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Abstract—An optically tunable perfect light absorber as a
refractive index (RI) metamaterial (MM) nanobiosensor (NBS)
is designed for sensing chemicals, monitoring the concen-
tration of water-soluble glucose, and detecting viruses. This
plasmon induced tunable metasurface works based on multi-
band super-absorption in the infrared frequency regime.
It consists of a metal mirror that facilitates the MM to work
as an absorber where the metal pattern at the top layer
creates an enhanced evanescent wave that facilitates the
metasurface to work as a RI optical sensor. The modelling
and numerical analysis are carried out using Finite Difference
Time Domain (FDTD) method-based software, CST microwave
studio where a genetic algorithm (GA) is used to optimize
the geometric parameters. We demonstrate multiband super-absorption spectra having maximum absorption of more
than 99%. Furthermore, we show how the multiband super-absorber nanostructure can be used as a RI NBS, where
the resonance frequency shifts with the RI of the surrounding medium. The achieved opto-chemical sensitivity is
approximately 65nm/RIU RIU, the bio-optical sensitivity to detect viruses is approximately 76 nm / RIU; and the optical
sensitivity of the water-soluble glucose concentration is about 300nm/RIU; all sensitivities are comparable in comparison
with the reported values in the literature.
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I. INTRODUCTION

L
IGHT absorption in plasmonic nanostructures has

recently attracted significant interest in applications

such as solar cells [1], [2], metamaterials (MMs) [3]–[7],

photodetectors [8], [9], sensors [6]–[13], detectors [14]–[16],

nanoimaging [17]–[19], slow light devices [20]–[24], and

thermal emitters [25]–[27]. One of the most important types

of MMs that has recently attracted considerable attention

of many researchers is the MM perfect absorber (MMPA).

MMPAs are periodic structures that absorb a large part of

the incident light and have little transmission and reflection.

The light scattered by the nanoparticles is trapped inside

a dielectric matrix, demonstrating an effective absorption

near unity. Today, it is well understood that anomalous light

absorption in metal structures is due to the excitation of

surface plasmon polaritons (SPPs). However, the MMPAs

based on the excitation of SPPs has the common problem of

single band, which greatly limits its application especially for

infrared detection and imaging devices.

The importance in designing the MMPAs is that they

consist of a metal layer with a thickness greater than the

skin depth, which prevents the transmission of incident light.

Additionally, the structure must include a thin metal film

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-1055-6980
https://orcid.org/0000-0003-0578-4732


VAFAPOUR et al.: POTENTIAL OF RI NBS 13787

with a design (H-shape, ring, square or any other resonator

shape) that is separated from the previous metal layer by a

dielectric spacer which is called buffer layer. If the geometry

of this thin metal film is engineered in such a way that the

impedance of the structure perfect matches with the impedance

of free space, it will reduce the reflection of the incident light.

Thus, in the structure, transmission, and reflection decrease,

so, the absorption increases. In the other words, we observe

the locally intense concentration of the electromagnetic (EM)

wave in the structure that is due to the interaction of light

and matter. MMPAs have significant applications, including

sensors [27], [28], absorption filtering [29], etc. The design

of the MMPAs can be such that absorption occurs at various

frequency ranges including GHz [30], THz [31]–[33], IR and

optical frequencies [34].

MMPAs are available in a variety of types, including single

band [6], [25], multi-band [31], [32], narrow band [25], [35],

broadband [18], [36], [38], etc. Each of these attributes is

applied to a specific application. For example, multi-band

adsorption is required in detecting and imaging applications.

Since multi-band absorbers have the potential for frequency

selective detection, they reduce environmental disturbance and

increase the sensitivity of detection and image resolution.

To achieve multi-band absorption, a direct and usual strategy is

to combine several different sized periodic metallic resonators

to realize the super resonators [6], [37], [38], [39]. Recently,

researchers have achieved single- [40], dual- [41], [42] and

multi-band MMAs [6], [37], [38], [39] and perfect absorbers

[6], [43], [44], [45], [46].

One of the most important applications of MMPAs is

detecting and sensing in plasmonic structures. In this case,

with a very small change in the refractive index (RI) of the

material surrounding the MMPAs, there are many changes in

the absorption rate and frequency. The change in the RI of

the surrounding material in the MMPA structures causes a

change in the impedance matching conditions, and thus the

absorption rate and frequency vary for different materials.

