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ABSTRACT: Infrared plasmonic sensors offer enhanced bio-
molecule detection potential over visible sensors due to unique
spectral fingerprints, enhanced sensitivity, lower interference, and
label-free, nondestructive analysis capabilities. Moreover, multi-
mode plasmonic sensors are highly advantageous for their ability to
outperform single-mode counterparts through long-wavelength
tuning, enhanced information retrieval, and reduced false results
through multimode data cross-referencing. In this study, to achieve
a high quality factor and enhanced sensitivity simultaneously, we
employed silver square block arrays (SSBs) in a metal−dielectric−
metal configuration. The proposed design supports three modes
resulting from gap plasmons and propagating surface plasmon resonances, enabling the detection of a broad spectrum of
biomolecules. Designed sensors demonstrate notable sensitivities in different modes: Mode I achieves 525 nm/RIU, Mode II reaches
1287 nm/RIU, and Mode III records 812 nm/RIU, while maintaining the quality factor of Mode I�17, Mode II�356, and Mode
III�107. The figure of merit for Mode I is 7 RIU−1, for Mode II it is 375 RIU−1, and for Mode III it is 98 RIU−1. Different
concentrations of glucose and hemoglobin are efficiently detected with the proposed sensor, showing great potential for its
biosensing application and real-time monitoring of biomolecule dynamics. Taken together, the proposed sensor exhibits the
capability to identify diverse types of biomolecules and holds the potential to serve as a preliminary screening tool for various
biomolecules.

■ INTRODUCTION
Biosensors have the potential to facilitate early disease
diagnosis and enable real-time patient monitoring through
the detection of certain biomolecules. They can be operated
effortlessly by individuals without specialized expertise.1−7 It is
worth mentioning that optical sensors provide a platform
characterized by their high sensitivity and contact-free,
exceptional resolution. This has spurred comprehensive
research directed toward creating a multitude of applications,
including point-of-care diagnostics, the detection of molecular
fingerprints in the mid-infrared range, and the design of
deployable sensors for various settings.8−10 Infrared optical
sensors efficiently detect and characterize bioanalytes by
matching their wavelength to molecular vibrations, revealing
specific structural information and enabling precise and
sensitive detection of biomolecules in medical, environmental,
and food safety applications.
In recent decades, optical biosensors employing refractive

index (RI) sensing have emerged as a noteworthy category
with a highly promising future.11−15 Localized surface plasmon
resonance (LSPR) mediated by gold nanorods patterned on
graphene was also realized for biomolecule detection.16

Although graphene has promising potential to bind with
aromatic rings of biomolecules through π−π stacking

interaction, LSPR is primarily confined to gold nanorods,
limiting its ability to adequately cover long-chain biomole-
cules.17 Metals such as, gold, silver, and aluminum were
utilized to realize plasmonic sensors capable of sustaining
surface plasmon polariton resonant modes.18−20 These modes
exhibit remarkable benefits, encompassing rapid one-step
detection, label-free, noninvasive characteristics, and effective
coverage of biomolecules. Silver exhibits higher sensitivity to
changes in background RI than gold and aluminum in the
optical and infrared regimes.21 Single-mode optical sensors
detect biomolecules but have an inherent risk of errors due to
limited information retrieval and the absence of redundant
confirmation in a single resonance mode.22,23 In contrast,
multiple resonance modes provide improved information
retrieval, redundant verification, and enhanced sensitivity.
Consequently, these biosensors hold substantial potential for
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diverse applications such as measuring media concentration,
identifying individual cancer cells, and performing nucleic
acid−based analysis.24−26

