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Dielectric metasurfaces for
refractive index sensing towards
anemia detection
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2Department of Physics, Indian Institute of Technology Kanpur, Kanpur, Uttar Pradesh, India

In this article, an all-dielectric metasurface-based refractive index sensor is
proposed in the near-infrared wavelength regime. The sensor employs well
known magnetic dipole and electric dipole resonances for sensing. We have
also computationally demonstrated that sensitivity and figure of merit of the
sensor can be enhanced by increasing the interaction between the
electromagnetic field and the surrounding medium using a suitable design
modification. The proposed improved sensor can be used in anemia detection
and also to measure its progress as proposed in this work.
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1 Introduction

The two-dimensional arrangement of scatterers constitutes a metasurface, especially
when their size and periodicity are lesser than the wavelength. Ultrathin arrays of sub-
wavelength scatterers in a metasurface can be used to control the amplitude, phase, and
polarization of the electromagnetic (EM) waves. Using these metasurfaces, several
applications have been proposed in topics such as wavefront engineering (Yu et al,
2011; Ni et al, 2012), meta-lenses (Aieta et al, 2012; West et al, 2014), imaging
(Khorasaninejad and Capasso, 2017), polarization control (Shao et al., 2014; Gao et al,,
2015), and sensing (Tittl et al., 2018; Zhang et al., 2022). Apart from metasurfaces with fixed
properties, there are reports on active metasurfaces as well, which allow the user to tune the
properties even after the device is fabricated (Horie et al., 2018; Howes et al., 2020).

Refractive index (RI) sensors based on metasurface designs are useful in environmental,
chemical, biomedical, and biological sectors (Lee et al., 2017). In each case, different values of
RI and different extent of change of RI are to be detected with high accuracy. Metallic nano-
structure based RI sensor technologies have been very popular because of device
miniaturization (Ozbay, 2006) and high sensitivity (Tong et al., 2014). However, metals
have inevitable Ohmic losses, thus making all-dielectric counterparts always a better option
(Baranov et al, 2017). Even though all-dielectric metasurface based high-sensitivity RI
sensors have already been reported, there is a significant scope to improve the sensitivity,
figure of merit (FOM) or the design itself for improving their commercial utility (Hu et al.,
2017).

In this work, we present a design for all-dielectric metasurface-based RI sensor. We
explore the performance of the sensor using numerical computations. The sensor shows dual
spectral response in the wavelength range of 1.2 ym-1.7 ym. Such a dual response is an
important advantage in any sensor as it provides dual options of tracking the changes. In
addition, the dual-resonance feature also provides better sensing stability (Chen et al., 2023).

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphot.2023.1234060/full
https://www.frontiersin.org/articles/10.3389/fphot.2023.1234060/full
https://www.frontiersin.org/articles/10.3389/fphot.2023.1234060/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphot.2023.1234060&domain=pdf&date_stamp=2023-07-17
mailto:rvijaya@iitk.ac.in
mailto:rvijaya@iitk.ac.in
https://doi.org/10.3389/fphot.2023.1234060
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/photonics
https://www.frontiersin.org
https://www.frontiersin.org/journals/photonics
https://www.frontiersin.org/journals/photonics#editorial-board
https://www.frontiersin.org/journals/photonics#editorial-board
https://doi.org/10.3389/fphot.2023.1234060

De and Vijaya

A
A
{500 nm
w W, A A
hoﬁ
Z
/Y sio,
X
c —133— - 141--- 149
1.0 e
) N \ /7.
S 08{ \\. e[
Io) v 3 v
= 0.6 v i+ W
g v ||'Z
2 0.4/ v %
[0 e L
hae A 1.
— 0.2 L i
\',_‘ ":
0.0 eI
12 13 14 15 16 17

Wavelength (pm)