Therefore, the MMPA is a great candidate to detect materials

that have close RI values [6]. The sensitivity of the RI is

strongly influenced by local electric fields and the interaction

of hot spots with the material which intend to sense [16], [32].

Therefore, MMPAs are very suitable for detecting the RI of

materials.

The achievement of narrow peak, multi-peak, and broad-

band absorption which deal with different applications are still

significant issues in the optics and photonics research. This

article is intended to provide a general overview of the differ-

ent optical RI NBS applications in progress in the proposed

optical design. We have divided them into three different

categories based on the materials used to sense/detect. In the

next section, we will introduce the structural design, the optical

and geometrical parameters of the proposed nanostructure.

Section 3 will outline the main physical concepts underlying

absorption such as excitation of the SPPs and its applications

in optical sensors, the ability to realize tunability of the pro-

posed multi-band PA and analyzing the EM field distributions.

We will discuss our advances in processing of optical RI NBS,

in the fourth section of this study. Our developments related

Fig. 1. The unit cell schematic of the nanostructure designed. a) The
3D schematic illustration of the simulation environment and conditions.
(b) The lower panel illustrates that periodic design of the whole structure
resides on a glass substrate; the left panel shows the side-view (from
Y-direction) of the nanostructure, and the right panels show a top-view
of the nanostructure.

to opto-chemical, and biomedical sensing for virus detection

and glucose concentration sensing are presented in detail.

II. STRUCTURE DESCRIPTION

Figure 1(a) shows a unit cell of the perfect light MM

absorber nanostructure which referred “MMPA”. As illustrated

in Fig. 1(a), the nanostructure is designed to have a metal–

dielectric–metal sandwich model containing periodic metal

circulator particles and a metal film, separated by a magnesium

fluoride (MgF2) dielectric spacer layer as a buffer. Note that,

we run genetic algorithm (GA) as an optimization tool to

optimize different parameters. The goal is to achieve maximum

absorption. The population size, number of iterations and

mutation rate is set to 30 iterations, and a mutation rate of 70%

is applied. The optimized values obtained using GA are as

followed. The thickness of the circular metallic particle is

denoted by t1 = 20 nm and its radius is RD = 250 nm.

The thicknesses of the MgF2 layer and the metal film are

represented by t2 = 30 nm and t3 = 200 nm, respectively; and

the lattice constant is Px = Py = 600 nm. The metal layer

is thick enough that no transmission can occur when light is

incident from above the designed nanostructure. Because of

EM resonance in the nanostructure, optical reflections from

the surface can be eliminated when the nanostructured surface

is designed to have the proper radius. The whole structure

is located on a glass substrate with a dielectric constant and

thickness of 2.4025 and 400 nm, respectively.

The design simulations are performed by using the finite

difference time domain (FDTD) technique [47] package of

the CST Microwave Studio. We first perform numerical cal-

culations to investigate the relationship between the absorption

spectrum and the geometric dimensions of the nanostructure

to design a MMPA with a set of practicable parameters around

optical communication wavelengths. The Drude model is

based on measurement data is used for the electric permittivity

of the metal [48]. The optical constant of MgF2 is obtained

from Ref. 47. The boundary conditions are set so that the unit

cells are periodic in the E–H plane. So, the simulation domain

has periodic boundary conditions in the lateral directions.

The EM wave is polarized in such a way that the wave

vector is perpendicular and goes to the front of the slab and

the E- and H-fields are parallel to the X- and Y-directions,

respectively (see Fig. 1). The periods of the unit cells are



13788 IEEE SENSORS JOURNAL, VOL. 21, NO. 12, JUNE 15, 2021

identical in both lateral dimensions to ensure polarization

independence at the normal incidence as shown in Fig. 1b.

The environment in the simulations is defined as a free space

which corresponds with the previous experimental method.

III. ABSORPTION AND PHYSICAL CONCEPTS

The absorbance is calculated from the reflectance (R (ω) =

|S11(ω)|2) and transmittance (T (ω) = |S21(ω)|2) which

are expressed by the S11 and S21 parameters, respectively,

as A (ω) = 1−R (ω)−T (ω). There exists an optimal thickness

of the dielectric layer (t2) that maximizes the absorption.