Metal-based biosensors typically offer greater sensitivity
owing to enhanced electric fields, but they often suffer from
lower quality factors due to the presence of metal-induced
ohmic losses.15 Conversely, dielectric-based biosensors achieve
high-quality sensing modes but have limited sensitivity to
background RI changes because their optical modes are mainly
confined within the dielectric material. To overcome this
challenge, hybrid nanostructures can effectively enhance
electric fields and enable higher energy confinement in
ultrathin gap.27,28 Additionally, propagating surface plasmon
(PSP) and gap surface plasmon resonance (GSP) are
employed for the realization of biosensors due to their higher
sensitivity.29,30 It makes them fit for tasks demanding higher
sensitivity and an efficient response to variation in the RI of
their surrounding environment.
It is essential for an efficient plasmonic sensor to exhibit a

high-quality factor and a good figure of merit (FoM)
simultaneously for efficient detection of biomolecules. This
work proposes a hybrid metasurface in metal−dielectric−metal
(MDM) configuration, comprising silver square block arrays
(SSBs) placed on spacers and backed by a silver reflector. The
finite difference time domain (FDTD) method is employed to
investigate the designed plasmonic metasurface. This study
reveals the emergence of three resonance modes resulting from
the interaction of surface plasmon and gap plasmon. The
emergent resonance modes demonstrated exceptional perform-
ance: Mode I exhibited 525 nm/RIU sensitivity with a quality
factor of 17, Mode II achieved 1287 nm/RIU sensitivity with a
quality factor of 356, and Mode III reached 812 nm/RIU
sensitivity with a quality factor of 107. The FoM for Mode I is
7 RIU−1, for Mode II it is 375 RIU−1, and for Mode III it is 98
RIU−1. Furthermore, various concentrations of glucose and
hemoglobin are accurately detected by the proposed sensor,
highlighting its strong potential for biosensing applications and
real-time monitoring of biomolecule dynamics.

■ RESULTS AND DISCUSSION
The proposed metasurface comprised SSBs placed on a silver
reflector and separated by a silica spacer. Silica spacer thickness
is represented by “ts” and RI (nD = 1.45). The silver reflector
thickness is chosen to be 100 nm. The geometrical parameters
of SSBs are shown in Figure 1, lateral periodicity along the x
and y axes is denoted by “P”, side length “w”, and thickness “h”.
The FDTD method is used to study the origin of supported
optical modes on the metasurface. A plane wave source with an
amplitude of E0, linearly polarized along the x-axis (TM-wave),

is illuminated on the metasurface at normal incidence. In the
lateral directions (x,y) periodic conditions are employed, and
perfect boundary conditions are implemented in the ± z
direction of the metasurface. The background RI is chosen to n
= 1.33 in the entire simulation. The silver permittivity is
obtained from the Lorentz−Drude model31 as this model is
essentially employed to calculate the frequency-dependent
complex dielectric function ϵm(ω).
Reflectance, absorbance, and transmittance spectra are

illustrated in Figure 2; three dips (peaks) are prominent in

reflectance (absorbance) spectra, whereas transmission is
limited to zero. These spectra are calculated while the physical
parameters of the metasurface were fixed at w = 270 nm, ts =
30 nm, P = 900 nm, h = 50 nm, and background RI n = 1.33.
The dips(peaks) in the reflectance (absorbance)spectra
indicate the excitation of three distinct resonance modes
referred to as mode I (λ1 = 1584 nm), mode II (λ2 = 1215
nm), and mode III (λ3 = 890 nm) when the light interacts with
the metasurface. The reflectance at resonance modes I and II is
nearly zero, suggesting a strong coupling of incident light
energy to these modes. The coupling strength of resonance
mode III is weaker compared to modes I and II. In our
metasurface, the SSBs placed on spacers and backed by a silver
reflector facilitate guidance and confinement of mode I in
spacers. The resonant wavelength of mode I is related to the
size of SSBs and spacer thickness. The array of SSBs acts as
two-dimensional gratings, inducing extra momentum
G l m( )

P
2 2 2= + ,32 where p is the grating constant, l and

m are integers. This additional momentum facilitates the
excitation of the PSP on the surface of SSBs. Mode II and III
observed in the reflectance spectrum are associated with (l, m)
= (1,0) and (l,m) = (1,1), respectively. The resonance
wavelength for both modes is directly related to the grating
period P.
The physical principle behind the emergence of the three

modes can also be elucidated by examining the enhanced
electric field profile corresponding to these modes. The electric
field profile associated with mode I (λ1) in Figure 3a is
calculated at the surface of SSBs, and in Figure 3b, it is
calculated at the surface of the reflector in the XY plane. The
same profile is depicted in Figure 3c in the XZ plane. The
observed electric field profile exhibits that it is localized on the
corners of SSBs and highly confined in the silica spacer,
resulting in the emergence of two hotspots. The radiating
electric dipole undergoes multiple reflections between the
edges of SSBs and the silver reflector, resulting in high
confinement within the spacer layer, as shown in Figure 3c.Figure 1. Schematic diagram of the proposed MDM metasurface.

