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Ultra-Narrowband High-Transmissivity
Guided-Mode Resonance Filter Based
on Dual Dielectric Film Structure and

High Refractive Index Waveguide Layer

Min Gao"”, Yu Zhang

Abstract—In this study, we propose a novel approach to achieve
an ultra-narrow bandwidth and high transmittance filter in the
visible range. By employing TiO- as the waveguide layer material,
the coupling energy in the waveguide layer is enhanced, leading to a
reduction in the full width half maximum (FWHM). Additionally, a
double-layer dielectric film structure composed of SiO5 and Al O3
is employed on the Ag grating to suppress random scattering leak-
age in the short wavelength range, resulting in reduced sidebands
and improved transmittance of the resonant peak. To minimize
wave loss between the metal grating and the waveguide layer, a
SiO, dielectric layer is introduced. By adjusting the metal grating
period, the resonance peak position can be shifted across the entire
visible range. The proposed approach offers a metal grating-based
guided-mode resonance (GMR) transmissive filter with low side-
bands, high transmittance, ultra-narrow bandwidth, and tunability
in the entire visible range. Experimental validation of the proposed
design is conducted, and the results demonstrate the effectiveness
of this approach in achieving superior filter performance in the
visible spectral range.

Index Terms—Guided mode resonance, subwavelength grating,
ultra-narrowband, high-transmissivity, low sideband.

1. INTRODUCTION

RANSMISSIVE filters operating within the visible light
T range find diverse applications, such as spectral imag-
ing [1], [2], [3], Complementary Metal Oxide Semiconductor
(CMOS) image sensors [4], [5], biosensors [6], [7], and medical
diagnostics [8]. Especially in the field of high spectral imaging,
high-resolution spectral imaging plays a crucial role in appli-
cations such as cultural heritage research, object surveying,
and person tracking [2]. Compared to multispectral imaging,
high spectral imaging offers higher spectral resolution, enabling
the capture of hundreds to thousands of spectral channels in
the target wavelength range, thus acquiring continuous spectral
information. Despite the growing demand for transmissive filters
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in the visible range [9], [10], [11], [12], [13], most studies
have focused on reflection filters in the infrared band [14],
[15], [16], [17], [18], [19]. Existing transmission filters in the
visible range suffer from limitations including low diffraction
efficiency, wide FWHM, and high sidebands, which lead to
structural color issues such as reduced saturation and accuracy
of color resolution. Compared with other filters, the waveguide
structure of GMR breaks the diffraction limit and realizes light
manipulation, while offering the advantages of high diffraction
efficiency and extremely narrow FWHM [20], [21], [22]. This
makes RGM filters one of the current hot topics.

Based on the fundamental principle of GMR [23], [24], [25],
[26], [27], the combination of subwavelength gratings and GMR
effects utilizes a periodic grating structure to ensure precise
phase matching between the incident light and the intrinsic mode
of the waveguide. This coupling mechanism enables the incident
light that satisfies the phase match to be effectively coupled into
the waveguide layer, surpassing the diffraction limit through
the phenomenon of anomalous resonance [28]. As a result, a
highly focused narrow-band resonance peak with remarkable
transmission properties is generated. The resonance peak can be
finely tuned by adjusting the parameters of the grating structure,
offering control over the spectral characteristics of the device. In
the work conducted by Daniel B. Mazulquim et al. [29] efficient
and narrow-band transmission color filters were designed and
fabricated, relying on a fundamental device consisting of an
aluminum grating placed on a 200-nm-thick aluminum oxide
film deposited on a glass substrate. Although the maximum
transmittance exceeded 80%, it was accompanied by a sideband
of more than 22% and a FWHM around 20 nm [29]. Wenze Wu
et al. [30] designed a GMR matrix-based nanostructured trans-
mission spectroscopy filter using a guided-mode resonance-type
filter consisting of a metal grating, a SiO, buffer layer, and a
high-emissivity waveguide layer. They employed the surface
plasmon excitation mode of the metal grating, which was excited
and coupled to the guided mode to achieve a low sideband
sharp transmission peak of anomalous resonance, which was
accompanied by a FWHM of 25 nm and a transmittance of only
70%, although his sideband was below 20% [30]. Guangyu Sun
et al. [31] presented a tunable polarization-independent narrow-
band GMR filter that employed a 2D subwavelength aluminum
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Fig. 1. Schematic diagram of multilayer metal gratings based GMR transmis-
sive filter structure.