FIGURE 1

10.3389/fphot.2023.1234060

B
Q
(&)
C
i
£
[%]
C
o
|_
0.0 : : , ,
12 13 14 15 16 17
Wavelength (um)
R ——
%1_56. S =122.50 nm/RIU
(0]
© - MD
o
%1.50~ _ ED
=
§144)  s=19250nmRIU
S | e
S5 1.38 : : ,
@ 130 135 140 145 150
X

Refractive Index of cladding

(A) Unit cell schematic of the all-dielectric metasurface sensor. (B) Computed transmission spectrum for a normally incident Y-polarized plane-
wave excitation of the metasurface sensor with air as cladding material. (C) Computed transmission spectra of the all-dielectric sensor for three different
RI of the surrounding medium. (D) Resonance wavelength shift for different values of cladding refractive index in the all-dielectric sensor.

In spite of the simple geometry, it offers reasonably good sensitivity
and FOM. We then demonstrate how it can be improved with a
small design change involving the shape of the scatterer. Effects of
angle of incidence and state of polarization of the incident light on
the sensor are also investigated. The geometrical parameters of the
sensor are optimized to obtain the best sensitivity as well as FOM
together. Further we demonstrate its application in anemia detection
and evaluating the extent of its progress as well. In this work, all the
numerical electromagnetic computations are performed using
Rigorous Coupled Wave Analysis (RCWA) method (DiffractMod,
2004).

2 All-dielectric metasurface as
refractive index sensor

The proposed all-dielectric metasurface sensor consists of an
array of silicon (Si) scatterers. These square shaped scatterers of
width (W) 570 nm and height (h) 220 nm are present on a semi-
infinite silicon-dioxide (SiO,) platform. The unit cell schematic of
the all-dielectric sensor is shown in Figure 1A. A square-lattice
arrangement with a periodicity (A) of 700 nm in XY-plane is
considered here. The numerical computations are done for the
unit cell with in-plane periodic boundary conditions. The non-
dispersive refractive indices of Si and SiO, are taken as 3.70 and 1.48,
respectively. Computed transmission spectrum of the metasurface
for Y-polarized normally incident plane wave shows two minima at
A ~1.34um and A ~1.56 ym (Figure 1B). The line-width of the
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resonance at A ~1.34 um is very broad as compared to the line-width
of the resonance at A ~1.56 ym. To evaluate the origin of these
resonances, we have computed the electric and magnetic field
distributions in the YZ- and XZ-planes, respectively, with the
cross-section of the Si pillar at its center. The spatial field
distributions of |E,| and |H,| imply that the resonance at A
~1.34 um is of magnetic dipole (MD) type and the resonance at
A ~1.56 um is of electric dipole (ED) type (Iwanaga, 2018).

To explore the metasurface as RI sensor, initially we have
considered a cladding layer 250 nm thick with RI =1.33 for water
on SiO, substrate. However, to study its effect fully, the thickness is
increased up to 550 nm with a step of 100 nm and computed
transmission spectra are shown (Supplementary Figure SI). As
the cladding layer thickness increases, both the resonances shift
to longer wavelengths. This shift is more in the case of MD
resonance than in ED resonance. In addition, this shift is not a
linear function of cladding thickness and nearly saturates after
450nm of cladding thickness. So, we have considered an
optimized cladding thickness of 500 nm. It is observed in
Figure 1C that when the cladding thickness is 500 nm and
cladding index is 1.33, MD and ED resonances appear at A
~1.39 um and A ~1.59 pm, respectively. The refractive index of
the cladding layer is changed from 1.33 to 1.49 and the transmission
spectra are computed for Y-polarized normally incident plane wave.
The transmission spectra of the sensor are shown in Figure 1C for
three values of cladding RI.

