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Developments in micro and nanofabrication technologies have led a variety of grating waveguide structures (GWS) 
being proposed and implemented in optics and laser application systems. A new design of multilayered nanostructure 
double-grating is described for reflection notch filter. Thin metal film and dielectric film are used and designed with 
one-dimensional composite gratings. The results calculated by rigorous coupled-wave analysis (RCWA) present that the 
thin metal film between substrate and grating can produce significant attenuated reflections and efficiency in a broad 
reflected spectral range. The behavior of such a reflection filter is evaluated for refractive index sensing, which can be 
applied inside the integrated waveguide structure while succeeding cycles in measurement. The filter peaks are designed 
and obtained in a visible range with full width half maximum (FWHM) of several nanometers to less than one 
nanometer. The multilayered structure shows a sensitivity of refractive index of 220nm/RIU as changing the 
surroundings. The reflection spectra are studied under different periods, depths and duty cycles. The passive structure 
and its characteristics can achieve practical applications in various fields, such as optical sensing, color filtering, Raman 
spectroscopy and laser technology. 
Key words: notch filter, multilayered nanostructure, double-grating, reflected attenuation, refractive index sensing.  

1. INTRODUCTION 
Resonant narrowband filters using periodic grating 

nanostructures have attracted much attention owing to their 
high peak reflection and transmission, low sideband and 
controllable wavelength peak and width [1 – 3]. Guided-
mode resonance filters based on grating waveguide 
structures (GWS) with different constitution and materials 
are candidates for extremely narrow line filters or color 
filters [4 – 5]. In conventional dielectric mirror design, high 
reflectors can be designed only on multilayered coatings, 
which are made from optically isotropic and homogeneous 
materials. The so-called quarter-wave stack consists of 
alternating high- and low-refractive index layers of 
quarter-wave optical thickness at given reference 
wavelength. In contrast, GWS is with specially designed 
uniform and grating layers to achieve such tailored optical 
properties, which is accomplished parallel to the film 
surface. However, the multilayered structures with gratings 
do not need to be particularly thick under the necessary 
quarter-wave condition. It is suitable for such a 
multilayered structure being an alternative and comfortable 
notch filter. 

In any case, the rejection bandwidth is greatly 
influenced by the refractive indices of materials, the 
geometry parameters of multilayered structures and the 
realization of a given specific filter depends on the 
availability of suitable and optimal designed structures.                                                 
 Corresponding author. Tel.: +86-512-65113371;  
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Such filters can be designed with alternative resonant 
wavelength peak and bandwidth, which have been 
explored for switch and laser cavity reflector applications 
in communication and laser systems. Optical properties of 
the filters, such as the resonance wavelength and linewidth, 
peak reflection or attenuation, are heavily dependent on the 
nanostructures parameters (period, filling factor and depth) 
and materials. The dimensional parameters can be 
designed and optimized to achieve different particular 
resonant filters, which are good choices for novel sensors, 
spectroscopic compression and laser technology [6 – 8].  

The purpose of this paper is to demonstrate the 
feasibility of multilayered waveguide structures with 
significantly narrow reflections by integrating double-
grating layer. Characteristics of both TM reflection spectra 
and resonance peak of the multilayered notch filtering 
devices with different structure parameters are investigated 
under different surroundings. The structure shows a high 
sensitivity to the refractive index of media. Notch filtering 
properties of the multilayered nanostructure with different 
thin film layers and subwavelength grating layers are 
calculated and optimized within the framework of 
Rigorous Coupled-Wave Analysis (RCWA) [9 – 10]. 
2. MULTILAYERED WAVEGUIDE 

STRUCTURE WITH NARROWBAND 
REFLECTED ABSORPTION 

Grating waveguide structures with integrated 
subwavelength gratings and thin layer films present 
transmission or reflection narrowband filtering properties.  
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Fig. 1. Principle structure of a multilayered grating waveguide: 
a – section view of the structure; b – perspective view of 
the structure 