grating in conjunction with a polymer-dispersed liquid crystal
layer. Although the transmittance reached 82.5%, the FWHM
remained as high as 15 nm [31]. Xiangyu Ma et al. [32] designed
a filter with periodic nanostructures and dielectric multilayers
integrated on a silicon substrate. The filter has continuous tun-
ability in the visible range (400 nm to 760 nm) with transmittance
exceeding 75% but with 25% sidebands and FWHM higher than
15 nm, leaving room for further optimization [32]. These afore-
mentioned studies have made significant progress in the devel-
opment of transmission filters based on guided-mode resonance
in the visible range and have made valuable contributions to
the exploration of high-resolution, high-saturation color filters.
Nonetheless, the resonance peaks still cannot simultaneously
satisfy the extremely narrow FWHM, low sideband and high
diffraction efficiency as well as the tunability in the entire visible
range, which indicates that there is an unexplored potential for
further improvement of transmissive GMR filters in the visible
range.

The subwavelength grating structure encompasses various ad-
vantageous features, including a narrow bandwidth, high diffrac-
tion efficiency, good sideband suppression, and the capability to
serve as a periodic structure for waveguide devices. Through the
integration of the subwavelength grating structure with wave-
guide structures, it becomes feasible to achieve high transmis-
sion sharp resonance peaks. In this particular study, N-BK7 was
employed as the substrate, Ag as the grating material, TiO5 as the
waveguide layer, and a dual dielectric layer comprising SiOs in
conjunction with Al;Og for anti-reflection coating., as depicted
in Fig. 1. To mitigate the resonance bandwidth of the grating
layer, a SiO, film is introduced as a buffer layer between the
grating layer and the waveguide layer. The final transmittance
of the designed device reaches about 80% with FWHM less
than 4.2 nm and sidebands less than 18%. The distinguishing
characteristics of the proposed structure are listed as follows:

1) Using the high-refractive-index material TiO5 as the wave-

guide layer in the guided-mode resonant subwavelength
grating structure, an ultra-narrow FWHM in the visible
range can be achieved by exploiting the anomalous reso-
nance mechanism of the high-refractive-index waveguide
layer.
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2) Thetop SiO5 and Al,Og films match the refractive index of
the bottom layer and effectively suppress the sidebands by
interaction, improving the peak transmittance and further
narrowing the FWHM.

After optimization of the structural parameters, we succeeded
in achieving high transmittance and low sideband. The trans-
mittance can reach more than 80%, the sideband is suppressed
to less than 20% and a very narrow transmission spectrum
profile is obtained. The FWHM of the transmission spectrum
is below 2.49 nm and can even reach 0.41 nm. Tunability of the
transmission peaks throughout the visible band was achieved by
adjusting the grating period parameters.

II. MODEL BUILDING AND MECHANISMS
A. Model Building

This transmissive structure is one part of the imaging system,
which is mainly used to receive the composite light reflected
from objects in nature and resolve it into spectral information
to provide monochromatic light information for the subsequent
pixel module. To accurately analyze the output spectrum of
plane light perpendicular to a metal-grating, we employed finite-
difference time-domain method, to simulate the waveguide grat-
ing structure. The normal Y-polarized [33], [34] incident light
propagates along the negative Z-direction, i.e., TE polarization.
Periodic boundary conditions were imposed in the X- and Y-axis
directions in the simulation region, while the upper and lower
portions of the Z-axis were coated with perfect matching layers
to eliminate echo interference. The thickness of each layer film
is defined as d1, d2, dgy, dy, d,, for the top layer (Al O3), overlay
(S8102), grating layer (Ag), buffer layer (SiOs), and waveguide
layer (TiOs), respectively, and the period, duty cycle, and size
ratio of the grating layer are defined as A, f, and D = fA
respectively. In order to determine the optimal thickness, we
utilized the finite-difference time-domain method to systemat-
ically vary the thickness of each layer in the thin film and the
duty cycle of the grating. By considering the combined effects of
sidebands, transmittance, and FWHM, we carefully assessed the
performance of the filters. Ultimately, the following parameters
were selected for our study: a duty cycle of f = 0.6, a period of
A =380 nm, and specific thicknesses for each layer, namely d;
=30nmd;y =55nm, d,=70nm, d, = 57 nm, and d., = 100 nm.
The detailed parameter settings of the simulation software are
shown in Table I. These optimized parameters were employed
in the analysis of the subwavelength metal grating waveguide
structure.