For the present geometry, when t2 = 30 nm, the reflectance

approximately vanishes, and the absorbance can be as high as

99.99% at both frequency modes of 217 THz and 426 THz.

High absorption is attributed to variation in the near field

plasmon coupling between the metal circular particle and the

continuous metal film.

A. Surface Plasmon Polaritons: Physics and Applications

Surface plasmon polaritons (SPPs) are surface EM excita-

tion waves that propagate along the interface between a metal

film/antenna and a dielectric material. It is well known that

a metal surface can support SPP modes which are coupled

modes of photons and plasmons. The surface EM waves

consist of surface charges and they propagate along the surface

as well as decay exponentially away from the surface. Control

and manipulation of light using SPPs on the nano meter

scale exhibit significant advantages in nano and biophotonics

devices with very small elements; in addition, the light can also

be coupled to the SPP using an optical waveguide coupler. The

SPPs open a promising way in applications involving opto-

chemical, thermo-optical, biological, biomedical and food

industry, and research is needed to achieve useful applications.

B. Actively Tuned Multi-Band Perfect Absorber

Fig. 2(a) shows the calculated absorption spectra of the

proposed multi-band absorber using silver as a metal layer

and metal thin film. It is obvious that in the optimized case

(i.e. RD = 250 nm), the absorber consists of three discrete

absorption peaks between 150 to 450 THz frequency range

located around at f1 = 216.6 T H z, f2 = 366 T H z, and

f3 = 424.8 T H z, each with absorption high over 99%.

As clearly seen in Fig. 2(a), decreasing the radius of the

cut-out disk (RD) in the thin metal film causes decrease the

absorption peak high and a red shift in the peak position,

because the SPPs cannot couple strongly with the incident

light. In Fig. 2(b), we use gold as a metal layer and metal

thin film. By decreasing RD from 250 nm to 50 nm by step of

50 nm, the absorption peak high is decreased and red shifted.

The maximum absorption is about 71.6% at 213.5 THz in the

optimum case of RD = 250 nm using gold. So, we chose

RD = 250 nm as an optimum case and did all the following

simulations in this case by changing metal layers and dielectric

sensing materials.

In the following, we investigate the effect of different metals

on absorption peak frequency position and high of the absorp-

tion peak in the optimum case of RD = 250 nm. As seen in

Fig. 2. The effect of changing of cut-out disk radius (RD) on Absorbance
spectra using (a) silver, and (b) gold material as a metal layer and thin
film.

Fig. 3. The simulated results of absorbance spectrum using MgF2 as a
dielectric layer for different metals.

Fig. 3, with changing the material of the thin film and metal

circulator particles from silver to copper, the absorption peak

frequency positions have changed slightly (a red shift), but

the absorption peak high is decreased from 99.7% (the third

peak at 425.5 THz using silver) to 69.1% (the third peak at

425.1 THz using copper). When we use gold, the absorption

peak frequency positions have red shifted, and the maximum

absorption peak high is decreased from 99.7% for silver to

66.3% (the third peak at 402.3 THz using gold). But as

obviously can be seen in Fig. 3, for aluminum (green-dotted

curve), there are just three broaden absorption peaks which are

not as high as in the case of silver; and the absorption peak

frequency positions have a blue-shift with respect to other

metals used. It should be mentioned that the broadening of

the spectral response in Fig. 3 for aluminum is a result of

the higher collision frequency of aluminum compared to other

three metals used in this work [26]. Therefore, by analyzing
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Fig. 4. The Electric field distributions (Ex) and Surface current flows of
the nanostructure for five different frequency modes (f1, f2, f3, f4, and f5)
from x-y plane view for the (a) thin film layer and (b) the cut-out circular
film.

the results, we decided to choose silver as a fixed material as

a thin metal film and metal circulator particles and do all the

following simulation in this case by only changing dielectric

sensing materials.

C. Electromagnetic Field Distributions

To better understand the underlying physics, the field

patterns of |Ex | as electric field distributions and the sur-

face currents corresponding to the five absorption modes

( f1, f2, f3, f4, and f5) presented in Fig. 4. The absorbance

at the resonance modes is close to 99.96%, 98.46%, 99.62%,

96.19% and 92.66%, respectively; this shows the optical loss

of the two last modes are bigger than those of the first three

resonance modes. Different field distributions are observed

for the frequencies at f1 = 216.6 T H z, f2 = 366 T H z,

f3 = 424.8 T H z, f4 = 484 T H z and f5 = 491.7 T H z.