A multilayered absorption reflector is built up by a 
thin metal film with one-dimensional gratings and layers 
on top, which consists of two different dielectrics and one 
metal; as seen in Fig. 1. The bottom substrate is silica with 
ns ~ 1.46 and the cover is with refractive index nc. There 
are four layers between substrate and cover: a metal thin 
layer with refractive index n4 and depth d4; a bottom 
metal / dielectric compound grating layer with different 
refractive index n4 and n3, depth d3, period p2 and metal 
stripe width w2; a dielectric layer with n3 and depth d2; a 
surface composite dielectric grating layer with different 
refractive indices n2 and n1, depth d1, period p1 and the 
stripe n2 and width w1, n1 can always be the same as nc. The 
metal film and stripe can be set as aluminum, silver or 
copper and dielectric film and stripe can be optical 
materials as SiO2\MgF2\ZnS\Al2O3. Duty cycle (DC) is 
defined as the filling factor of metal or one of the 
dielectrics the grating. In the simulation, the surface and 
the bottom grating period is separately set as p1 and p2 and 
the rectangular stripe width is w1 and w2, so DC1 = w1/p1 and DC2 = w2/p2. The value of duty cycle is less than 1.0. 
Fig. 1 a shows the sectional view of the multilayered 
nanostructure, and Fig. 1 b shows the perspective structure. 
The incident angle is defined in a way from the z axis to x 
axis, that is plane (ZOY) is the oblique incidence plane. 
The incident plane wave is specified with wavelength and 
propagation direction, z-axis is the light reflected direction 
of incidence, x-axis and y-axis is defined as p-polarized 
(TM) and s-polarized (TE) direction, respectively. The 
vector of electric field is parallel to the plane of the grating 
vector (x axis) for TM polarized state and perpendicular to 
the plane of the grating vector for TE polarized state. With 
an appropriate metal/ dielectric grating design, such a 
multilayered waveguide structure with gratings reflects 
TM polarization with resonant attenuations, and exhibits 

excellent reflection notch filtering behavior. TM 
polarization is analyzed and calculated for the reflection 
output as follows. 

In conventional multilayered planar waveguide, the 
resonance will happen according to the resonance 
wavelength conditions, which the layer thickness is a 
multiple of half-wavelength [2]. In the multilayered 
waveguide structure with gratings, strong interaction 
resonance happens as a diffracted order is phase matched 
to a leaky mode, that is, the layer doesn’t need to be in a 
particularly thickness [10]. The real part guided mode 
propagation constant is near the diffracted order 
propagation constant: 
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 , (1) 
where, ninc is the refractive index of incidence material, inc is the incident angle; 0 is the resonance wavelength, p 
is the grating period. The resonance results in narrowband 
reflection peak at the phase matching wavelength. The 
peak wavelength and the reflection width are mainly 
determined by the grating period, duty cycle, thickness, 
angle of incidence and refractive index. In particularly, a 
very thin metal film is used between the substrate and the 
bottom metal / dielectric grating for resonance reflections. 
In such a GWS, the propagation constant is complex, thus 
the mode is leaky with certain wavelength. The resonance 
structure couples the light into the leaky guided modes, 
which shows visible in the reflection spectra as attenuated 
peaks [13]. The design goal for the device is to achieve as 
resonance attenuation wavelength as possible. In the 
present work, the behaviors of the proposed structures are 
characterized by using Gsolver, which is based on a full 
vector implementation of rigorous coupled wave theory 
[11 – 12].  

The multilayered waveguide structure thus possesses a 
notch reflection filter spectral characteristic in a broad 
spectral range. Fig. 2 a shows different reflection 
resonances in wavelength under multilayered structures 
with different parameters.  