Figure 2. Reflectance, absorbance, and transmittance spectra of the
metasurface at fixed background RI = 1.33, periodicity P = 900 nm, w
= 270 nm.
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Hence, this GSP radiates in dipole behavior and is confined in
a very thin spacer layer.
Figure 3d,e shows the electric field distribution for mode II

in the XY plane, while Figure 3f depicts the same profile in the
XZ plane. It is evident from the electric field distribution
signature that most of the field is delocalized in nature and
spreading along the y-axis. Figure 3g−h illustrates the electric
field distribution in XY, while Figure 3i shows the same profile
in the XZ plane. The electric field distribution clearly indicates
partial localization of the field at the surface of SSBs and within
the spacer. However, a substantial portion of the field spreads

out beyond the position of SSBs, as shown in Figure 3i. After
careful examination of the electric field distribution associated
with mode II and mode III, it is concluded that the incident
light energy converts to PSP and exhibits radiating dipole
behavior at different grating orders. Specifically, mode II is
excited in the (l,m) = (1,0) direction, while mode III is excited
in the (l,m) = (1,1) direction.
Figure 4 presents the analysis of reflectance spectra,

revealing the relationship between emergent resonant modes
and key geometrical parameters of the proposed hybrid
metasurface. Figure 4a represents the reflectance spectra for

Figure 3. Electric field distribution: top row on the top surface of the silver reflector in the XY plane, middle row at the top surface of SSBs in the
XY plane, and bottom row in the XZ plane of three resonant modes. (a−c) Resonant mode I(λ1), (d−f) resonant mode II(λ2), and (g−i) resonant
mode I(λ3). Rectangular dotted frames highlight the boundary of SSBs, and straight white lines depict the interface between silver and silica.

Figure 4. Dependence of geometrical parameters on resonant modes. (a−c) Influence of changing periodic distance P, SSB thickness h, and spacer
thickness ts, respectively. (d−f) Resonant wavelength shifts for mode I, mode II, and mode III corresponding to changes in (a−c).
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varying periodic distances of SSBs, ranging from P = 800 nm to
P = 1100 nm at 50 nm intervals. Notably, as the periodic
distance increases, the resonant modes II and III switch their
positions to longer wavelengths. This trend can be attributed
to modifications in the respective wave vectors resulting from
the changing distance among the SSBs, as depicted in Figure
4d. Conversely, mode I exhibits a slight change in resonance
position, primarily impacted by an increased aspect ratio. It
suggests that mode I was mainly confined in the spacer layer
and did not switch its resonance behavior significantly due to
an increase in the periodic distance.
Figure 4b depicts the reflectance spectra as the thickness of

SSBs is varied from 20 to 80 nm in the interval of 10 nm. The
resonant modes II and III maintain their positions, while mode
I demonstrates a blueshift as the ‘h’ increases from 20 to 80
nm. Initially, it exhibits a decreasing trend in shift, but later, it
follows a parallel trend to the x-axis, as shown in Figure 4e. As
the spacer thickness ts is changed from 15 to 50 nm, mode I
exhibits a blue shift, which can be well explained by
capacitance induced by SSBs and silver reflectors.27 Such
capacitance can be mathematically expressed as C ∼ S/ts

27,
where C is the capacitance, S is the area of the SSBs and silver
reflector, and ts is the thickness of the spacer layer. Notably,
capacitance is in inverse relationship to spacer thickness; as the
thickness increases, the capacitance tends to decrease, which
influences the entire system to shift toward higher energy. The
fine-tuning of mode I and mode II is achieved by changing the
periodic distance, while mode I is finely tuned by changing
spacer thickness ts and SSBs thickness h. The proposed
metasurface exhibits promising potential for the efficient fine-
tuning of three resonance modes by carefully selecting different
geometrical parameters. The capability of resonance mode
shifting enables long-range biomolecule sensing by modifying
the background RI of these proposed sensors.
Figure 5a illustrates the tunability of modes with respect to