As shown in Fig. 4(a), the distributions of the electric fields

in the three first resonance modes are mainly focused on the

metal circulator cut-out layer which is filled with the dielectric.

It means that the three first resonance modes are localized

EM resonance [2], [27], [32], [38]. Great enhancement of

the electric field in the thin film and metal circulator cut-out

layer for f4 and f5 absorption resonance modes indicate

that the larger charge accumulates at the edges of the metal

circulator cut-out layer. The obvious standing wave in X-Y

plane view indicates that the guided-mode resonance occurs

in the dielectric layer. As a result, light is absorbed in the

dielectric layer.

It is obvious that the distribution of the electric field for

the resonance modes are gathered in the inner edges of the

metal circulator cut-out layer which is filled with the dielectric

materials that wants to detect/sense (see Fig. 4b). They are

growing to the center of the metal circulator cut-out. For the

last two resonance modes (i.e., f4 and f5), one can see that the

electric fields (see Fig. 4c) are growing up to the middle of the

metal circulator cut-out layer and this shows that there is more

optical loss in the last two resonance modes. The electric fields

in both sides of the dielectric circular particle are canceling

out each other which causes the reduction in absorption of the

resonance spectrum as can be seen in Fig. 3. The electric field

is mainly at the surface of structure and the area of circular

dielectric of the unit cell (see Fig. 4d). As a result, based on

the combination of the fundamental resonance, excitation of

the SPPs and high-order resonance modes of the nanostructure,

a multi-band absorber is obtained. This suggests a new way

to obtain a multi-band absorber by integrating some different

modes in a single nanostructure.

IV. RI SENSING APPLICATIONS

Since the dielectric constant and corresponding to that,

the RI of the environmental medium has an influence on the

SPPs excitation, employing SPPs for optical detection will

rely on the optical properties’ alteration of the surrounding

medium. For instance, when a metallic film or nanoparticle is

exposed to light incident, there are special spectral responses

such as transmission, reflection, and absorption spectra; but

by adding the special material in the MM design, the spectral

responses will change due to the environment close to the

surface which undergoes substantial modifications based on

the amount of the RI of the biomarker/biomolecule which

triggers detection. The second factor which strongly influences

the excitation of the SPPs is the capability of a coordinated

ligand to increase or decrease the electron density in nanopar-

ticles. Here, we investigate the RI NBS applications of the

proposed perfect optical absorber. As shown in this section,

we demonstrated three different optical sensing applications.

The first one is chemical sensing which is a great application

in chemical science and engineering and shows the proposed

optical absorber can sense different chemical materials with

different refractive indexes. The second sensing application

is biomedical sensing which can detect the different viruses

such as HSV, Influenza A, HIV and M13 bacteriophage viruses

which is so important in biomedical and health science. The

last one is the determination of glucose concentration, which

is useful in food industry applications.

A. Opto-Chemical Sensing

Optical chemical (opto-chemical) sensors have been the

focus of much research and attention in recent years because of

their importance in industrial, environmental, and biomedical

applications [13], [48], [50], [51]. This class of sensors com-

bines chemical and biological recognition with advances in

optoelectronics technologies. Opto-chemical sensors represent

a group of chemical sensors in which electromagnetic (EM)

radiation is used to generate the spectral responses in a

waveguide. The interaction of the light radiation with the

chemical sample is evaluated from the change of a particular

optical parameter and is related to the spectral responses.

Typically, an opto-chemical sensor consists of a chemical

recognition (sensing material) coupled with an optical MM

design/device which consists of a waveguide, substrate, dielec-

tric spacer, buffer material/layer and some antenna elements

(Fig. 1). The function of the sensing elements/molecules are

fulfilled in many cases by a cut-out circular element which can

interact with the normal incident light. Once the RI is varied
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Fig. 5. (a) The 3D plot of the reflectance spectra using different dielectric
spacer layer, and (b) the 2D plot of the absorbance vs frequency. And (c)
The Sensitivity vs. RI.

from 1.00 (V acumm) to 1.46 (Si O2), 1.76 (Al2 O3) and 2.15

(P M M A), it is obvious the frequency change for mode f1

(the first peak of absorbance) is obvious red shift of the mode

(see Fig. 5 a, b).