The resonant attenuation peak is separately 541.65 nm, 
547.05 nm and 551.65 nm with 0.6 nm, 0.45 nm and 
0.35 nm in FWHM, as seen in insert figure. Structures G1 
and G2 are with the parameters as: n4is aluminum and 
d4 = 20 nm; n3 = 1.5 and d3 = 240 nm with p2 = 340 nm, 
DC2 = 0.5; d2 = 240 nm; n2 = 2.3 (ZnS), d1 = 240 nm and 
DC1 = 0.4 with p1 = p2; nc = 1.35. The only difference 
between these two double-grating multilayered structures 
is: n1 = nc for G1 and n1 = 1.38 (MgF2) for G2. Structure 
G3 is designed as: n4 is aluminum, n3 is silica and 
n1 = nc = 1.0; d4 = 10 nm, d3 = 300 nm and d2 = 160 nm; 
p2 = 300 nm and DC2 = 0.5, the first layer under cover is a 
uniform film with n2 = 2.3, d1 = 140 nm. The input light is 
under normal incidence. Absorption wavelength peak 
shifts sensitively to the surroundings, which can be 
evaluated by the behavior of a refractive index sensor. 
Fig. 2 b shows absorption peak shift results as the 
surrounding nc is changed from 1.33 to 1.35 for the double-
grating structure G1 and G2. The peaks present red shifts 
from 538.1 nm to 541.65 nm with a shift of 3.55 nm for 
G1, from 546.45 nm to 547.05 nm with a shift of only 
0.6 nm for G2. More detailed resonance and wavelength 



508  

properties are acquired and discussed in the following 
section. 

 a 

 b 
Fig. 2. Reflection spectra in different wavelength: a – different 

attenuation wavelength and FWHM reflections; b –
 reflection peak shifts in different surroundings 

3. SIMULATION RESULTS AND DISCUSSION 
The performance of the multilayered waveguide 

structures with gratings is characterized by their resonance 
wavelength (absorption peak), bandwidth and reflection. In 
this section, we carefully design these characteristics to 
meet the required performance, and discuss the absorption 
spectra properties of wavelength peak and width based on 
such a multilayered GWS shown in Fig. 1. The attenuated 
resonance peak of wavelength is saliently determined by 
the grating period. Fig. 3 a shows different resonant 
attenuation reflection peaks in a wide wavelength range of 
400 nm under different grating periods. The multilayered 
grating structure reveals a red shift of the peak as the 
grating period increases. The absorption peak changes 
from 457.85 nm to 758.1 nm as period is from 240 nm to 
430 nm under normal incidence. The longer period the 
longer absorption wavelength peak. The grating period is 
an important factor that influences the absorption peak. 
Here, n1 = nc = 1.33. The double grating layers with the 
same period and the duty cycle DC1 = DC2 = 0.5. The 
absorption peak can be designed and optimized at different 
wavelengths and widths; be coincidence with the light 
source and detector. Fig. 3 b shows peak shift changes as 
nc is changed from 1.33 to 1.35under different periods. The 
longer period of the grating, the more sensitive red peak 
shift to the surroundings. 

The optical properties and the changes of resonant 
attenuation peak are calculated under oblique incidence in 
Fig. 4. Two different multilayered double-grating 

structures G4 and G5 are designed both on substrate silica. 
We separately use ZnS and the surrounding material 
nc (n1 = nc) for the surface grating of G4, ZnS and use 
MgF2 (n1 = 1.38) for the surface grating of G5. 

 

a 

 b 
Fig. 3. Reflection spectra under different grating period:  

a – different attenuation reflection wavelength;  
b – reflection peak shifts in different surroundings 

The structural parameters for both are set as: 
Aluminum film on the substrate with thickness d4 = 20 nm, 
the bottom grating Al/SiO2 with p2 = 300 nm, DC2 = 0.5 
and d3 = 240 nm, silica film with d2 = 180 nm, the surface 
grating layer with p1 = 300 nm and DC1 = 0.5.  

The attenuation peaks of the notch filter shift towards 
the longer wavelength as the oblique angle increases, as 
seen in Fig. 4 a. Peak shifts from 553.4 nm to 594.5 nm 
with the angle changing from 15° to 25° for G4, from 
523.6 nm to 585.3 nm with 10° to25° for G5. Where, the 
surrounding is with refractive index nc = 1.33. When nc is 
changed to 1.35 with oblique incidence of 25°, the peak 
shifts in red respectively to 598.9 nm and 588.9 nm for G4 
and G5. These two filters show high sensitivities of 
refractive index with ~ 220 nm/RIU and 180 nm/RIU, as 
seen in Fig. 4 b. The larger incident angle makes the larger 
peak deviation within the same refractive index changes. 