The values of full-width at half-maxima (FWHM) for MD and
ED resonances are ~95.8 nm and ~16.5 nm respectively, for a
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(A) Unit cell schematic of the improved sensor. (B) Computed transmission spectrum for a normally incident Y-polarized plane-wave excitation of
the improved sensor with air as cladding material. (C) Computed transmission spectra of the improved sensor for three different values of cladding RI. (D)
Resonance wavelength shift for different values of cladding refractive index in the improved sensor.

cladding RI of 1.33. When the refractive index of the cladding is
increased, both MD and ED resonances shift towards longer
wavelengths. The shift of both MD and ED resonances for
different index values of the cladding are shown in Figure 1D.
Sensitivity (S) is defined as the ratio of change in resonance
wavelength (A1) to the change in refractive index (An). The
sensitivity of this sensor is 192.50 nm/Refractive Index Unit
(RIU) and 122.50 nm/RIU for MD and ED resonances,
respectively. The figure of merit (FOM) is given by S/FWHM
and its values are 2.00 and 7.42 for MD and ED resonances,
respectively. Though the sensitivities of the sensor are reasonably
good, the values of FOM are very low due to the broad FWHM of
both MD and ED resonances.

To increase the sensitivity as well as the FOM of the proposed
sensor, the design of the unit cell is slightly modified. The schematic
of the unit cell of the modified sensor is shown in Figure 2A. It has
the following design parameters: A of 730 nm, W of 600 nm, and a
75 nm thick (along Y-direction) slot is etched at the center of the
meta-atom. As discussed in (Barrios et al., 2007; Zhang et al., 2014;
Meng et al., 2021; Yin, 2023), the presence of a slot between the
meta-atoms, in the form of a meta-waveguide, will result in an
enhancement of the electric field in the slot region. This
enhancement of the electric field depends on the width, height,
and shape of the slot. The enhanced electric field confinement in the
slot adds to the interaction already present due to the meta-atom.
When the cladding is a solution-based analyte, it is expected to fill
the slot and cover the meta-atoms. The increase in contact area
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between the cladding medium and the metasurface due to the
presence of the slot leads to an increase in the interaction
between the electromagnetic field and the cladding medium and
aids in achieving better characteristics for sensing. The transmission
spectrum of the improved sensor is computed for a Y-polarized
normally incident plane-wave considering air as the cladding
material. Figure 2B shows that now the MD and ED resonances
are appearing at A ~1.21 ym and A ~1.33 um, respectively, for this
improved design. In addition to that, the line-widths of both the
resonances are very narrow as compared to the resonance line-
widths in previous design as shown in Figure 1A. We have also
investigated the dependency of transmission spectra on different
structural parameters of the improved sensor and the results are
shown in Supplementary Figure S2.

We have varied the periodicity (A), meta-atom width (W), meta-
atom height (h), and channel width (gap) of the improved sensor
and computed the transmission spectra for a cladding refractive
index of 1.33. As shown in Supplementary Figure S2A, when the
periodicity (A) increases, both the resonances shift towards the
higher wavelength values. MD resonance shows more shift than the
ED resonance. Thus, the gap between these two resonances reduces.
In addition to that, line-widths of both the resonances increase with
an increase in periodicity.

The effects of change in meta-atom width (W) are shown in
Supplementary Figure S2B. As the width increases, both the
resonances shift towards higher wavelengths as in the previous
ED resonance shifts more than the MD

case. However,
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TABLE 1 Computed FWHM and Q-factors of the improved sensor for cladding
RI values of 1.33, 1.41, and 1.49.

Cladding RI

FWHMpyp (nm)  FWHMg, (nm)  Qup

3.7 14.7 99

resonance. The FWHM of both the resonances are also getting
narrower as the width increases.

Supplementary Figure S2C is showing the effects of changing
meta-atom height. The separation between the MD and ED
resonances decreases with the increase in height. The FWHM of
the resonance is also increasing with the increase in height. For a
height of 240 nm, higher order resonance mode is also appearing at

10.3389/fphot.2023.1234060

the wavelength of 1.2 ym. With the increase in channel width (gap),
the separation between two resonances decreases as shown in
Supplementary Figure S2D.