The full width at half maximum (FWHM) is the width of

a line shape at half of its maximum amplitude which will

be used in calculating sensitivity. The sensitivity is defined

as the amount of frequency shift over the refractive index

change (RIU) which is a comprehensive parameter to eval-

uate the performance of an SPR sensor. As can be seen in

Fig. 5c, the maximum amount of sensitivity is 65nm/RIU

for P M M A sensing with RI of 2.15 for the investigation of

the first absorption mode using silver as metal films.

B. Biomedical Sensing in Virus Detection Applications

Nano plasmonic and nano biophotonics and, in particular,

biomedical applications are experiencing an increasing trend

towards better, less expensive and more compact systems,

either for diagnostic or treatment uses or in remote patient

care. Although the trend has accelerated in the last few

years, biophotonics has been always a topic close to the

developments on optical biosensor and detector [5], [10],

[11], [15], [28], where applications in fields of sensing and

detecting the bio markers/materials based on changes in RI of

the surrounding medium, in theorical, numerical and experi-

mental aspects have been demonstrated. Here, we investigate

the detection/sensing of four different viruses with different

refractive indices. We explained in detail the viruses that we

use to detect in this research as following.

1) HSV Virus: Herpes simplex virus (HSV) is a member

of Herpesviridae virus family [52]–[54] and is categorized

as a DNA virus [54]. HSV has two serotypes: HSV type 1

(HSV-1) which commonly involves the oral mucosa and the

ocular region and HSV type 2 (HSV-2) which mostly is the

cause of genital tract manifestations [53]–[55]. HSV-1 and

HSV-2 reside in up to 90% [54] and 25% of the world’s

population, respectively and are the cause of morbidity and

mortality in patients with immunocompromised diseases [55].

Direct contact is the main direction of the virus spreading to

the host mucus membrane [56]. After the first infection by

involvement of the mucosal epithelial cells and suppression

by the immune system, virus causes a latent lifelong infection

by involving neural cells and will be reactivated due to

immunocompromised conditions [53]. HSV can be diagnosed

based on the clinical presentation; however, there is limitation

in the accuracy of diagnosis due to the change of the clinical

picture while the disease is progressing. Thus, laboratory

confirmation is essential for accurate diagnosis. Viral antigen

detection, virus culture, molecular biology, and cytological

examination are common laboratory methods for diagnosis of

HSV infection [57].

2) Influenza A Virus: Influenza virus is an RNA virus [58]

with three types — including A, B and C — that frequently

causes human infection. The virus affects the upper respiratory

tract as an acute viral infection that is mostly self-limited;

however, it may cause severe disease and complications in up

to 5 million people and up to 500,000 deaths annually [59],

[60]. Although the presentation of influenza may vary based

on the age groups, most common manifestations are fever,

cough, sputum, rhinorrhea and myalgia among different age

groups [61].

Influenza types A and B are responsible for seasonal epi-

demics that occurs annually [59], [62]. In addition, influenza

type A by using a mechanism to change the surface protein

and antigenic variation, may cause sporadic pandemics [62].

The diagnosis of influenza based on the clinical symptoms,

due to the non-specificity of symptoms, is not accurate. Thus,

laboratory studies with the aim of appropriate therapeutic

approach identification, were initiated. Conventional, serolog-

ical and molecular diagnostic methods are available methods

for diagnosis of influenza [63].

3) HIV Virus: Human immunodeficiency virus (HIV) is an

RNA virus and a member of Retroviridae family [64]. The

viral infection by weakening of the immune system and

involvement of multiple systems causes acquired immunod-

eficiency syndrome (AIDS) [64], [65]. Based on the United

Nations report, at the end of 2018, about 37.9 million people

are living with HIV infection in the world and newly infected

people with HIV were estimated as about 1.7 million people

[66]. Since the virus cannot survive outside of the human

body, direct exchange of bodily fluid through blood-borne,

sexually, or perinatal is needed for the virus transmission [65],

[66]. CD4 + T cells are the main goal of the virus that by

contamination of these cells, causes immunosuppression and

results in disease morbidity and mortality. In individuals with

HIV infection, CD4 + T cells counts are considered as an

indicator of immunosuppression [65]. According to the US

Preventive Services Task Force, all 13 to 64 years patients,

regardless of known risk, be offered HIV testing at least

once in the life [67]. Currently, enzyme-linked immunosorbent

assay (ELISA), Western blot (WB), and polymerase chain

reaction (PCR) are available diagnostic tests for HIV infection;

however, due to need of trained personnel and infrastructures,
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Fig. 6. The reflectance spectra of the different viruses having different
RI values and (b) The reflectance spectra of the different viruses having
different RI values vs. frequency.

the use of these methods is limited to central laboratories.

