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Possessing fantastic abilities to freely manipulate electromagnetic waves on an ultrathin platform,
metasurfaces have aroused intense interest in the academic circle. In this work, we present a high-
sensitivity refractive index sensor excited by the guided mode of a two-dimensional periodic TiO,
dielectric grating structure. Numerical simulation results show that the optimized nanosensor can excite

guided-mode resonance with an ultra-narrow linewidth of 0.19 nm. When the thickness of the biological
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layer is 20 nm, the sensitivity, Q factor, and FOM values of the nanosensor can reach 82.29 nm RIU™%,

3207.9, and 433.1, respectively. In addition, the device shows insensitivity to polarization and good
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1. Introduction

Metamaterials are periodic or aperiodic arrays of sub-
wavelength artificial three-dimensional (3D) material units
with extraordinary electromagnetic properties.' Due to the
advancement of micro/nano processing technology and the
unique optics of sub-wavelength structure characteristics,
metamaterials are being widely used in ultra-sensitive
biochemical sensors, slow optical devices, photocatalysis and
optical modulation devices.®'* However, the development and
application of metamaterials are greatly restricted by the
disadvantages of their complex 3D systems, large device size,
and high loss of metal structures, especially in the high-
frequency (terahertz, infrared and optical) band,'"** which are
very difficult to process. With the emergence of metasurfaces in
2011, they have steadily grabbed the attention of researchers.*
Metasurfaces are low-loss planar structures, which can be
regarded as an extension of the two-dimensional (2D) form of
metamaterials."** Compared with metamaterials, meta-
surfaces overcome the bottlenecks of the difficulty in processing
and the high loss of metamaterials, providing convenience for
the integration and miniaturization of nano-optical devices.
Traditional refractive index sensors are mainly composed of
noble metal materials based on surface plasmon (SP) nano-
structures.'® However, conventional SPR sensors are composed
of metallic metamaterials, which require an external light
source to the excite SPs under momentum matching conditions
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tolerance to the angle of incident light. This demonstrates that the utilization of low-loss all-dielectric
metasurfaces is an effective way to achieve ultra-sensitive biosensor detection.

(such as prism coupling). In addition, the energy consumption
of the light field inherent in the electronic oscillation on the
metal surface is an unavoidable bottleneck. It prevents the
plasmonic sensor from obtaining a narrower resonance line-
width and a higher resonance intensity.'”'* The quality factor
(Q-factor) of refractive index sensors based on metal nano-
structures is generally very low, and the value of FOM is also
lower than 100." Although many efforts have been made to
achieve plasmonic high Q-factor resonance using new physical
mechanisms such as BIC, they are still limited in the face of
increasing demand for complementary metal oxide semi-
conductor (CMOS) processes.?**

Recently, all-dielectric metasurfaces composed of high
refractive index dielectric materials have gradually become
a new hotspot in micro/nano photonics.?»** Compared with
plasmonic metasurfaces, dielectric nanophotonic structures
localize light in the 10 nm range, thus generating a region of
strong electromagnetic fields. This phenomenon, also known as
a “hot spot”, increases the intensity of the local field by 3-4
orders of magnitude, which is advantageous for improving the
sensitivity of detection of analyte molecules. It is worth
mentioning that compatibility with the CMOS technology is the
main advantage of dielectric nanostructures over metal
(plasma) nanoparticle systems.>* Such sensors consisting of
dielectric nanoresonators provide an alternative and promising
platform for refractive biosensing and surface-enhanced spec-
troscopy. With the continuous improvement of nanoparticle
fabrication technology in recent years, an increasing number of
nano-dielectric materials have been exploited and used. Prom-
inently, titanium dioxide (TiO,),>*** with almost no absorption
loss in the visible range and supporting electromagnetic reso-
nance modes, is a favorable alternative to metallic materials.
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In this work, we propose an all-dielectric metasurface with
low loss that can be used for high-Q refractive index sensing.
Numerical simulation of the nanostructures was carried out
using electromagnetic simulation software (FDTD Solutions).
The simulation results show that the optimized nanosensor can
excite guided-mode resonance with an ultra-narrow linewidth
(half-maximum width) of 0.19 nm. When the thickness of the
biological layer is 20 nm, the nanosensor has ultra-high sensi-
tivity, Q-factor, and FOM with values of 82.29 nm RIU ', 3207.9,
and 433.1, respectively. The characteristics of insensitivity to
incident light polarization and good angle tolerance provide
great feasibility for the application of the device. This work
demonstrates that the use of low-loss all-dielectric structures is
an effective and feasible way to achieve ultra-sensitive sensor
detection. At the same time, it has also promoted the
compactness, miniaturization, and integration of nanosensors.