More resonant absorption properties are studied under 
various structure parameters, e.g. grating duty cycle and 
grating is changed only. Here, the oblique incidence angle 
is set as 20°. The attenuation peak shows a red shift as the 
filling factor of high index material increases, as seen in 
Fig. 5 a. The resonance peak shifts from 554.6 nm to 
581.2 nm and from 558.7 nm to 584.7 nm as the duty cycle 
changes from 0.4 to 0.6. Where nc equals 1.33 and 1.35 
separately. The FWHM of such a notch filter reduces 
quickly from 5.3 nm to 1.0 nm as duty cycle increases. 
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Fig. 4. Reflection spectra under different incidence angle:  

a –  different attenuation reflection wavelength;  
b – reflection peak shifts in different surroundings 

 a 

 b 
Fig. 5. Reflection spectra under different duty cycle:  

a – different attenuation reflection wavelength;  
b – reflection peak shifts in different surroundings 

Fig. 5 gives the absorption spectra results for structure 
G4 as DC1 of the surface. The structure shows less 

sensitivity to the surroundings as the surface grating duty 
cycle increases, as seen in Fig. 5 b. 

 a 

 b 
Fig. 6. Reflection spectra under different grating depth:  

a –  different attenuation reflection in wavelength;  
b – reflection peak shifts in different surroundings 

The peak deviation decreases from 4.1 nm to 3.5 nm as 
duty cycle increases from 0.4 to 0.6 within a refractive 
index deviation of 0.02, thus, the refractive index 
sensitivity decreases from 205 nm/RIU to 175 nm/RIU. 

Different grating depths also affect the resonant 
absorption spectra, peak shift and deviation. Fig. 6 shows 
the results for structure G5 under different grating depth 
d1. The reflection peak presents a red shift as the grating 
depth increases from d11 = 260 nm to d16 = 360 nm, seen in 
Fig. 6 a. The peak wavelength changes from 553.2 nm to 
584.5 nm in the surrounding nc = 1.33, and from 556.1nm 
to 586.6 nm in surrounding nc = 1.35. The FWHM reduces 
quickly from 5.3 nm to 1.2 nm as the depth increases under 
both surroundings. The less d1, the higher deviation of 
peaks, as shown in Fig. 6 b. The absorption peak deviation 
increases from 2.1 nm to 2.9 nm as d1 decreases from 
360 nm to 260 nm within a refractive index deviation 0.02. 
The surrounding refractive index sensitivity of the 
multilayered nanostructure can be improved by optimized 
and reasonable design of geometry parameters and 
materials. 
4. CONCLUSIONS 

In summary, a multilayered GWS passive device with 
notch filtering reflection is proposed by applying a double-
layer grating inside and outside manufactured on silica 
substrate surface. Characteristics of both resonance peak 
wavelength situation and FWHM under different structure 
designing parameters (such as period, thickness, filling 
factor, et al) are investigated and calculated. Resonance 



510  

filtering bandwidth and attenuation peak can be designed 
and achieved within any matched wavelength. The 
absorption spectra possess narrow width and high peak 
leakage, which exhibits good refractive index sensitivity to 
surroundings. The wavelength peak shows a red shift as 
the grating period, thin layer depth, duty cycle or incidence 
angle increases. The attenuation peaks can be obtained in a 
wide wavelength range with FWHM of several nanometers 
to less than one nanometer. The multilayered structure 
shows a refractive index sensitivity of 220 nm/RIU to the 
surroundings. The larger incident angle makes the larger 
peak shift, and the longer grating period also makes the 
larger peak shifts. The simulations and results open a new 
way in designing, optimizing and fabricating the novel 
nanostructures integrated photonic devices with such a 
passive rejection band filtering performance. 
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