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1. Introduction

Optical biosensors are needed in many fields, such as biomolec-
ular testing!"?), chemical analyses', and environmental moni-
toring”. Many kinds of optical technologies have been
proposed to achieve high performance optical biosensors in
recent years, including surface plasmon resonance (SPR)"!
and guided-mode resonance (GMR) biosensors, typically. In
1993, Wang and Magnusson discovered the GMR effect of peri-
odic waveguide gratings'®. This effect means that when the
phase of the incident light wave matches the guiding mode of
the grating, a sharp resonant peak will appear in the output spec-
trum due to the modulation of the grating structure. In 2000, a
new type of GMR device integrating a waveguide grating with a
subwavelength period on the endface of an optical fiber was pro-
posed by Wawro et al.l”). In addition, the advantages of no fluo-
rescent labeling, easy integration, and real-time detection have
made GMR-based grating sensors widely used in biomedical
sensing'®’. In 2005, Magnusson et al. described the character-
istics of GMR and demonstrated their utility in biosensors'"..
However, for now, GMR-based grating sensors still have some
shortcomings. Some cannot be adapted to high sensitivity detec-
tion environments because of low sensitivity!'"'?); some have
difficulty achieving high performance optical sensing owing
to low figure of merit (FOM)!**'*_ On the other hand, the com-
plex structure and demanding fabrication process make it diffi-
cult to achieve mass production of these devices. In order to
solve these problems, we have designed an optical sensor based
on a double compound symmetric gratings (DCSGs) structure,
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A high performance optical sensor based on a double compound symmetric gratings (DCSGs) structure is designed. The
reflection spectrum of the DCSG is investigated by utilizing a method that combines a theoretical model with the eigenmode
information of the grating structure. The theoretical results, which are observed to agree well with those acquired by
rigorous coupled-wave analysis, show that the linewidth of the reflection spectrum decreases upon the increasing distance
between the grating strips. This research work will lay a foundation for studying high performance integrated optical
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which simply means that a compound waveguide grating
(CWQG) structure is added to a dual-grating (DG) structure! '),

CWG structures are often designed to reduce the bandwidth
of the resonant peaks for devices!'®!. Nevertheless, unlike the
previous CWGs that used a single-layer compound struc-
ture!”'®), the performance of the sensor has been further
improved thanks to our use of a double-layer compound struc-
ture. More differently, we use the identical optical material so
that the grating has the same refractive index. But the waveguide
layer of conventional gratings is basically made of optical mate-
rials with a high refractive index!"”), which, to a certain extent,
increases the complexity of the manufacturing. There are many
methods to fabricate GMR devices, such as electron beam lithog-
raphy, laser interference lithography, and nanoimprint lithogra-
phy°). Patterns on a given stamp can be transferred to resist or
other imprint materials by nanoimprint lithography, and then
heat or UV light can accomplish the curing process®').
Nanoimprint lithography offers cost-effective parallel nanofab-
rication that is fast, simple, reproducible, and qualified for mass
production. The optical adhesive Norland Optical Adhesive 73
(NOA73) with a refractive index of 1.56 is chosen as the material
for our grating structure. NOA73 is a flexible material that
exhibits low shrinkage and cures to a solid under UV light'*],
so the fabrication process is not only simplified by nanoimprint
lithography, but also mass production is possible. A device with
a DC structure was fabricated in this way by Hemmati et al. in
20198,

In this Letter, a DCSG-based structure is proposed in order to
better improve the performance of the sensor. Then, the device
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structure is designed by the rigorous coupled-wave algorithm
(RCWA)??4 | and the effect of the grating spacing variation
on the sensor performance is mainly analyzed. On this basis,
eigenmode information of the grating structure is determined
through the finite element method (FEM), and then the reflec-
tion spectrum is calculated by combining the theoretical model
in Ref. [25], the results of which are able to match well with the
RCWA results. Therefore, we can explain the variation of the
resonant peaks in terms of the eigenmode, since the spectral
shape of the resonance is directly determined by the eigenvalue
of the mode.