2. Structure design and numerical
model

Fig. 1(a) shows the design of a high-sensitivity refractive index
sensor using guided mode excitation with a 2D periodic
dielectric grating structure. The platform consists of TiO,
grating on a SiO, substrate staggered at one fixed angle. Fig. 1(b)
shows the side view of the platform and the plane wave illu-
mination p-polarization (TM). As shown in Fig. 1(c), the top view
of the platform shows the details of the 2D dielectric grating.
We use this grating structure to get the optimized structural
parameters: the period P = 440 nm, the grating width W =
40 nm, and the thickness of TiO, H = 550 nm. The dielectric
constants of TiO, and SiO, are referenced in the literature.?”-> E
represents the electric field direction, and the electric field
direction shown in Fig. 1 is parallel to the x-axis. k represents
the incident direction of the light source. The light source
shown in Fig. 1 is incident perpendicular to the device along the
negative direction of the z-axis. Numerical analysis of the all-
dielectric metasurfaces was performed using a commercially
available finite-difference time-domain (FDTD) method.>**° In
the simulation, periodic boundary conditions are used for an
approximately infinite array in the x- and y-directions, and
a perfectly matched layer (PML) is used in the z-direction. To
make the simulation results more accurate and reliable, the
simulation time extension is set to 20 000 fs.>"*
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Fig.1 The proposed unit and structure of the classic grating design. (a)
Schematic diagram of an all-dielectric ultra-narrowband refractive
index sensor. (b) The dielectric layer and p-polarized plane wave
irradiation viewed from the side. (c) Observing the unit structure from
top to bottom; the period P = 440 nm, the grating width W = 40 nm,
and the thickness of TiO, H = 550 nm.
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3. Simulation results and discussion

The transmission and reflection spectra under p-polarization
are calculated by the FDTD Solutions simulation software, as
shown in Fig. 2. Under the structural parameters of Fig. 1,
a sharp guided-mode resonance (GMR) with a distinct Fano
linear shape appears at 609.48 nm with a reflection of 99.8%
and a full width at half maximum (FWHM) of 0.19 nm.*
However, the absorption caused by the dispersion of the
dielectric can be neglected but is not zero, which can explain
why the reflection does not fully reach 100%. According to the
definition of the quality factor (Q-factor),>** the device obtains
a higher Q = 2,/FWHM = 3207 (4, represents the resonance
wavelength of GMR). To understand the physical mechanism of
resonance, the electric field (E) and magnetic field (H)
enhancement diagrams at two different wavelengths (in reso-
nance or non-resonance) are drawn, as shown in Fig. 2(b)-(e). It
can be seen that the maximum electric field enhancement
factor at resonance is significantly greater than that at non-
resonance. Similarly, the maximum magnetic field modulus at
resonance is significantly greater than that at non-resonance.
Fig. 2(b) shows the results of the field enhancement factor
(about three orders of magnitude) and field height localization,
which can also explain the extremely small spectral linewidth.
The above results clearly show that the strong resonance comes
from the nanostructure, which shows that the nanostructures
strongly influence resonance enhancement. The electric and
magnetic fields are enhanced relative to the incident light and
show strong field enhancement and localization, which will be
extremely beneficial for refractive index sensing.**%’