B. Mechanisms

Each layer plays an irreplaceable role in the entire structure.
Next, we will analyze the role of each part in the structure from
top to bottom.

Firstly, the dual dielectric film structure composed of SiO5 and
Al,Os is used as an anti-reflection layer. Its effective refractive
index is close to that of the substrate layer. This layer not
only has the function of selectively transmitting the required
light, but also effectively suppresses random scattering leakage



GAO et al.: ULTRA-NARROWBAND HIGH-TRANSMISSIVITY GMR FILTER

TABLE I
SIMULATION PARAMETER SETTING

Structural ~ Numerical Simulation Numerical
parameters value parameters value
f 0.6 Mesh accuracy 6
A 300 nm Bou1.1d.ary Periodic
conditions
di 30 nm Incident light A plane
wave
& 55 0m Polarization TE
type
dg 70 nm Angle of 0
incidence
dp 57 nm Z axis PML
dw 100 nm - -

in the short wavelength range, while enhancing the diffraction
efficiency of the resonance peak.

Next, the grating layer plays the role of a periodically mod-
ulated layer in the structure, which is crucial for facilitating
the transverse phase matching between the external wave and
the waveguide mode, thus influencing the generation of guided
mode resonance. Only by selecting appropriate duty cycle and
thickness can the guided mode resonance effect be fully excited,
thereby obtaining a narrow and tall transmission spectrum.

In addition to the grating layer and dual dielectric layer,
the SiO2 buffer layer in the structure also plays a vital role.
Unlike in TM polarization, in TE polarization mode, when
light transitions from the dielectric into the metallic layer, a
phenomenon similar to plasmonics occurs. This resonant energy
behaves like a plasmon and enters the waveguide layer, affecting
the phase matching between the incident wave and the leaky
modes in the waveguide layer, thus influencing the resonance
of guided modes. In this case, the addition of the SiOy buffer
layer effectively isolates this portion of energy from entering
the waveguide layer, allowing for the efficient excitation of
guided mode resonance and greatly reducing the full-width at
half maximum.

Furthermore, the waveguide layer structure plays a crucial
role in the entire configuration as it is an essential component
for exciting the guided mode resonance phenomenon. When
incident light irradiates the surface of the structure, it is coupled
into the waveguide layer through the modulation of the grat-
ing layer to satisfy the phase matching condition between the
inherent modes of the waveguide. However, since this portion
of energy cannot be sustained entirely within the waveguide
layer, leakage (referred to as leaky modes) occurs. The leaked
energy interferes with the uncoupled light beam, resulting in the
generation of reflectance and transmittance spectra.

Finally, the substrate layer is made of N-BK7 material, which
was chosen due to its excellent transparency and corrosion
resistance. Moreover, its refractive index matches that of the
dual dielectric layer on top, allowing more light to pass through.
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Fig. 2. (a) Fig. 1. Schematic diagram of a single-layer metal grating based
GMR transmissive filter with SigNy or TiO2 waveguide layer material.
(b) Comparison of transmission spectra when the waveguide layer materials
are SigN4 and TiOaq, respectively.

After understanding the specific roles of each layer, we will
proceed to analyze this structure in detail using simulation
software.