For a good sensor, resonances which are distinctly apart and
with lower resonance FWHM are preferred. To achieve high
sensitivity and FOM, A = 730nm, W = 600 nm, h = 220 nm,
and a gap = 75nm are chosen. All the other parameters and
conditions are kept the same as mentioned in the previous case.
To study RI sensing using this metasurface, the RI of the cladding is
changed from 1.33 to 1.49 as before. Resulting transmission spectra
of the sensor are shown in Figure 2C. For this sensor, MD and ED
resonances are appearing at A ~13lum and A ~141 um,
respectively, for a cladding RI = 1.33. The wavelength separation
between MD and ED resonances is also reduced. When the RI of the
cladding is increased, both MD and ED resonance wavelengths shift
towards higher values. This wavelength shift for both MD and ED
resonances for different RI values of the cladding is shown in

Ey (V/m)
24.7
21.6
18.5
15.4
12.4

Y (um)

FIGURE 3

Ey (V/m)
12.7
111
9.5
7.9
6.3

Amplitude distributions of the electric field (|E, |) at the center of the unit cellin YZ-plane for (A) A ~ 1.34 um and (B) A ~1.56 um in metasurface with air
cladding; (C) A ~ 1.39 ym and (D) A ~ 1.59 ym in proposed metasurface sensor with a cladding RI =1.33; and (E) A ~ 1.31 ym and (F) A ~1.41 ym in improved
sensor with a cladding Rl =1.33. The dashed black lines represent the boundary of the Si block. The color scale bar indicates the amplitude of the electric

field.
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TABLE 2 Comparison of the Existing Rl sensors and Our Work.

10.3389/fphot.2023.1234060

References Structure (method) Simax(Nm/RIV) FOM nax
Liu et al. (2010) Double cladding fibers (Experiment) 153.15 -
Hu et al. (2017) Four holes in Si nanoblock unit (Simulation) 306.71 16.76
Ollanik et al. (2019) Si nano-disks (Experiment) 323 5.4
This work Si nano-pillars (Simulation) 325 62.50

Figure 2D with a uniform RI resolution of 0.04. The sensitivities of
the sensor are 325.00 nm/RIU and 300.00 nm/RIU for MD and ED
resonances, respectively. These are better than the values seen in
Figure 1D. Corresponding improved FOM of the sensor are
62.50 and 23.26 for MD and ED resonances, respectively. So, the
improved RI sensor has much higher sensitivity and FOM in
comparison to the previous one. Computed FWHM and the
quality (Q) factors of both MD and ED resonances are shown in
Table 1 for three different RI values of the cladding. As the RI of the
cladding increases, the FWHM of MD (ED) resonance is decreasing
(increasing). As a result, Q-factor is also increasing (decreasing) for
MD (ED) resonance.

3 Electric field profiles

We have also computed the electric and magnetic field
distributions of light in two orthogonal planes at the center of
the Si pillar for the two designs of metasurface discussed above, at
their corresponding resonance wavelengths. For the first design with
air cladding, the amplitudes of E, for A ~1.34 um and A ~1.56 um are
shown in Figures 3A, B, respectively. The amplitudes of E, with a
cladding index of 1.33 at A ~1.39 um and A ~1.59 ym are shown in
Figures 3C, D, respectively. Similarly, the amplitudes of E, for A ~
1.31 ymand A ~ 1.41 um are shown in Figures 3E, F, respectively, for
the improved sensor for a cladding RI =1.33. Corresponding
amplitudes of H, for all the configurations are shown exactly in
the similar order in Supplementary Figure S3.

These spatial field distributions in Figure 3 and Supplementary
Figure S3 indicate that the resonance at lower (higher) wavelength is
of MD (ED) type (Iwanaga, 2018). The range of color scale bar
indicates that the ED resonance is stronger than the MD resonance,
as expected from its lower FWHM. In the case of improved sensor, it
is seen that the field is highly confined in the central slot region
which enhances the interaction between the electric-field of incident
light and the surrounding medium. As a result, the field
enhancement is higher than the earlier ones shown in Figures 3A-D.

