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Keywords Abstract: In this study, an antenna providing nearly perfect absorption in triple-
Plasmonic biosensor, bands operating in the mid-infrared region is proposed. The nearly perfect
perfect absorber, refractive  plasmonic absorber, featuring nanoring and nanocross antennas, demonstrated
index sensor, cancer high absorption efficiencies in numerical simulations. The triple-band absorber
detection exhibited absorption rates of 95.2%, 97.3%, and 98.1% at wavelengths of 2730 nm,

4609 nm, and 7510 nm, respectively. High absorption values explain that the
localized plasmon between the dielectric and metal layers of the antenna is quite
strong. These high-energy resonance modes generated by subwavelength particles
enable the sensor surface to respond robustly to varying environmental conditions.
The strong response highlights the capability of the sensor to detect pathogens,
biomolecules, chemicals, and organisms. The variable response of each resonance
mode supports the identification of biomolecules. In order to demonstrate the
sensitivity of the proposed three-band perfect absorber sensor, its responses to
varying refractive indices were examined, and its sensitivity was calculated. The
proposed three-band perfect absorber is shown to have sensitivity values of 112.23
nm/RIU, 497.17 nm/RIU, and 841.94 nm/RIU, respectively. According to the
changing refractive indices of each resonance mode, the figure of merit values was
calculated as 3.67 RIU'L, 1.369 RIU-, and 1.271 RIU-, respectively. The numerical
results show that the sensor can detect refractive index changes sensitively. A
change in the refractive index is observed between normal cells and cancer cells,
and it is tested whether the sensor can detect this change. To demonstrate the
sensing ability, changes in resonance modes with different cancer cells such as skin,
blood, cervical, adrenal gland and lung cells were examined. The proposed nearly
perfect absorber was able to detect these cancer cells at high sensitivity values of
3.67 RIU, 1.369 RIU-L, and 1.271 RIUL

Plazmonik Tabanh U¢ Banth Neredeyse Miikemmel Sogurucu ile Refractive Index
Sensorii ve Kanser Hiicresi Algilamasi

Anahtar Kelimeler O0z: Bu calismada, orta kizildtesi bélgede calisan iiclii bantlarda neredeyse
Plazmonik biyosensor, miitkemmel sogurum saglayan bir anten 6nerilmektedir. Nanohalka ve nanogapraz
mikemmel sogurucu, kirlma  gptenlere  sahip neredeyse miilkemmel plazmonik  sogurucu, sayisal
indisi sensdrd, kanser tespiti simiilasyonlarda yiiksek sogurum verimlilikleri gostermistir. Uclii bant sogurucu,
sirasiyla 2730 nm, 4609 nm ve 7510 nm dalga boylarinda %95.2, %97.3 ve %98.1
sogurum oranlar1 sergilemistir. Yiiksek sogurum degerleri, antenin dielektrik ve
metal katmanlar1 arasindaki yerellesmis plazmonun oldukg¢a giiclii oldugunu
aciklamaktadir. Alt dalga boylu pargaciklar tarafindan iiretilen bu ytiksek enerjili
rezonans modlari, sensor ylizeyinin degisen ¢cevre kosullarina gii¢li bir sekilde yanit
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vermesini saglar. Gli¢ll yanit, sensoriin patojenleri, biyomolekiilleri, kimyasallari ve
organizmalari tespit etme yetenegini vurgular. Her rezonans modunun degisken
yaniti, biyomolekiillerin tanimlanmasini destekler. Onerilen ii¢ bantli miikkemmel
sogurucu sensorin duyarlihigin1 géstermek amaciyla, degisen kirilma indislerine
verdigi tepkiler incelendi ve duyarlihgi hesaplandi. Onerilen ii¢ bantli miikemmel
sogurucunun sirasityla 112,23 nm/RIU, 497,17 nm/RIU ve 841,94 nm/RIU duyarlilik
degerlerine sahip oldugu gosterildi. Her bir rezonans modunun degisen kirilma
indislerine gore, deger rakami degerleri sirasiyla 3,67 RIU-1, 1,369 RIU! ve 1,271
RIU olarak hesaplandi. Sayisal sonuglar, sensorin kirilma indisi degisimlerini
hassas bir sekilde algilayabildigini gostermektedir. Normal hiicreler ve kanser
hiicreleri arasinda kirilma indeksinde bir degisiklik gézlemlenir ve sensoriin bu
degisikligi algilayip algilayamadig test edilir. Algilama yetenegini gostermek icin
cilt, kan, servikal, adrenal bez ve akciger hiicreleri gibi farkli kanser hiicreleriyle
rezonans modlarindaki degisiklikler incelendi. Onerilen neredeyse miikemmel
sogurucuy, 3.67 RIU-1, 1.369 RIU-1ve 1.271 RIU-! gibi yiiksek hassasiyet degerlerinde
bu kanser hiicrelerini tespit etmeyi basarmistir.