To explore whether 1D gratings can also excite sharp reso-
nance modes like 2D gratings, we compare the reflectance
spectra of the two structures, as shown in Fig. 3. The other
parameters are the same as in Fig. 1. In a larger wavelength
range, the reflection intensity of the 1D grating structure is
always less than 20% (it seems that no resonance effect is
excited). The reflection intensity of the 2D grating formed by the
staggered arrangement of 1D gratings has been surprisingly
improved. This result is related to the localization of a strong
field in the grating nanostructure.
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Fig. 2 (a) Transmission and reflection spectra of a platform under the
p-polarized incident plane wave. (b) Electric and (c) magnetic field
enhancement factors at the resonance wavelength (609.48 nm) on
the x—z plane (y = 0 nm). The white dashed box represents the TiO,
grating structure. |E]* and |H|? are the electric and magnetic field
moduli in device |, respectively; |E0\2 and \Ho|2 represent the moduli of
incident light.
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Fig. 3 Comparing the reflection spectra of one-dimensional gratings
(1D) and two-dimensional (2D) gratings; the small images represent
the structure of a single period on the x—y plane. Other parameters are
consistent with those in Fig. 1.

The principle of a refractive index biosensor is to convert the
change in refractive index caused by molecular binding into
a resonance spectral shift.*®*® However, in many previous
works, the resonance wavelength shift was often quantified by
changing the refractive index of the entire simulation area.*>**
The possible disadvantage of this method is that the interaction
between the light field and the nanostructure will be over-
estimated since biomolecules are usually confined to a very thin
area.”>** Therefore, it is highly necessary to evaluate the surface
sensitivity of the sensor. Considering the attachment of the
target analyte as a thin layer deposition on the grating structure
and the sensitivity as a function of the thickness of the bio-
logical layer, the accumulation of the target analyte can be
analyzed more accurately. In the simulation, we model the
biological layer as a dielectric layer. To explore the sensitivity of
the sensor to changes in the thickness of the biological layer
and the refractive index of the solution, dielectric layers with
different thicknesses (10-30 nm) and different refractive
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Fig. 4 (a) Reflection spectra of different biological layer refractive
indexes (npo). (b) Reflection spectra at different biological layer
thicknesses (tpio).
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indexes (1.3-1.6) are covered on the surface of the structure, as
shown in Fig. 1. When the biological layer with a thickness of
20 nm is uniformly covered in the device, the variation rela-
tionship between the simulated spectrum and the environ-
mental refractive index is shown in Fig. 4. As the refractive index
of the biological layer increases, the reflection peak is redshifted
while maintaining a high reflectance efficiency (>90%).
According to the definition of sensitivity (resonance wavelength
shift per unit refractive index change),*** the maximum
sensitivity of the device can be calculated: Sy,.x = AMAn =
(652.221 nm-643.992 nm)/(1.6-1.5) = 82.29 nm RIU . When
the full-width half-height (FWHM) is 0.19 nm, the figure of
merit (FOM) of the sensor performance parameter is FOM =
Smax/FWHM = 433.1.%* We also calculated the reflectance
spectrum with a refractive index of 1.5 and 1.6 at biological layer
thicknesses of 10 nm and 30 nm, as shown in Fig. 4(b). Two
important results emerge from the spectrum. First, the increase
in the biological layer thickness will lead to the redshift of the
resonance peak, which originates from the enhanced interac-
tion between the light field and the biological field. Second, the
structure with a larger biological layer thickness has a larger
change in redshift when the refractive index changes at the
same rate (An = 0.1). This is because the thicker biological layer
has a larger filling factor. Our proposed device can theoretically
detect biomolecules as thick as 10 nm on the surface of the
structure, which is worthy of recognition. As shown in Table 1,
we have compared our previous work and found that our work
still has advantages.>**%>