Some existing dielectric RI sensor technologies are listed in
Table 2 and the results of our work are shown in comparison. The
improvement in the value of FOM in our design is clear.

4 Angle and polarization effects

We have computed the transmission spectra for both X
(p-polarized) and Y-polarized (s-polarized)
excitations of the metasurface shown in Figure 1A with air

plane  wave
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cladding. At normal incidence, these two cases yield the same
result as the unit cell is a square with sides along these axes.
When the angle of incidence is increased, the two cases differ.
We have computed the transmission spectra for different angles of
incidence ranging from 0° to 20° with reference to the Z-axis
considering both XZ and YZ as the planes of incidence.

Figures 4A, B are showing the computed transmission spectra
for X and Y-polarized excitations, respectively, when XZ-plane is the
plane of incidence. The dashed white lines in both the figures are
used to represent the transmission minima due to MD and ED
resonances at normal incidence. For p-polarized light, more than
one dip appears in MD resonance when the angle of incidence is
increased. Of the three minima seen, one is found to shift towards
the ED resonance and crosses it at larger angles (not shown here).
However, the wavelength of ED resonance remains unchanged as
shown in Figure 4A. In the case of s-polarized light, both MD and
ED resonances remain unchanged for the range of incidence angles
considered in Figure 4B. The color scale bar indicates the magnitude
of transmission. We have also seen that if the plane of incidence is
changed to YZ-plane, the in-plane (p or Y) and out-of-plane (s or X)
polarized light will produce the same results as shown in Figures 4A,
B, respectively. The proposed metasurface is polarization sensitive
for MD resonance at oblique angles of incidence.

However, in the improved design, the symmetry of the square
shape of the meta-atom is broken by the introduction of the central
slot. Due to the presence of the central slot, the design is not
symmetric in the two orthogonal directions within the plane
which are parallel to the sides of the meta-atom, unlike the first
design. Therefore, the metasurface is polarization sensitive even for
normal incidence. We have also seen that irrespective of the plane of
incidence (i.e., YZ or XZ), normally incident Y-polarized plane-wave
(when the electric field is oriented across the central slot) gives very
sharp ED and MD resonances. But the same is not observed for
X-polarized incident wave because the MD resonance is much
broader than the ED resonance in it. At oblique incidence, more
resonances of higher order are obtained and they are seen for both
p-and s-polarizations. Therefore, this design gives the best
performance for normal incidence (with a tolerance of + 2°) for
the light polarized along Y-axis.

5 Effects of temperature on resonances
of the improved sensor

The effects of ambient temperature have also been investigated
considering the improved sensor with a cladding index of 1.33. The
thermo-optic coefficients of the Si and SiO, substrate are taken as
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1.84 x 107 RIU/K (Okada and Tokumaru, 1984) and 8.6 x 10~° RIU/
K (Leviton and Frey, 2006), respectively. Computed resonance
wavelength shifts for different temperatures in the range of
273-373K (correspond to 0-100°C) are shown in Supplementary
Figure S4. As the temperature increases, both the resonances shift to
higher values linearly. However, the slopes of both the lines are very
small of the order of ~ 107 um/K. This implies that the shift in
resonance wavelengths due to an increase in ambient temperature of
a couple of degrees may not be detected and therefore does not affect
the performance of the improved sensor to any significant extent.