*{lgili Yazar, email: amerturan@ktun.edu.tr
1. Introduction

Metamaterials are artificially produced materials that show extraordinary optical characteristics [1]. Such
materials are sandwich structures consisting of metal and dielectric materials with dimensions much smaller than
the wavelength of light [2], [3]. Surface plasmon polaritons (SPP) propagating along these metal and dielectric
surfaces exhibit extraordinary optical properties by changing the classical diffraction behavior of light [4]. While
a flat metal surface reflects light strongly, a geometrically patterned metal surface exhibits intense light absorption
capacity when combined with a dielectric interface [5]. A strong optical near field occurs across the metal and
dielectric surface, thanks to a phenomenon called surface plasmon resonance (SPR). Moreover, patterning this
metal layer with subwavelength nanoparticles reveals Localized Surface Plasmon Resonance (LSPR), resulting in
tunable optical responses. In this way, light is localized around nanoparticles, creating high electrical and magnetic
regions in narrow areas. The ability to manipulate light has become very popular in different fields such as
biosensors [6], [7], [8], photodetectors [9], optical switches [10], optical filters [11], and photovoltaic systems [12].

Plasmonic-based structures are strong candidates for biosensing due to their advantages of strong
electromagnetic surface confinement and local field enhancement [13]. Subwavelength particles not only tune the
resonance mode over a wide area but also create electric and magnetic fields that are confined to the sensor surface
[14], [15]. These confined and strong fields absorb a large portion of the incoming electromagnetic wave when
they are compatible with the free space impedance. These high absorption points are called resonant modes. These
deep dips seen at certain wavelengths are very sensitive to changes in the environment. This sensitivity exhibits a
sensor behavior and gives different optical responses to changes on its surface. These features provide a significant
advantage among refractive index (RI) sensors. When incident light interacts with the surface, excited plasmons
produce electromagnetic fields that are highly sensitive to small changes in concentrations present at the sensor
surface, causing a spectral shift in the resonance mode. Precise detection of biomolecules can be achieved with
high sensitivity (S) and Figure of Merit (FoM) values based on the spectral shift occurring in the resonance mode
[16], [17]. The FoM and S values are important parameters for investigating the sensitivity of the RI sensor
platform and vary in direct proportion to the ability to measure RI changes. These parameters are directly affected
by the metals as they are known to cause high optical losses leading to relatively broadband spectral responses
[18]. It is possible to overcome this disadvantage in two ways: one way is to develop a multiband sensor platform
in the mid-IR region and examine the spectral shifts in multiple resonance modes and the other way is to develop
a sensor operating at the near mid-IR spectrum since the sensor shows narrow-band spectral responses at this
region [19], [20].