In addition to the thickness and refractive index of the bio-
logical layer, some structural parameters of the device itself also
have a great influence on the sensing performance. The effect of
TiO, nanostructure thickness on the device response was
calculated, as shown in Fig. 5. It can be seen that the position of
the reflection spectrum changes almost linearly with the
thickness of TiO, (Fig. 5(a)). The reflection peak intensity first
remains stable when #ro, increases from 200 nm to 550 nm, but
when it continues to increase, the reflection peak intensity
begins to attenuate. Fig. 5(b) shows the FWHM, S, and FOM of
a device under different thicknesses of TiO,. A narrower FWHM
is expected, but the sensitivity of the device will be affected
when the thickness of TiO, nanostructures is increased too
much. This is because an excessively high thickness of TiO, will
weaken the interaction between the grating and the biological
layer.>* In addition, the continuous increase in the FOM of the
device is attributed to the decrease in linewidth being greater

Table 1 Comparison of the Q-factor, sensitivity (S), and the figure of merit (FOM) of this work with those of other published works

Sensitivity
Type Wavelength FWHM i (nm) Q-factor (nm RIU™Y) FOM (RIU ) Reference
All-dielectric Visible 0.58 110 190 24
Plasmonic Visible 8 538 58 48
Plasmonic Vis-NIR 3 596 68.57 49
Plasmonic NIR 3.94 1000 254 50
Plasmonic NIR 8 190 25 51
All-dielectric Visible 0.19 3207.9 82.29 433.1 Our work
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Fig. 5 Effect of TiO, nanostructure thickness on sensing perfor-
mance. At a fixed grating width (@aand b) W =40 nm and (cand d) W =
40 nm, TiO, thickness is a function of wavelength, and FWHM, S, and
FOM are functions of TiO, thickness. When the thickness of TiO,
changes, the other parameters are consistent with those in Fig. 1.

than the decrease in sensitivity.”> However, an excessive
increase in the thickness will cause the intensity of the reflec-
tion peak to be greatly reduced, and it will also bring difficulties
to the actual manufacturing of the device. Therefore, a grating
structure with too high thicknesses is not the best choice in
practical applications. To ensure the feasibility of subsequent
experimental processing and experimental light source band-
width matching, we can choose a grating structure with a lower
aspect ratio for micro/nano processing. We additionally simu-
lated the variation in the reflection spectrum and its sensing
performance parameters with increasing TiO, height when the
grating width W = 80 nm, as shown in Fig. 5(c) and (d). The new
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Fig. 6 The effect of TiO, dielectric grating width (W) and period (P) on
the sensing performance of the device. Under the parameters of
different W: (a) simulated reflectance spectra; (b) FWHM, sensitivity (S),
and figure of merit (FOM) as a function of W. Under the parameters of
different P: (c) simulated reflectance spectra; (d) FWHM, and the
corresponding relationship between the resonance peak and the
incidence wavelength. The green point represents the resonance
wavelength of the structure at different periods, and the red line
represents the fitting of the point. The width of the TiO, grating

9
remains W = gP as the period changes. While changing one

parameter, the other parameters remain as those in Fig. 1.
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mode (Mode 2) generated by the increase in width is not within
the scope of our research. Therefore, structural parameters with
a lower aspect ratio can be selected for micro/nano processing
under restricted machining accuracy. Nevertheless, the ease of
processing low aspect ratio structures and the spectral band-
width to match the light source come at the expense of
increasing the resonance linewidth and sacrificing the FOM.