III. SIMULATION

A. Utilizing High Refractive Index Material TiO, As
Waveguide Layer for FWHM Reduction

To facilitate efficient energy coupling into the waveguide
layer, a high refractive index material is typically chosen for the
waveguide layer. While SizNy is commonly used for this pur-
pose, it still exhibits a relatively wide FWHM in the transmission
spectra. To enhance energy coupling efficiency and reduce the
FWHM, we selected TiO5 as the waveguide layer material due
to its higher refractive index (refractive index: 2.52-2.87) within
the visible spectral range. By keeping other parameters fixed and
solely altering the waveguide layer material, a comparative anal-
ysis was conducted. The structure diagram is shown in Fig. 2(a).
Fig. 2(b) presents the transmission spectra comparison between
SizNy and TiO5 as waveguide layer materials. It is evident that
the FWHM decreased from 3.38 nm to 1.85 nm when using
TiOs. Consequently, employing TiO- as the waveguide layer
material, a high refractive index material, effectively narrows
the FWHM and mitigates the reduces sidebands.

B. Enhancing Transmittance and Sideband Reduction in
Grating-Based Filters Through Double Layer Dielectric Films:
Al O3 and SiO; Integration

In order to comprehensively analyze the impact of the struc-
tural parameters of the bilayer dielectric layer on the output
spectrum of guided GMR transmission filters based on a metal
grating, we conducted investigations on the transmission spectra
with and without SiO, and AlyOs3 film layers.

Initially, we examined the transmission spectra without the
double-layer dielectric film structure by varying the grating
period A (165 nm to 385 nm) within the visible range. Fig. 3(a)
illustrates the transmittance as a function of grating period
and wavelength A. Fig. 3(b) compares the transmission spectra
for different grating periods, revealing the presence of higher
sidebands in the short wavelength band due to random scattering
leakage. Importantly, as the grating period exceeds 300 nm, the
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Fig. 3.

(a) Reference view of grating size scan of bilayer dielectric film without SiO2 and AloOgs addition. (b) Transmittance spectra corresponding to the

variation of grating period A from 180-350 nm. (c) Reference view of grating size scan of bilayer dielectric film with SiO2 and Al2O3 addition. (d) Transmittance
scan parameter plot when the grating period A is varied from 180-350 nm. (e) Transmittance comparison curves at the peak positions of the two grating structures.

peak transmission intensity gradually decreases, leading to a
decline in filter performance. Therefore, our objective is to en-
hance diffraction efficiency, minimize sidebands, and decrease
the FWHM within the visible range. To achieve these goals,
we have systematically scanned the period A from 180 nm to
400 nm for metal gratings with the addition of a double dielectric
film. Fig. 3(c) depicts the transmittance versus period A for the
subwavelength guided-mode resonant metal grating structure,
demonstrating effective tunability of the resonant peak position
through adjustment of the period parameter. By comparing
the results in Fig. 3(a) and (c) (For comparison purposes, the
maximum value of the color-coded caliper in Fig. 3(a) was
modified from 0.782 to the same 0.858 as in Fig. 3(c)), it is
evident that the introduction of a double-layer dielectric film
structure successfully suppresses scattering losses and improves
energy convergence. Fig. 3(d) highlights the advantages of the
additional double dielectric film on the grating, including a

significant reduction in sidebands to less than 20%, an in-
crease in peak transmittance to 82%, and a further decrease
in FWHM, resulting in a high-quality factor Q. Importantly,
the resonant peak-to-peak position remains largely unaffected.
Fig. 3(e) demonstrates that the transmittance of the bilayer
dielectric film structure consistently hovers around 80%, while
the transmittance is generally lower without the bilayer dielectric
film structure. This indicates that the double-layer dielectric film
structure effectively suppresses random scattering leakage in the
short wavelength band while enhancing energy convergence in
the waveguide layer. We compared our designed transmission-
type filter with the existing structures, and the specific data are
shown in Table II. In the table, T denotes the transmittance and
Ty denotes the sideband height. As can be seen from Table II,
in the visible wavelength band, our designed transmission-type
filter overcomes the shortcomings of existing studies that can-
not satisfy narrow FWHM, low sideband, and high diffraction
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TABLE II
PERFORMANCE DATA OF THE PROPOSED NARROW-BAND GRATING FILTER AND
OTHER PROPOSED FILTERS

N FWHM o o Simulated or
Categorization (nm) T (%) Ts(%) Measured
Daniel B.
Mazulquim’s 20 80 22 Simulated
in [29]
Wenze Wu'sin - 5 70 20 Simulated
[30]
GuangyuSun's 15 g5 Simulated
in[31]
Xlapgyu Ma’s 15 75 25 Simulated
in [32]
In this study 1.6 79.8 17.8 Simulated