In this study, a plasmonic near-perfect absorber nanoantenna structure with perfect absorption capacity in three
different frequency bands was proposed. This absorber was configured and optimized with nanocross and a
nanoring geometry to achieve a high absorption rate simultaneously in three bands. Numerical analyses revealed
that the absorber showed an absorption performance of 95.2%, 97.3%, and 98.1% at wavelengths of 2730 nm,
4609 nm, and 7510 nm, respectively. The strong absorption allows the absorber to detect changes in the surface
more sensitively. To demonstrate the sensing capacity based on the spectral shift, the absorber surface was coated
with dielectric material with different refractive indices ranging from 1 to 1.8. The sensitivity values of the
absorber at each mode are 112.23 nm/RIU, 497.17 nm/RIU, and 841.94 nm/RIU, respectively. In addition, the FoM
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value of each resonance mode of the absorber was calculated as 3.67 RIU-!, 1.369 RIU-}, and 1.271 RIU-,
respectively. The detection capability of this absorber has been tested to demonstrate its potential for detecting
certain types of cancer. Cancer is a common disease worldwide and its mortality rate is quite high. A delay in
diagnosing cancer significantly increases the mortality rate. In addition, the late treatment of cancer disease also
leads to exposure to intense toxicity. For this reason, early diagnosis of cancer increases the chance of survival and
ensures that the treatment process is completed with less damage. Additionally, some types of cancer are
asymptomatic and can progress quite aggressively [21]. Therefore, frequent tests become very important for a
high chance of survival. All these reasons suggest that plasmonic biosensors may be strong candidates for the
detection of some types of cancer. Plasmonic biosensors facilitate molecular detection due to their sensitive, fast,
and label-free detection capabilities. There are significant differences between the RI values of normal and
cancerous cells in the human body. For example, the Rl value was measured as 1.401 in a blood sample originating
from MCF-7 breast cancer and 1.39 in a sample contaminated with T-type leukemia [22]. As an indicator of the
cancer detection ability of the nearly perfect absorber platform, changes in the spectral position of each resonance
mode were examined based on Basal, Jurkat, HeLa, PC-12, (MDA)-(MB)-231, MCF-7 cancer cells. The three-band
resonance modes of our proposed nearly perfect absorber platform responded to each cancer cell with specific
spectral shifts and demonstrated label-free detectability of these cells.

2. Materyal ve Metot

The proposed complex triple-band nearly perfect absorber structure is shown in Figure 1a. A nearly perfect
absorber structure consists of metal-dielectric-metal layers. A gold material is selected for both metal layers and
the dielectric plate is set for MgF2 material. The refractive indices and dielectric constants of all materials are taken
from Palik [23]. Numerical analysis of PPA was carried out using the Finite Element Difference in Time (FDTD)
method. The thick Au layer at the bottom serves as an optical mirror to prevent any possible light transmission.
The period of a single cell is 2600 nm for both the x- and y-axis. The thickness (t4) of the dielectric plate between
two gold layers is 150 nm. The top gold resonator is formed by placing two identical rectangles inside a ring to
provide near-perfect absorption in three bands, simultaneously. The length of the nano cross is L = 1300 nm and
their width is w = 200 nm. The thickness of these nano cross is optimized to tm = 100 nm. The outer radius of a ring
surrounding nano cross is determined as r2 = 900 nm and the inner radius is determined as r1 = 700. Therefore, as
shown in Fig. 1a., the width of the Au nanoring along the ring is stabilized at 200 nm (r2-r1). The nanoring and nano
cross resonators have 100 nm (tm = ta) thickness for optimum results. Numerical analyses were carried out with
commercial software, Lumerical FDTD. Periodic boundary conditions along the x and y-axis and perfectly matched
layer boundary conditions along the z-axis were used in the simulations. The absorption capacity of the proposed
absorber can be calculated using the A(w) formula given below in Eq. (1) [24], [25]:

Alw)=1-T(w) — R(w) 1)