changes in background RI. As the RI changed from n = 1.30 to
n = 1.38 in the step of 0.02, three modes exhibited a shift in
resonant wavelength toward a longer wavelength. Starting at an
initial RI of 1.3, the resonance mode I emerges at 1484 nm. As
the RI gradually increases to 1.38, mode I undergoes a
noticeable shift to 1526 nm, as shown in Figure 5b. The sensor
sensitivity is characterized as S

n
= , where Δλ is the shift in

resonant wavelength corresponding to a change in RI Δn.33
The sensitivity for mode I is computed to be approximately
525 nm/RIU. The FoM is the measure of sensing performance
of the optical biosensor, which is defined as FoM S

FWHM
= ,

where S is the sensitivity of the RI sensor and fwhm is the
fullwidth of half-maximum.33 FoM for mode I is achieved at
about 7 RIU−1, as depicted in Figure 5e. The quality factor,
denoted as Q, provides insights into the radiation and energy
confinement of an optical cavity, expressed as Q

FWHM
resonant= .33

The higher quality factors are indicative of higher sensor
efficiency, and resonant mode I achieves a quality of 17, as
shown in Figure 5e. Figure 5c depicts the resonant shift within
mode II, ranging from 1187 to 1290 nm due to variation in the
RI from n = 1.3 to n = 1.38. Mode II exhibits a sensitivity of
approximately 1287 nm/RIU, accompanied by a quality factor
spanning from 160 to 360, and its FOM varies within the range
of 200−380, as shown in Figure 5f. Figure 5d shows the shift in
resonant mode III, spanning from 870 to 935 nm, as the RI
varies within the range of n = 1.3 to n = 1.38. Mode III
demonstrates a sensitivity of around 812 nm/RIU, with a
quality factor ranging from 96 to 117, and its FOM varies
within the range of 90−101, as shown in Figure 5g. Since three
modes are efficiently tuned and maintain a good FoM and q
factor simultaneously as the background RI is changed, these
modes have the potential to retrieve detailed information
about the sensing analytes across a broad spectrum.
Biosensing Applications. Optical sensors used in

biosensing frequently encounter challenges arising from the
absorption fingerprint of biomolecules, which can interfere
with the resonance modes and lead to inaccurate results. To
address this issue, we have employed three sensing modes
spanning a wavelength range of 800−1600 nm. This approach
enhances data retrieval and allows for cross-referencing
confirmation through the utilization of three distinct resonance
modes. Three distinct resonance modes emerged due to GSP
and PSP being employed to realize the biosensing applications
for the detection of glucose and hemoglobin molecules in the
subsequent analysis.
Diabetes Diagnosis. The concentration of blood glucose

depicts the quantity of glucose present in a specific volume of
blood, serving as a vital source of energy for the body. It is

Figure 5. (a) Fine-tuning of resonant modes with respect to background RI at a fixed periodicity of P = 900 nm and w = 250 nm. (b−d) Resonant
wavelength shift of modes I, II, and III, respectively. (e−g) FoM and Q-factor for modes I, II, and III, respectively.
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essential to regulate glucose levels to ensure a consistent
energy supply for the body. Generally, glucose levels in blood
vary throughout the day and are also influenced by numerous
factors such as age, meal timing, and overall health. The RI
related to distinct glucose concentrations in blood can be
determined by the following equation.34

n C0.2015 % 1.3292= × +
where n represents RI and C % denotes the glucose
concentration. Our simulations accurately replicate the
scenario where a metasurface is immersed in different
concentrations of glucose, ranging from C = 0% to C = 25%.
Consequently, the emerging resonance modes undergo shifts
in their positions, as shown in Figure 6a−d. The shift in mode
I from 1495 to 1515 nm as glucose concentration varies from
C = 0% to C = 25%, as shown in Figure 6b. Mode I achieves a
sensitivity of 525 nm/RIU, a FoM of 7 RIU−1, and a Q factor
of 17, as represented in Figure 6e. The modulation in mode II
is observed from 1213 to 1257 nm as the glucose
concentration undergoes a change from C = 0% to C = 25%,
as illustrated in Figure 6c. Mode II exhibits sensitivity of 1287
nm/RIU, dynamic FoM spanning from 156 RIU−1 to 225
RIU−1, and a Q factor ranging from 146 to 202, as shown in
Figure 6f. The transition of mode III is demonstrated in Figure
6d, moving in the range of 887−916 nm and maintaining
sensitivity of 812 nm/RIU. Accompanying this shift, FoM
varies from 89 to 94 RIU−1, and the Q factor spans from 93 to
101. Since three resonance modes modulate their spatial
position efficiently and maintain good FoM and a high Q factor
simultaneously, this metasurface functions well for the
detection of distinct concentrations of glucose.
Each mode is calibrated according to a distinct concen-