2. Structure and Theory

Figure 1 shows a schematic diagram of the proposed DCSG-
based optical sensor structure, which contains four separate
and identical grating strips (two at the top and two at the bot-
tom) in each period. Additionally, the structure is completely
symmetrical and entirely covered by a liquid with a refractive
index of n. The material used throughout the grating is
NOA?73 with a refractive index of 1.56. The DCSG is considered
to be infinite in the y-direction and periodic in the x-direction.
The parameters of the proposed sensor are as follows: the period
of the compound gratings is A, the grating filling factor is f, the
width and height of the four identical grating strips in each
period are w and L, respectively, the interspacing between the
two grating strips in each period is d, and the homogeneous film
thickness is 4. In our proposed model, the DCSG is viewed as a
single-mode resonator. The eigenmode of the grating structure
is determined by FEM simulation, and the reflection spectrum is
then calculated using the theoretical model.

In this method, a single period of the DCSG structure is
defined as a unit cell, and NOA73 can be considered lossless.
First, we use the FEM to calculate the eigenmode information
of the resonant grating structure. During the simulation, we
choose Floquet periodic boundary conditions as the lateral
boundary conditions, while the upper and lower boundaries
use scattering boundary conditions®®). Then, the eigenmode
of the resonant grating structure can be obtained having the
form N = Ny — iNipmag, Where Nieyy and Ny, are the real
and imaginary parts of N, respectively, and the central resonance
frequency w, and the quality factor g, of GMR can be obtained
using

Analyte(n,)

TE |

Fig. 1. Schematic of the sensor based on the DCSG structure.
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wO = Nreal (1)
9o = I\Irea\l/2 Nimag '

According to the effective medium theory, the effective refrac-
tive index N ¢ can be defined as!*®

Ne = 4/ ni(1—-f)* + n’f, (2)

where n, is the refractive index of the analyte, n is 1.56, and f is
the grating filling factor. So the reflection spectrum of the res-
onator can be obtained based on the relation*”’

_ (t + r)Nimag
l(w - Nreal) + Nimag

2
R=1—‘t , (3)

where Nie,; and Nip,g are the real and imaginary parts of N,
respectively, and w is the resonance frequency. The DCSG struc-
ture is considered to be a uniform slab waveguide with the same
thickness and effective refractive index, so its amplitude
reflection coefficient r and transmission coefficient ¢ can be
calculated'®”!.

The sensitivity (S) and FOM are usually utilized to evaluate
the performance of the sensor and can be expressed as"*”’

AA’IES

§=Crs 4

An, (4)

FOM—i (5)
AL

where Al is the resonance wavelength shift, An, is the change
in n,, and AJ is the full width at half-maximum (FWHM).

3. Results and Discussion

First, we compared the spectral response of the DG and DCSG
using the RCWA, as shown in Fig. 2. We assumed the following
structural parameters for the DCSG: A =980 nm, L =250 nm,
h=1000nm, f =045, d=260nm, and w=2205nm (w=
f X A/2).d =0 for the DG structure. TE polarized light was used
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Fig. 2. Reflection spectra of DG and DCSG at normal incidence of TE waves.
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Table 1. Eigenvalues of the TE Eigenmode with Different d.

d (nm) Eigenvalue N

200 14136 x 10 — 44132 x 10"
220 14144 x 10 — 2.30627 x 10"
240 14151 x 10" — 8.93895 x 100/
260 14154 % 10 — 1.92105 % 107/

as the incident light source and was incident normally. Figure 2
shows a sharp narrowing of the FWHM and a blue shift of the
resonance peak when the compound structure is introduced. To
illustrate the effect of the parameter d on the performance of the
sensor, we performed a detailed analysis when d = 200, 220, 240,
and 260 nm. The FEM was used to calculate the eigenvalues for
different d, which are listed in Table 1.

According to Eq. (1) and Table 1, the central resonant
frequencies and quality factors of the DCSG structure can be
obtained. It can be seen that the real part of the eigenvalues
exhibits a small variation with increasing d, while the imaginary
part decreases sharply. This indicates a very significant improve-
ment in the quality factor of the DCSG structure as d increases.
The physical meaning of the quality factor in a resonator is
expressed as the ratio of stored energy to the consumed energy.
As the spacing between the two grating strips increases, the
amount of energy stored within the optical resonator is increas-
ing. This further illustrates the increasing confinement capabil-
ity of the grating structure for incident light waves.

To further understand the physical properties of this eigen-
mode, we simulated the electric field intensity distributions
for different d in each cell of the DCSG structure by using the
FEM, the results of which are shown in Fig. 3. It can be seen that
as d increases, more of the electric field is confined between the
two grating strips.