Here; R(w) is the reflection, T(w) is the transmission coefficients and A(w) is the absorption value. The gold layer
at the bottom acts as an optical mirror and prevents transmission. If the reflection is zero, the absorption goes to
unity. The spectral response of reflection and absorption spectra obtained as a result of the numerical analysis of
PPA is shown in Fig. 2b. It is observed that the nanoantenna demonstrates nearly-perfect absorption at A1 (2730
nm), A2 (4609 nm), and A3 (7510 nm) three resonance modes, simultaneously.
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Figure 1. a. Model of the near-perfect absorber platform consisting of nanoring and nano-rectangular resonators.
b. resonance modes of the perfect absorber platform occurring in three bands in the mid-infrared region (blue
signal represents reflection, red signal represents absorption)

The resonance modes of the nearly perfect absorber consisting of nanoring and nano-rectangular resonators
depend specifically on these geometries. The electric field distributions are shown in Fig. 2 to physically explain
how resonance modes occur. Accordingly, the electric field distribution changes that occur during each resonance
mode are shown in Fig. 2a,, Fig. 2b., and Fig. 2c. According to the electric field distribution graphs, the narrow-band
first resonance mode (A1) developed around the ring-shaped nano-antennas. The confined localized electric field
distribution around ring nano-antennas is caused by plasmons oscillating between the metal and dielectric surface
leading to the first resonance mode of the platform. In the second and third resonance modes, strong field
enhancement is observed at the endpoints of the rectangular nano-antennas and the nanoring endpoints,
respectively, lying parallel to the x-axis. This effect showed a dipole distribution and caused strong electric field
confinement on both sides of each nanorod. A similar dipole effect was also seen at the ring ends in the final
resonance mode. The gap (100 nm) between the rectangular nanorod and the nanoring enables the surface
plasmons to be strongly localized and develop a strong field.
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Figure 2. Electric field distribution graphs at a. A1, b. A2, ¢. A3 resonance wavelengths of nanoring and nano-
rectangular resonators.

To more clearly analyze the dipole effect occurring in electric field distributions, the charge distributions of three
different resonance modes are examined in Fig. 3. The nano ring forming the system and the two nanorods (cross-
shaped) placed inside exhibit unique dipolar distributions at each mode. While the charge distributions rotating
around the nanoring formed a plasmonic dipole, the nanocross inside also exhibited their own dipolar resonances.
The fact that these charge distributions are drawn towards the regional endpoints of the nanorings and nanocross
shows that they are structurally compatible. Fig. 3a. shows that in the first resonance mode, the charge distribution
spreads throughout the nanoring and exhibits a rotating trend. Fig. 3b. clearly shows the dipole charge distribution
polarized to the end regions of the nano-cross by the electric field distribution in the second resonance mode.
Finally, the polarized charge distributions along the nanoring and nano cross for the third resonance mode are
shown in Fig. 3c. Based on these graphs, a physical explanation of the triple resonance mode is made.
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Figure 3. The charge distribution graphs at a. A1, b. A2, ¢. A3 resonance wavelengths of nanoring and nano-cross
resonators.

3. Results

To demonstrate the RI detection ability of our proposed sensor platform based on its spectral properties, different
refractive indices were examined. It is predicted that different resonance modes of the triple-band nearly perfect
absorber will give different spectral responses. These spectral responses can be specifically measured and their
sensitivity can be determined. High-sensitivity sensors respond to refractive index changes with a relatively larger
spectral shift and shift to larger resonance wavelengths. As a result, they can detect biomolecules, proteins,
chemical molecules, and different compounds, precisely. Sensitivity is one of the important factors as a measure
of the detection capability of a triple-band nearly perfect absorber. The sensitivity of the sensor can be expressed
as the change in wavelength per change in refractive index. To prove the sensitivity and performance of the sensor
measurably, the performance of the triple-band nearly perfect absorber proposed in this study was measured by
considering the RI change around it. The optical detection ability of the plasmonic RI sensor can be measured by
its sensitivity (S) (Eq. (2)) [26], [27].