tration of glucose; this metasurface enables the validation of
results by comparing data collected from the three modes,
eventually enhancing sensitivity and reliability. Furthermore,
biological fluids such as blood comprise different substances
that can mislead the single-mode biosensor, eventually
generating false readings. Hence, our proposed sensor based
on three peaks mitigates the risk of false readings influenced by
an interfering compound because all peaks would be unaffected
simultaneously. This redundancy is critical in managing
conditions such as diabetes, where patients depend on precise

and reliable glucose monitoring to manage their health. A false
reading can lead to inappropriate insulin administration, which
can have serious, even life-threatening, consequences. Multi-
peak sensors mitigate this risk, offering peace of mind and a
higher level of safety for users.
Furthermore, the unknown glucose concentration can be

easily determined by utilizing the aforementioned relationship.
This percentage concentration typically can be converted to
molar concentration in millimoles per liter (mmol/L), which
enables easy and rapid assessment of the severity of diabetes.
Prior to proceeding with the calculation of molar concen-
tration, it is important to know the molecular weight and
density of the solution. At standard conditions (room
temperature and atmospheric pressure), the density of pure
glucose (also to referred as anhydrous dextrose) is
approximately 1.54 g/mL, and the molecular weight is
approximately 180.16 g/mol. The following expression can
be used to find the diabetic level (mmol/L).35

diabetes level
concentration (%) density in g/mL 1000

molecular weight
=

× ×

Table 1 is calculated based on the above equation to assess
whether the glucose sample falls within the healthy,

prediabetic, or diabetic range. It provides a means of
categorizing the glucose levels and determining the corre-
sponding condition.
Anemia Type Detection. Hemoglobin is an essential

protein in red blood cells which plays a crucial role in carrying
oxygen from the lungs to the body’s tissues and also
transporting carbon dioxide from tissues to the lungs for
elimination during exhalation. The measure of hemoglobin
concentration manifests the level of hemoglobin in blood. A

Figure 6. (a) Reflectance spectra for different concentrations of glucose in blood. (b−d) Shift in resonant modes as glucose concentration in blood
has varied. (e−g) FoM and Q-factor for modes I, II, and III, respectively.

Table 1. Classification of Diabetes

condition RI range (mmol/L) concentration (%)

diabetic >1.3317 >11 >1.286
prediabetic 1.3310−1.3317 7.8−11 0.912−1.286
healthy <1.3310 <7.8 0.912
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deficiency in the level of hemoglobin in blood is indicative of
anemia, a condition that arises when the body has an
insufficient number of red blood cells or a low hemoglobin
level to effectively transport oxygen to all body tissues.36 The
RI and hemoglobin concentrations can be linked by the
following equations.37

n H H1.38
1

5766.5
( )normal= +

where Hnormal refers to the standard hemoglobin density for the
human body, which is typically defined as 140 g/L, with a
corresponding RI of 1.38.
The simulated reflectance spectra are demonstrated in