In addition, the rapid antigen/antibody tests, that is available

for diagnosis of HIV, have the limitation of diagnosis in infants

and recently infected patients [68].

4) M13 Bacteriophage: Bacteriophages, also known as bac-

terial viruses, are one of the genetic elements in prokaryotic

cells and classified as ‘mobile genetic elements’ [69]. These

biological entities are found in different environments on the

planet, such as hypersaline environments, the soil, deserts,

Polar Regions, and also within other organisms [70]. The

role of bacteriophages is not clearly understood yet; however,

modulation of the bacterial population by the ability to kill

host bacteria, gene transfer among themselves or species, and

competition mediators among different species, were noted

as most probable bacteriophages roles [70], [71]. During

the past 70 years, the electron microscope has provided

more details of bacteriophages. Accordingly, the diagnosis

of bacteriophages is facilitated by cryoelectron microscopy

and three-dimensional image reconstruction, particle count-

ing, immunoelectron microscopy, and transmission electron

microscopy [72].

As can be seen in Fig. 6a, the four viruses being considered

are H SV , In f luenza A, H I V −1, and M13 bacteriophage

viruses with RI of 1.41, 1.48, 1.5 and 1.57, respectively.

When the RI is varied from 1.41 (H SV virus) to 1.57

(M13 bacteriophage), it is obvious that the frequency change

for mode f1 is obvious red shift of the mode (see Fig. 6a).

As the absorption peak position is changed due to changes in

RI of the material, which is used to detect, one can sense the

viruses. In the following, we also calculated and presented the

sensitivity of the proposed virus detector device in Fig. 6b.

As it is observable from Fig. 6b, the maximum sensitivity is

about 76 nm/RIU which is a great value in virus detection

devices.

C. Glucose Concentration Sensing in Food Industry for
Quality Control Applications

Elevated blood glucose levels can be diagnosed as diabetes.

Diabetes can cause and aggravate many diseases, including

blindness, kidney failure, heart failure, and so on. Because

of the importance of measuring blood glucose concentration,

we can use the sensor designed in this article as a diagnostic

and control sensor for diabetes. First, we use this sensor to

monitor the concentration of water-soluble glucose. As can

be seen in Figure 7a, the absorption spectra are plotted for

different percentages of water-soluble glucose. The diagram

Fig. 7. The reflectance spectra of the different glucose solutions with
different RI values vs. frequency. (b) The relation diagram of glucose
solution and absorption. And (c) The Sensitivity of the proposed glucose
concentration sensor design vs. RI.

TABLE I

THE COMPARISON OF THE SENSOR SENSITIVITY AND DIMENION OF

THE STRUCTURE USED IN LITERATURE

of absorption changes in the sensor in terms of the percentage

of water-soluble glucose is shown in Fig. 7b. As can be seen,

the absorption rate of the sensor has a linear relationship with

the percentage of water-soluble glucose. This relationship is

as follows:

ρ = −104541 × A + 103836 (1)

In this equation, ρ is the percentage of water-soluble glucose

and A is the rate of absorption for the used amount of glucose

concentration. As can be seen from Fig. 7c, the maximum

sensitivity is about 300nm/RIU which is a great value in

water-soluble glucose concentration sensing.
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VI. FUTURE OUTLOOK

In this work, plasmonic effects in device structures con-

taining four different metals – Al, Ag, Au, and Cu – are

analyzed. Based on this analysis, devices structures are defined

which have wide potential for biomedical applications. This

plasmonics-based approach facilitates the design of compact

detection and measurement devices, and leads to the con-

ception of novel detection modalities, including multi-band



13792 IEEE SENSORS JOURNAL, VOL. 21, NO. 12, JUNE 15, 2021

super-absorber nanostructures that are the basis for a variety of

nanobiosensors. The rich variety of possible plasmonic-based

detectors portents many future applications of plasmonic

effects in biomedical applications.
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