_a
S—dn (2)

Here, dA value expresses the amount of spectral shift in the resonance mode. The dn value indicates the amount
of RI change that causes the spectral shift. Another important parameter used to determine the sensitivity of the
sensor is the Figure of Merit (FoM) value given in Eq. (3) [28], [29].

N
FWHM [3)

FoM =

Here, S denotes the sensitivity given in equation 2, while FWHM is the full width at half maximum of the resonance
mode. FoM indicates how effectively the sensor can measure small changes in RI. Generally, the FoM of plasmonic
sensors may be low due to the inherent losses of metals [30]. However, it is still very important to express the
detection performance of these sensors quantitatively. In addition, the FoM values were measured in each
resonance mode and characteristic changes were examined. Fig. 4a shows the spectral response of the proposed
triple-band nearly perfect absorber to changing medium refractive indices. Refractive indices were selected with
a total of 9 different values ranging from 1 to 1.8, and the spectral shifts in each resonance mode are shown for A1,
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A2, and A3. When the refractive index of the medium was 1, the first mode captured a resonance mode at 2730 nm,
the second mode at 4609 nm, and the third mode at 7510 nm wavelengths. With the increase in the refractive
index of the medium, spectral shifts occurred in the A1 (Fig. 4b), A2 (Fig. 4c) and A3 (Fig. 4d) resonance modes, and
these shifts are shown in detail for each mode.
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Figure 4. a. The refractive index of the surrounding medium was increased from 1.0 to 1.8, resulting in observable
spectral shifts in the resonance modes of the triple-band nearly perfect absorber, specifically b. A1, ¢. A2, and d. As.

The S and FoM parameters of the sensor were calculated based on the spectral shifts in the resonance mode of the
triple-band nearly perfect absorber against the changing medium refractive indices. All three resonance modes
are located in different wavelength regions of the mid-IR region. Resonance modes can exhibit different
characteristics of the spectrum. Note that the A1 wavelength resonance mode is in a rather narrow band compared
to the other two modes. A low FWHM value is important in the detection to have a high FoM value (Equation 3).
Although the A2 and A3 resonance modes exhibit broader spectral bands, they gave significant spectral responses
to varying refractive indices. Depending on the changes in the refractive index, the amount of shift in the resonance
mode was examined and the sensitivity was calculated for each resonance mode of the sensor. Fig. 5 shows
Wavelength shift plots occurring in three different resonance modes. When looking at all three resonance modes,
it is clear that they show a linear spectral shift depending on the changing refractive index of the medium.
Depending on this linear change, the sensitivities for all three modes are S1=112.23 nm/RIU (Fig. 5a.), S2=494.17
nm/RIU (Fig. 5b.), and S3= 841.94 nm/RIU (Fig. 5c.), respectively. The sensitivity values were calculated using
Equation 2. For FoM, which is another parameter of the detection ability of the triple-band nearly perfect absorber,
the FWHM values of each resonance mode were calculated and found to be 30.57 nm, 360.97 nm, and 662.42 nm,
respectively. Finally, FoM values were calculated for all three resonance modes as 3.67 RIU-1, 1.369 RIU*L, and
1.271 RIU for A4, A2, and A3, respectively. The obtained results showed the spectral responses of the medium to
the changing refractive index in all three resonance modes and proved the sensitivity ability of the sensor as shown
in Figure 5.
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Figure 5. The variations in the three resonance modes due to changes in the refractive index of the medium are

presented for a. A1, b. A2, c. A3. Additionally, the sensitivity, FWHM, and FoM values for each resonance mode are

provided.