The next parameter we explore is the TiO, dielectric grating
width (W). As W increases, the resonance peak appears
redshifted, and the peak value remains almost high (Fig. 6(a)).
The dependence of the resonance position on W makes the
device have good tunability and will bring high manufacturing
tolerances. As shown in Fig. 6(b), a small W with a narrower
FWHM makes the interaction between the target molecule and
the small grating width more prominent, thus improving the
sensitivity of the device and obtaining a higher FOM. However,
a smaller or larger W may be introduced in new resonance
modes, which may interfere with the analysis of the device
during actual operation. At the same time, for devices that are
not tolerant of manufacturing precision, small defects are
prone to cause the loss of modes. Fig. 6(c) and (d) show the
dependence of the device on the structural parameter P. It can
be found that the resonance wavelength shifts towards the long-
wavelength direction as the period increases. In other words,
the larger the period, the larger the corresponding device
operating wavelength.”® Fig. 6(d) shows the FWHM of the
reflection peak and the change in resonance wavelength with
the period. The resonance wavelength of the structure varies
linearly with the period. The black broken line shows that the
FWHM widens as the period increases. A larger FWHM is
detrimental to the sensing performance of the device. While
trying to obtain a smaller FWHM, it is also necessary to ensure
that the structure can have a higher reflection intensity. In
addition, excessive reduction cycles may lead to a very small
FWHM and a very large FOM. However, it is a huge challenge
during the actual production of gratings, especially for instru-
ments with low precision. It is clear from Fig. 6 that the strong
dependence of the resonance wavelength position on the
dielectric grating width and period indicates that the device has
good tunability. However, it often has another negative effect on
the actual manufacturing.®*** It is very sensitive to equipment
with low manufacturing accuracy and increases the error
between the actual manufacturing and the ideal results of the
simulation. In general, the optimal geometric parameters of the
device should be jointly determined by its manufacturing
accuracy  conditions and the actual application
environment.>*®

Finally, we investigate the tolerance of the device to the angle
and polarization of incident light. The polarization insensitivity
of the device is examined in more detail by scanning the
polarization angle of the light source from 0° to 90°, as shown in
Fig. 7(a). It can be seen that when the polarization angle
increases from 0° to 90° (i.e., from TM mode to TE mode), the
resonance wavelength, FWHM, and reflection intensity of the
structure remain almost constant. This is an exciting result that
indicates that our nanostructure is insensitive to the polariza-
tion of incident light.**** In addition, under TM and TE

RSC Adv, 2022, 12, 21264-21269 | 21267
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Fig. 7 (a) Reflection pattern of the polarization angle of incident light
from 0° (s, TM-polarization) to 90° (p, TE-polarization). Dependence of
incident light angle on resonance wavelength under (b) TM-polariza-
tion and (c) TE-polarization.

polarizations, the dependence of the working wavelength on the
incidence angle has been studied, as shown in Fig. 7(b) and (c),
respectively. When the incident light angle is large (30°), the
device maintains a practically constant reflection intensity at an
almost fixed spectral position.®*** Because the grating unit of
the device has 60° rotational symmetry, the device exhibits
excellent insensitivity to polarization and tolerance to angles.
Furthermore, it can be noticed that new modes appear in the
TM mode when the incident light angle increases, while this
does not occur in the TE mode. This may be related to the
different polarization states with different effective grating
lengths and the spatial distribution of the grating structures.

4. Conclusion

In summary, we propose a high-sensitivity refractive index
sensor composed of a 2D periodic dielectric grating structure
whose resonance effect is mainly excited by the guided-mode.
The electromagnetic simulation results show that the opti-
mized metasurface can excite the guided-mode resonance with
an ultra-narrow linewidth of 0.19 nm. Considering the deposi-
tion of the biological medium layer on the nanostructure in
actual operation, we conducted a numerical investigation of its
sensing performance. When the thickness of the biological
detection layer is 20 nm, the sensitivity, Q-factor, and FOM
values of the nanosensor can be as high as 82.29 nm RIU * (nm
per refractive index unit), 3207.9 and 433.1, respectively. In
addition, we designed the structure to exhibit excellent polari-
zation insensitivity and incidence angle tolerance, which is
ideal because it eliminates the need for polarization and angle
in the device. It is worth mentioning that compatibility with the
CMOS technology is the main advantage of dielectric nano-
structures over metal nanoparticle systems. This work shows
that the use of low-loss all-dielectric structures is an effective
way to achieve ultra-sensitive biosensing detection. The excel-
lent performance of the guided-mode resonance sensor will also
pave the way for lowering the detection limit of biosensing.
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