Figure 7a as the metasurface is immersed in the different
concentrations of hemoglobin samples. As the hemoglobin
concentration varies from H = 60 g/L to H = 160 g/L, the
resonance mode shifts its position, as depicted in Figure 7b−d.
Mode I exhibits a wavelength shift from 1511 to 1518 nm,
Mode II shows a transition from 1246 to 1261 nm, and mode
III demonstrates a shift of 908−918 nm. The FoM and Q
factor for these modes are as follows: mode I has an FoM of 6
RIU−1 and a Q factor of 16, mode II has an FoM of 156 RIU−1

and a Q factor of 144, and mode III has an FoM of 93 RIU−1

and a Q factor of 101. Since the random concentration of
hemoglobin in blood can be efficiently detected through the
observed shift in resonance modes. A multimode approach
ensures accurate readings and addresses the susceptibility of
single-mode sensors to confounding factors in blood samples.
Multimode sensors provide independent assessments of
hemoglobin content, offering a crucial cross-checking mecha-
nism. This functionality is vital for conditions where precise
hemoglobin levels are critical, such as anemia or blood
disorders. Furthermore, anemia can easily be diagnosed by
observing the decrease in hemoglobin value compared to that
of standard Hnormal. The severity of anemia can be categorized
further depending on the observed value in the blood sample,
as described in Table 2. On the other hand, an increase in
hemoglobin concentration above Hnormal can indicate the
presence of polycythemia, a condition in which the body
generates an excessive number of red blood cells that can cause
blood clotting in the human body.38

The biological applications of our proposed sensor were
discussed and realized in the preceding discussion. In this
section, we describe a detailed comparison of our proposed
plasmonic sensor with those of its previously reported
counterparts. This comprehensive comparative analysis is
presented in Table 3, offering valuable insights into the
distinct advantages and advancements our sensor brings to the
field of biosensing. It is evident that sensors utilizing metallic
components experience a reduction in FoM and quality factors
due to the presence of ohmic losses. Conversely, dielectric-

Figure 7. (a) Reflectance spectra for different concentrations of hemoglobin. (b−d) Three resonant modes shifting as hemoglobin in blood has
varied. (e−g) FoM and Q-factor for modes I, II, and III, respectively.

Table 2. Primary Categories of Anemia

condition RI range (g/L)

acute <1.369 <80
moderate 1.369−1.373 80−100
minor 1.373−1.376 100−120
healthy >1.376 >120

Table 3. Comparison Analysis of This Plasmonic Sensor
With Other Sensors

refs materials structure S (nm/RIU)
FoM

(RIU−1) Q

33 Au elliptical
metasurface

655 20 47

39 Ag 2D Ag nanowell
crystals

623.7 55.2 67

40 Pt 2d-metallic
photonic crystal
slabs

571 2 5

41 Au hybrid sensor based
on LSPR

321 3.2 8

42 Au asymmetric double
split-ring
resonators

520 2.9 6.2

9 Si elliptical dielectric
nano resonators

263 44 144

43 Si all-dielectric
rectangular bar
and ring
metasurface

289 103 483

44 Ag cross shaped MIM
cavity

1100 9.95 × 104

this
work

Ag−
SiO2

SSBs in MDM
configuration

1287 375 356
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based sensors exhibit limited sensitivity owing to the localized
nature of the electric field within the dielectric material.
Nevertheless, they consistently maintain high FoM and quality
factors when compared with their metallic counterparts. In
contrast, our proposed hybrid metasurface-based sensor stands
out prominently in terms of sensitivity, FoM, and quality
factors.

■ CONCLUSIONS
In summary, our research highlights the superiority of infrared
plasmonic sensors for biomolecule detection, offering unique
advantages over visible sensors. These include distinctive
spectral fingerprints, enhanced sensitivity, reduced interfer-
ence, and label-free, nondestructive analysis capabilities,
making them promising for diverse applications. We
introduced multimode plasmonic sensors using SSBs in the
MDM configuration. This enabled the detection of a wide
range of biomolecules by exploiting three distinct sensing
modes arising from gap plasmons and PSP resonances. These
modes demonstrated exceptional performance: Mode I
exhibited 525 nm/RIU sensitivity with a quality factor of 17,
Mode II achieved 1287 nm/RIU sensitivity with a quality
factor of 356, and Mode III reached 812 nm/RIU sensitivity
with a quality factor of 107. The FoM for Mode I is 7 RIU−1,
for Mode II it is 375 RIU−1, and for Mode III it is 98 RIU−1.
Furthermore, this designed sensor efficiently detects various
concentrations of glucose and hemoglobin, facilitating the
assessment of diabetic and anemia conditions. Taken together,
the proposed sensor exhibits the capability to identify diverse
types of biomolecules and holds the potential to serve as a
preliminary screening tool for various biomolecules.
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