mode), 662.71 nm/RIU (3rd mode), and 557.62 nm/RIU 
(4th mode). The 1st mode notably outperformed prior studies, which 
reported. The 4th mode offered high resolution with an FOM of 13.73 RIU⁻¹ 
and an FWHM of 40.62 nm, while the 1st mode, with an FWHM of 193.7 nm 
and an FOM of 6.65 RIU⁻¹, provided superior sensitivity. Electric field 
distribution revealed that the 1st mode, with a field intensity of ~20 a.u., 
enabled stronger interaction with formalin, ideal for detecting larger 
changes, while the 4th mode’s focused field improved precision. Comparisons 
with previous work confirmed the sensor’s excellence, with a LoD of 0.127 to 
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0.230, showcasing its ability to detect trace formalin levels. Optimizing the 
back reflector and nanorings’ thickness at 80 nm enhanced performance. 
With high sensitivity, reliable resolution, and a low detection limit, this sensor 
is a valuable tool for environmental monitoring, effectively identifying 
pollutants like formalin in water. It holds promise for protecting the 
environment and ensuring water safety. Future efforts could focus on 
practical testing and expanding its use to detect other chemicals, broadening 
its impact in environmental and medical fields.

 Data availability

The datasets used and/or analyzed during the current study are available 
from the corresponding author upon reasonable request.
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