The bold font indicates the performance index parameters of the proposed
structure, as well as some parameters in the existing studies with higher
performance index than that of the proposed structure.
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Fig. 4. (a) Transmittance scan of the resonance center wavelength A with the
thickness of SiOz film d3 is changing from 0 to 0.25 um when the thickness of
Al203 is 30 nm. (b) Transmittance scan of the resonance center wavelength A
with the thickness of Al2O3 film d; is changing from 0 to 0.25 um when the
thickness of SiOs is 55 nm.

efficiency at the same time. Consequently, this approach im-
proves color saturation in the visible range and significantly
enhances the performance of the transmission filters.
Furthermore, to investigate the specific effect of SiOs and
Al>,O3 bilayer films on the response, we simulated the trans-
mission spectra of the resonant center wavelength A with the
thickness of SiO5 when the thickness of AlsO3 is 30 nm, and
the transmission spectra of the resonant center wavelength A
with the thickness of AlsOsz when the thickness of SiOs is
55 nm, as depicted in Fig. 4(a) and Fig. 4(b), it is evident that
the height of the short wavelength sidebands is influenced by
the double-layer dielectric film above the grating. Specifically,
when the thicknesses of SiO5 and Al,Os3 films are set to 55 nm
and 30 nm, respectively, the high sidebands of the short wave-
length sidebands are significantly reduced, whileav maintaining
resonant peak-to-peak transmission above 80%. Therefore, the
double-layer dielectric film structure composed of SiOy and
Al,O3 can effectively suppress random scattering leakage in the
short wavelength range, indicating a direct correlation between
the presence or absence of the double-layer dielectric film struc-
ture and the change trend of sidebands in the short wavelength
range of this structure. Opting for appropriate thicknesses of
Si04 and Al;Oj3 film layers can not only suppress the height of
the sidebands but also increase peak transmittance at resonant
wavelengths to around 80%, while reducing FWHM to 1.6 nm.
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Fig. 6. (a) Transmission spectra when the incident light is TE and TM
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C. High Quality Factor

The transmission and reflection spectra at this resonant fre-
quency were investigated as shown in Fig. 5(a), which shows
the comparison of transmittance and reflectance for the grating
cycle A = 300 nm, with the resonant center wavelength at
623.401 nm. Fig. 5(b) is a partial enlargement of Fig. 5(a). The
high reflectance at non-resonant wavelengths still indicates that
the structure is capable of achieving narrowband filters with a
high-quality factor Q (Q = A/AX, A)), denotes the FWHM),
which is suitable for applications of transmission filters in the
visible range. Table III displays the FWHM and quality factor
Q data for 18 different grating periods. From Table III, we
can observe that the FWHM values consistently remain within
the range from 0.41 nm to 2.5 nm. Additionally, the grating
structures exhibit the remarkably high-quality factor Q, reaching
amaximum value of 984.048. It is difficult to obtain high-quality
factor Q from a structure with poor energy coupling efficiency, so
by changing the structural dimensions of the filter, more energy
can be gathered in the waveguide layer, thus increasing the
energy coupling efficiency, which in turn increases the quality
factor Q of the transmitted spectrum.

D. Polarization Property

Last but not least, the impact of the polarization angle on
the transmission spectrum was also examined. Specifically, a
fixed subwavelength metal grating period cycle A of 295 nm was
utilized, and the polarization angle was scanned. The scanning
results are presented in Fig. 6 It was observed that, as the
polarization angle increased, the position of transmission peak
is almost unshifted, and the peak intensity decreased consider-
ably. A comparison of the transmission spectra of TE and TM
polarized light showed that the transmittance in TE polarized