36.15 (©) 5631 (d) 101.73

252 (B

0 0 0 0

Fig. 3. Electric field intensity distributions of the eigenmode in different
DCSGs with various spacings: (a) d =200 nm, (b) d = 220 nm, (c] d = 240 nm,
(d) d = 260 nm.
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Next, the reflectance spectrum of different d at TE polariza-
tion is calculated by using Eq. (3), as shown in Fig. 4. In Fig. 4, we
compared the calculated reflection spectrum with the simulated
results of RCWA, showing that the calculated spectrum is in
good agreement with the simulated results. Our calculations
show that it is feasible to analyze and predict spectral line shape
variations with the help of eigenmodes.

Finally, the performance indicators of the designed DCSG
structure sensor were analyzed. Its sensitivity and FOM are cal-
culated by Egs. (4) and (5), respectively. The sensing perfor-
mance parameters of the DCSG structure with different d are
calculated in Table 2. It can be seen that the FWHM decreases
by a factor of approximately 54 as d changes from 200 nm to
260 nm. However, the increase in sensitivity is not significant.
This is explained by the fact that there is a trade-off between sen-
sitivity and FOM in the GMR-based sensors'>"*!. It can be seen
from Fig. 3 that the electric field energy increases from 26.52 to
101.73 as the d increases, and most of the light is confined inside
the grating region. For the proposed structure, the FOM is
improved without sacrificing its sensitivity. Physically, a high
FOM is obtained when the resonant FWHM is reduced, which
can increase the spectral discrimination of the biosensor. For the
proposed DCSG structure in Fig. 1, the coupling between the
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Fig. 4. Reflection responses of the DCSG for the TE polarization with different
¢ (a) d =200 nm, (b) d =220 nm, (c) d = 240 nm, (d) d = 260 nm.

Table 2. FWHM, S, and FOM of Structures for Different 4 in TE Mode.

d (nm) FWHM (nm) S [nm/RIU) FOM
200 0.81 461 568
220 0.414 469 1133
240 0146 4 3226
260 0.015 472 31467
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Table 3. Eigenvalues of TE Eigenmodes Corresponding to Different Refractive
Indices.

Refractive Index . Eigenvalue N

1331 14154 X 10® — 1.92115 x 100
1333 14136 % 10" — 2.0212 x 1010
1335 14126 x 10 — 21336 x 1010;
1337 14115 x 10 — 2.2593 x 1010
1339 14105 % 10" — 2.2399 x 101/

compound gratings can be controlled by adjusting the spacing
between the two grating strips, where a larger distance implies
a weaker coupling, which leads to a reduction in the spectral
width. Therefore, an optical sensor with a high FOM value
can be obtained by controlling the spacing between the com-
pound gratings.

By the analysis in Table 2, the other structural parameters of
the grating remain unchanged, with d = 260 nm chosen. As the
refractive index of the analyte is changed from 1.331 to 1.339, its
eigenvalue is calculated by FEM, as listed in Table 3.

It can be noticed that when d changes from 1.331 to 1.339, a
red shift of the resonance peak can be seen according to Eq. (1).
To further verify the results of the eigenvalue analysis, the reflec-
tance spectrum was calculated using RCWA as n, increased
from 1.331 to 1.339, and the results are shown in Fig. 5. It shows
that the resonance peak has red shift with increasing analyte
refractive index, and the FWHM remains almost unchanged.
The central wavelength of the GMR grating structure is related
to the resonant condition. A change in the refractive index of the
analyte will change the conditions under which the GMR is gen-
erated®***. As a result, the position of the resonant reflection
peak will be shifted with the varied refractive indices of the
analyte.

Further analysis of the fitted curve as the position of the res-
onance peak varies with analyte refractive index shows a linear
relationship between the resonance wavelength and the
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Fig. 5. DCSG reflection spectra for TE polarization with different n,.
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Fig. 6. DCSG resonance peak wavelength versus n,.

refractive index, which can be seen in Fig. 6. Based on the above
results, we can obtain a high performance optical sensor with a
sensitivity of 472 nm/RIU and an FOM of 31,476.

4. Conclusion

In conclusion, a DCSG-based optical sensor is proposed,
concentrating on the performance of the device at different
compound spacings. By changing the spacing between the com-
pound gratings, the eigenmode of the grating can be regulated,
changing the magnitude of the eigenvalue to achieve the purpose
of regulating the reflectance spectral linewidth and optimizing
the performance of the sensor. The theoretical simulation results
show that the sensitivity of the sensor is 472 nm/RIU, the
FWHM is only 0.015 nm, and the FOM value is 31,467. The
research work in this Letter provides a reference for the design
of new grating sensors.
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