To demonstrate the detection ability of our proposed nearly perfect absorber platform, different types of cancer
cells were considered, and the spectral responses of each resonance mode of the sensor were examined. The
difference in concentrations of normal cells and cancer cells causes changes in the refractive indices, increasing
the chances of detecting cancer cells using Rl sensors. Table 1 shows the refractive indices of normal cells and
cancer cells from skin, blood, cervical, adrenal gland, and lung tissues. These data were taken from references [31],
[32], [33], [34] and each type of cancer cell exhibited a specific increase in refractive index due to higher protein
density. Accordingly, our proposed three-band nearly perfect absorber platform was tested with both normal and
cancer cells. Each of the A1, A2, and A3 resonance modes exhibited spectral shifts depending on the different tissues.
These spectral shifts moved the resonance modes to specific spectral values, demonstrating the ability of the
platform to detect cancerous cells. Each resonance mode exhibited FoM values of 3.67 RIU-1, 1.369 RIU, and 1.271
RIU-, respectively.

Table 1. Changes in resonance wavelengths for A1, A2, and A3 due to varying refractive indices of (a) normal and (b)
cancer cells.

Cancer Type Cell Refractive A4 A, A3
Type Index (nm) (nm) (nm)

(a) Normal Cell

Skin Basal 1.360 2755.041 4788.221 7776.33
Blood Jurkat 1.376 2756.786 4796310 7789.801
Cervical HeLa 1.368 2755.898 4792.482 7783.066
Adrenal Gland PC-12 1.381 2757.427 4798.804 7794.011
Breast (MDA)-(MB)- 1.385 2757.831 4800.774 7797.379
Breast M2C3F1-7 1.387 2758.071 4801.768 7799.062
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(b) Cancer Cell

Skin Basal 1.380 2757.282 4798.306 7793.163
Blood Jurkat 1.390 2758.410 4803.255 7801.542
Cervical Hela 1.392 2758.636 4804.237 7803.179
Adrenal Gland PC-12 1.395 2758.94 4805.711 7805.671
Breast (MDA)-(MB)- 1.399 2759.419 4807.672 7809.424
Breast M2C3F1-7 1.401 2759.645 4808.669 7810.958

4., Conclusions

In this study, we propose a composite nearly perfect absorber composed of nanoring and nanocross structures.
The nanoscale geometry of this configuration has been optimized to support multiple resonance modes. Operating
in the mid-infrared region, this structure achieved nearly perfect absorption in three distinct modes at
wavelengths of 2730 nm, 4609 nm, and 7510 nm, with absorption rates of 95.2%, 97.3%, and 98.1%, respectively.
The basic physical phenomena underlying the resonance modes of the plasmonic structure are explained and the
sensitivity of the sensor to changing refractive indices is demonstrated. The refractive index magnitudes on the
sensor surface were changed with different values between 1 and 1.8, and linear spectral shifts were observed in
all three resonance modes of the sensor. The sensing capability of the sensor was analyzed by calculating the S and
FoM parameters separately for each resonance mode. The results show that the A1, A2, and A3 resonance modes
have 112.23 nm/RIU, 497.17 nm/RIU, and 841.94 nm/RIU sensitivity and 3.67 RIU-1, 1.369 RIU, and 1.271 RIU!
FoM values, respectively. The A1 wavelength resonance signal, located at the beginning of the mid-infrared range,
has a FWHM value of 30.57 nm and operates in a very narrow band. Accordingly, it responded very sensitively to
changing refractive indices and enabled the sensor to have a high sensitivity value. In order to test the detection
performance of the plasmonic biosensor, the changes caused by cancer cells with different refractive indices in
three resonance modes were examined. For this purpose, normal and cancerous cell refractive indices of skin,
blood, cervical, Adrenal Gland and lung cells were defined and tested on the sensor surface. The findings showed
that all three resonance modes caused a spectral response depending on the change in cancer cells and a shift in
the resonance mode occurred. These findings suggest a powerful solution to the diagnosis of cancer types whose
late diagnosis is known to cause high mortality. Thanks to our proposed triple-band nearly perfect absorber, many
biological and chemical molecules can be detected.
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