6 Improved all-dielectric sensor for
anemia detection

Estimating the refractive index of bio-samples is crucial in the
field of pathology. This can be used to diagnose diseases such as
malaria, cancer, anemia, and tumor without a bodily intervention.
The proposed sensor may not be suitable for all types of bio-samples
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in its present form and may require some additional changes
depending on the experimental needs. Here, we demonstrate the
utility of the proposed improved all-dielectric sensor for anemia
diagnosis in hematology test. Using a centrifuge, various
components of the blood sample such as red blood cells (RBC),
white blood cells (WBC), and platelets can be easily separated.
Hemoglobin is the main component of the RBC in blood sample.
The RI of RBC is given by Goldstone-Dale law (Lazareva and
Tuchin, 2018a),

nrec = 0.757,ater + 0.251, (1)

where, 7,4, and ny,, are RI of water and hemoglobin, respectively.
The RI of RBC in normal scenario (healthy person) is 1.40. In the
case of anemia, the concentration of hemoglobin decreases. As a
result of that, RI of RBC also decreases. We have computed the
transmission spectra of the sensor shown in Figure 2A for three
different RI of the cladding as shown in Figure 5A. For non-anemic
blood sample, the MD and ED resonances appear at ~1.33 ym and
~1.43 pm, respectively. When the RI of the blood sample reduces
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below the normal value due to anemia, both the resonances show a
blue-shift. Thus, from the value of resonance wavelengths, one can
provide an initial diagnosis of whether the person is anemic or not.

In order to measure the severity of the anemia, we have
considered nine different RI values ranging from 1.3150 to
1.3464 the with
concentrations ranging from 0 g/L to 180 g/L in saline (Lazareva

corresponding  to hemoglobin  solutions
and Tuchin, 2018b). We have computed the resonance wavelengths
for all these cladding RI values and the result is shown in Figure 5B.
There are two lines corresponding to MD and ED resonance shifts as
labeled in Figure 5B. In each line, different phases of anemia are
shown in different segments. A change in RI of 0.01 implies a shift in
resonance wavelength of 2.88 nm and 3.41 nm for the ED and MD
resonances, respectively. These are detectable standard

spectrometers (Yang et al, 2019). So, by comparing with the

in

position of resonance wavelength in Figure 5B, the severity of
anemia can be inferred. The linear variation is a significant
advantage.

The proposed all-dielectric metasurface sensors can be
fabricated  using
semiconductor (CMOS) fabrication facility. Optimized 220 nm

standard  complementary  metal-oxide
thick Si layer can be deposited on SiO, substrate using plasma
enhanced chemical vapour deposition (PECVD) method. Suitable
electron sensitive resist is to be coated on the sample by spin-
coating. After that, electron-beam lithography (EBL) can be
directly used to transfer the patterns on the resist. The EBL
the solubility of the

Subsequently, the sample can be immersed in a suitable

alters resist in selective regions.
developer solution to remove the resist selectively. Once the
resist is removed, the sample can be etched by reactive ion-

etching (RIE) process to obtain the final metasurface sensor.

7 Conclusion

In this article, we have computationally investigated an all-
dielectric metasurface as an RI sensor. The metasurface consists of
a sub-wavelength array of Si meta-atoms present on SiO, platform.
It has been seen that the metasurface shows both MD and ED
resonances at two distinct wavelengths in the range of 1.2-1.7 ym.
It has also been observed that both the resonances shift towards
higher wavelengths as the RI of the surrounding cladding medium
is increased from 1.33 to 1.49. We have shown that the
performance of the sensor can be enhanced by increasing the
interaction between EM-field and the surrounding medium with a
modified As
application, we have proposed that the improved all-dielectric

structure of the meta-atoms. a bio-medical
sensor can be used as an independent label-free optical platform to
diagnose the presence of anemia, over the wide range of the mildest
condition to the most threatening condition. This is due to the
reported linear variation in refractive index for those conditions. In
addition, the severity of anemia can be evaluated using the sensor
in an entirely non-contact mode. The analysis provides a
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significant wavelength shift of 2.88 nm and 3.41 nm for ED and
MD resonances, respectively, for a refractive index change of 0.01,
which is well within the accessible range of many hand-held
spectrometers. This advantage is predominantly due to its loss-
less performance arising from its dielectric nature for optical
studies in the NIR wavelength range.
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