5100110

IEEE PHOTONICS JOURNAL, VOL. 16, NO. 2, APRIL 2024

TABLE III
CENTER WAVELENGTH, FWHM, TRANSMISSIVITY AND QUALITY FACTOR Q CORRESPONDING TO DIFFERENT GRATING CYCLE A

A(nm) Center wavelength (nm) FWHM (nm) Transmissivity (%) Quality factor
180 408.380 0.415 62.249 984.048
190 425.106 0.550 71.041 772.920
200 448.233 0.503 73.418 891.119
210 466.000 0.700 73.584 665.714
220 484.657 0.867 76.973 559.005
230 503.275 0.959 78.513 524.791
240 522.353 0.720 78.661 725.490
250 541.463 0.700 79.343 773.519
260 550413 1.120 81.233 491.440
270 560.842 1.330 79.978 421.686
280 578.292 1.500 79.136 385.528
290 598.652 1.500 79.351 399.101
300 623.401 1.600 79.789 389.625
310 643.997 1.801 74.895 357.577
320 653.475 1.530 75.580 427.108
330 671.033 2.326 75.513 288.492
340 687.188 2.269 75.053 302.860
350 706.007 2.491 71.901 283.423

25

— TE
— ™

S IL=8.24dB
- IL;=0.98dB
0oH———— ——
400 500 600 700 800
Wavelength(nm)

Fig. 7. Insertion loss plot for TE vs. TM polarization.

light was 0.8, while the transmittance in TM polarized light
rapidly decreased to approximately 0.13, generating a significant
difference. We also analyzed the insertion loss of the proposed
structure in TE and TM polarization modes, as shown in Fig. 7
At the resonance wavelength of 204.996 nm, the insertion loss
for TE polarization wave is only 0.98 dB, while the insertion loss
for TM polarization wave is as high as 8.24 dB. This structure
has potential applications in polarization separation fields.

IV. DISCUSSION

In metal grating waveguide structures, guided-mode reso-
nances occur due to the coupling between the grating diffraction
wave and the waveguide mode of the high-refractive-index
waveguide layer. This coupling leads to the generation of a
highly pronounced resonant peak at the resonant wavelength

when the diffracted optical field aligns with the higher-order
diffracted waves and the waveguide leakage mode. By adjusting
the grating cycle A, it becomes possible to achieve sharp spikes
in the visible range, accompanied by a noticeable red shift of the
transmission resonance peak as the grating cycle A increases.
This alteration in physical dimensions causes a shift in the
resonance center of the guided-mode resonance, consequently
affecting the ultimate imaging of the transmission spectrum. To
gain a deeper understanding of the physical mechanism behind
the generation of resonance peaks, we conducted an analysis
of the electric field distribution on the XOZ plane at the peak
position. Since the resonance mechanisms at different resonance
peaks are fundamentally the same, it suffices to focus on one
specific resonance point. Fig. 8(a)—(c) depict the transmission
spectra corresponding to different structural parameters for a
grating period A of 300 nm, from which it can be seen that these
filters exhibit a single transmission peak in the visible range
with resonance wavelengths A of 517.603 nm, 623.401 nm and
623.401 nm, respectively. In Fig. 8(d)-(f), we plot the point
field distribution in the XOZ plane corresponding to the peak
positions of the different structures in Fig. 8(d)—(f), respectively.
Points A1, Ag, and A3 represent the maximum value of energy
converged within the waveguide layer, while points By, Bo, and
B3 represent the energy distribution outside the waveguide layer.
The smaller the energy outside the waveguide layer, the less
scattering energy loss is indicated.

A. Discussion of Utilizing High Refractive Index Material
TiO, As Waveguide Layer for FWHM Reduction

To investigate the physical mechanism underlying the nar-
rower full width at half maximum (FWHM) achieved by utilizing
the high refractive index material TiO2 as the waveguide layer,
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Fig. 8. (a)—(c) Transmission spectra at different structural parameters when

the period is 300 nm. (d)—(f) When the resonance peaks are A = 571.603 nm,
A = 623.401 nm, and A = 623.401 nm, the magnetic field distribution corre-
sponding to the structures in Figs. 8(a)—(c).

we conducted an analysis of the XOZ plane electric field distri-
bution at the resonance peaks of 517.603 nm and 623.401 nm
in the structures depicted in Fig. 8(a) and Fig. 8(b) respectively.
The electric field distributions are shown in Fig. 8(d) and (e)
respectively. By comparing the values at point Ay (|[E 41| = 9.70)
and B (|[Ep1| = 1.47) in Fig. 6(d) with the values at point A
(|E 2| = 13.75) and By (|[Ep2| = 1.25) in Fig. 8(e), along with
the corresponding electric field energy distribution in the XOZ
plane, it becomes evident that the utilization of TiO2 as the
waveguide layer, with its high refractive index, leads to a more
concentrated energy convergence within the waveguide layer.
This results in larger electric field energy and stronger energy
coupling capability, ultimately leading to a significant reduction
in the FWHM.

B. Discussion of Double Layer Dielectric Films SiO, and
Al O3 to Reduce Sidebands and Improve Transmittance

To elucidate the mechanism of action of the bilayer di-
electric film structure comprising SiOs and Al;O3, we con-
ducted an analysis of the XOZ planar electric field distribution
at the resonance peak of 623.401 nm in the structure illus-
trated in Fig. 8(c), employing the same method as described in
Section IV-A. The obtained results are presented in Fig. 8(f).
By comparing the values at points Ay (|[Ea2| = 13.75) and
B2 (|[Ep2| = 1.25) in Fig. 8(e) with the values at points Az
(|Ea3| = 15.05) and B3 (|[Egs| = 0.97) in Fig. 8(f), along with
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considering the corresponding electric field energy distribution
in the XOZ plane, it can be inferred that the introduction of SiO5
and Al;O3 leads to a reduction of energy in the outer region
of the waveguide layer. This reduction demonstrates that the
structure effectively suppresses the random scattering leakage
of energy, as well as enhances the energy convergence and
the energy coupling efficiency within the waveguide layer, thus
consequently contributing to the decrease in sidebands and the
increase in peak transmittance.
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tance profile when Ag width is varied.

C. Discussion of the Effect of Film Parameters on
Transmission Spectra for Each Layer

In order to investigate the influence of Si0, and Al;Og3 bilayer
film thickness on the response, we conducted simulations of
the transmission spectra when the Al,Oj3 thickness was set at
30 nm with varying SiOs thickness, as well as when the SiO,
thickness was set at 55 nm with varying AlyOg thickness, as
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shown in Fig. 9(a) and (b) respectively. From Fig. 9(a) and
(b), it can be observed that within the range of 20 nm—40 nm,
the transmission waveforms of the Al,O3 film exhibit minimal
changes, while for thicknesses below 20 nm, the waveforms
exhibit higher sidebands, and for thicknesses above 40 nm,
the transmission rate significantly decreases, with higher order
peaks appearing in the short wavelength region. Similarly, when
the SiOs thickness varies within the range of 45-65 nm, there
is minimal impact on the transmission waveforms. However,
for thicknesses below 20 nm, the waveforms exhibit higher
sidebands, and for thicknesses above 40 nm, the sidebands of the
waveforms increase sharply, with a significant decrease in the
transmission rate. Therefore, selecting appropriate thicknesses
for the SiO5 and Al;Og layers allows for the suppression of the
sidebands height, while increasing the peak transmission rate at
the resonant wavelength to around 80% and reducing the FWHM
to 1.6 nm.

Similarly, we also simulated the effect of the waveguide layer
thickness on the transmission spectra, as shown in Fig. 10.
From Fig. 10, it can be observed that as the waveguide layer
thickness increases, the transmission spectrum undergoes a red
shift, which can be corrected by compensating for the optical
path difference. The transmission rate in the graph shows an
upward trend, while the sidebands exhibit a downward trend.
When the waveguide layer thickness increases to 100 nm, the
transmission rate reaches a maximum of 79.8%. However, as
the waveguide layer thickness continues to increase, the trans-
mission rate gradually decreases. At a thickness of 110 nm,
a strong side peak appears in the short wavelength region,
which is caused by the fulfillment of multiple phase matching
conditions.

We also simulated the transmission spectra of the SiO2 buffer
layer and compared the results before and after adding the SiO2
buffer layer, as shown in Fig. 11. In Fig. 11, we found that
with an increase in the thickness of the buffer layer, there is
a slight redshift in the resonance center, a significant decrease
in the FWHM of the transmission peak, and the transmission
rate remains around 79.8%, with sidebands consistently below
18%. However, when the thickness of the SiOs buffer layer
increases to 67 nm, the peak transmission rate decreases, and
the sidebands in the short wavelength region increase sharply,
severely affecting the extraction of spectral information.

Next, we investigated the effect of parameter changes in the
grating layer on the transmission spectra. To clarify the effects
of grating layer thickness and width (D = fA, A = 300 nm), we
simulated the grating layer thickness and duty cycle separately,
as shown in Fig. 12. From the figures, it can be observed that
when the grating thickness is less than 65 nm or the width D
is less than 0.155 nm (f = 0.563), it leads to weak excitation
of guided mode resonance, resulting in high sidebands in the
transmission spectra. As the grating thickness and duty cycle
increase, a strong guided mode resonance effect is generated,
resulting in narrow and tall transmission peaks. However, when
the grating parameters continue to increase to a thickness over
85 nm or width D reaches 190 nm (f = 0.634), it significantly
affects the transmittance of Ag, leading to a significant decrease
in peak transmission rate.
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TABLE IV
INSERTION LOsS, FWHM, TRANSMITTANCE AND SIDEBANDS CORRESPONDING
TO DIFFERENT THICKNESSES OF EACH LAYER, AS WELL AS MANUFACTURING
TOLERANCES FOR EACH LAYER

h IL FWHM 7 T Ad
(nm) _ (dB) (nm) (%) (nm)
95 LIl 14 774 164

4, 100 097 16 798 178 O
105 108 17 779 172
47 101 17 792 201

4 57 097 16 798 178 =10
67 098 15 797 175
45 098 16 797 198

& 55 097 16 798 178 =10
65 104 15 786 179
20 099 16 796 202

4 30 097 16 798 178 =10
40 103 15 788 175
65 096 17 801 202

75 097 16 198 178 *10
85 103 16 789 155
170 096 16 817 218

p 180 097 16 798 178 *10
190 103 15 759 141

The bold font indicates the optimal structural parameter values of the proposed
structure, as well as the device performance index parameter values corresponding to
the optimal structural parameter values.

In summary, the optimal parameters of the structure at the
resonance wavelength A = 623.401 nm can be determined as:
a duty cycle of f = 0.6, a period of A = 380 nm, and specific
thicknesses for each layer, namely d; = 30 nm dy = 55 nm,
dy = 70 nm, d;, = 57 nm, and d,, = 100 nm. Considering that
a certain degree of dimensional error is inevitably introduced
during the manufacturing process, we determined appropriate
manufacturing tolerances based on the impact of different layer
parameter variations on the waveform data in Figs. 9 to 12. Our
conclusions are as follows: the manufacturing tolerance of the
waveguide layer is 10 nm, the allowed manufacturing tolerance
Ad for the thickness of other layers is 20 nm, and the allowed
manufacturing tolerance for duty ratio is 0.563-0.634 (D =
170 nm—190 nm). We also calculated the insertion loss values,
where Po represents the transmitted energy and Pi represents
the input energy) for each layer thickness variation based on the
transmittance at the resonance peak position. The final results
are summarized in Table I'V. In the table, IL represents insertion
loss, h represents the thickness of each layer, T represents
transmittance, T, represents sideband height, and Ad represents
the allowed manufacturing tolerance.

V. CONCLUSION

In this study, we propose a subwavelength metal grating struc-
ture that harnesses guided-mode resonance to achieve precise

5100110

adjustment of a single transmission peak throughout the visible
spectrum. Through simulation and comparison of waveguide
layer structures utilizing high refractive index material TiO,
and low refractive index material SizN,, we observe that TiO»
enhances energy coupling capability within the waveguide layer.
Furthermore, by simulating two waveguide metal grating config-
urations with and without the incorporation of double dielectric
films (Al3O3 and SiO4) above the grating, we find that the double
film structure effectively suppresses short-wavelength sideband
transmission and increases the intensity of the transmission
peak in the long-wavelength region. In summary, the proposed
structure not only achieves an impressive 80% transmittance at
the resonance wavelength, but also provides narrow-band filters
with a high-quality factor Q of up to 850 in the visible range,
accompanied by an FWHM less than 2.49 nm. This represents
a noteworthy advancement for transmittance filters operating in
the visible range.
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