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Abstract. A practical guided-mode resonance
�lter operating in the visible band of the elec-
tromagnetic spectrum is numerically designed in
this paper. The �lter provides high background
transmission (>90%) with almost perfect re�ec-
tion at resonance wavelengths of 623 nm and 641
nm for TE and TM modes, respectively. Our
�lter is also characterized by its sensitivity to
incident angles, polarizations, and a refractive
index of the surrounding environment which are
utilized in practical applications such as tunable
optical �lters, imaging or detection. We show
that the resonant transmission spectral response
can be used for highly sensitive, a potential label-
free refractive index biosensor having sensitivi-
ties of 90 nm/RIU and 103 nm/RIU, and �gure
of merits of 1.93 and 2.13 for TM and TE po-
larizations, respectively.
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1. INTRODUCTION

Guided-mode resonance (GMR) or waveguide-
mode resonance is known as a phenomenon in
which the resonant waveguide modes are ex-
cited in phase-matching elements such as slab
waveguide gratings and photonic crystal slabs
[1]. GMR gratings and photonic crystal slabs
are usually used for optical �ltering application
thanks to their unique spectral response. A typ-
ical GMR grating �lter includes a stack of thin
dielectric material layers with gratings/photonic
crystals inscribed on the waveguiding layer to
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support guided modes which resonantly results
in high re�ection and near-zero transmission at
the corresponding resonant wavelengths [2�6].
GMR e�ect arises as an evanescent di�raction
phenomenon occurring at an interface between
gratings and free-space when an incident light is
coupled into the guided mode of the waveguide
component and propagates in it at speci�c opti-
cal parameters of wavelength, angle and polar-
ization modes of the incident light [5, 6]. GMR
�lters might have many useful characteristics
which include narrow band, high peak e�ciency,
�exible structures [2], [7�11], etc. Therefore,
they have been widely studied for �lter appli-
cations with practical demands such as narrow
band, total re�ection, and the others [12, 13].
Normally, a high-index contrast grating struc-
ture is used for these applications since it has
low-lost dielectric thanks to a combined archi-
tecture between a high index material grating
and low index materials [14]. Besides, photonic
crystal structures implemented in planar waveg-
uides is also preferred because of its high quality
(Q) factor property [15].

GMR �lters present a highly-sensitive prop-
erty to optical parameters of their structural ge-
ometry and conditions of the incident light. Par-
ticularly, the angular sensitivity will lead to the
spectral location sensitivity in the bandwidth
range so that it can be used e�ectively to adjust
the central transmission dips of the �lter to the
desired wavelength. Therefore, it can be used
to design tunable optical �lters in both their
resonant wavelengths and Q-factors [2], [16].
Apart from �ltering applications, we have re-
cently employed GMR-based gratings/photonic
crystal slabs for optical switching/bistability ap-
plications. We introduced innovative all-optical
switching devices with low switching power and
high bistability e�ciency thanks to the induced
GMR in the gratings and photonic crystal slab
waveguides [17]. In addition, one of the essential
characteristics of GMR �lters is its high sensitiv-
ity to refractive index changes in the surround-
ing environment of the high-index waveguiding
layer. Therefore, guided-mode resonance �lters
have been increasingly utilized for sensing appli-
cations [18], [19].

In this paper, we numerically design and char-
acterize an ultra-narrowband GMR �lter oper-

ating in the visible band of the electromagnetic
spectrum. Angular and polarization of incident
light and surrounding environment in�uence on
the GMR �lter will comprehensively be analyzed
in this study. We observe a stop-band which
blocks the impinging light over a narrow band-
width of frequencies in the visible and passes
all remaining frequencies beyond the band-stop,
which plays an important role in various imaging
or detection applications [20]. In addition, we
investigate the refractive index sensing perfor-
mance of the GMR �lter for both transverse elec-
tric (TE) and transverse magnetic (TM) modes.
The resulting high sensitivity and selectivity of
the �lter to a refractive index change of the
surrounding environment provide possibilities to
realize high-e�ciency integrated on-chip label-
free optical biosensors. All simulations are per-
formed by using the commercial electromagnetic
simulation CST MICROWAVE STUDIO (CST
MWS) package [21].

2. GMR FILTER DESIGN

Fig. 1 shows a schematic illustration of the
proposed GMR �lter which consists of a Ta2O5

waveguiding layer with patterned gratings posi-
tioned on a glass substrate via a 10-nm-thick ad-
hesion SiO2 layer. All materials with dispersive
properties are extracted from the material li-
brary of the simulation software [21]. The wave-
length dependent refractive indices of the mate-
rials were taken from the literature. We start
our investigation with a designed GMR �lter
having a transmission resonance in the visible.
We have studied many parameters and found
that the periodicity a�ected the resonance wave-
lengths signi�cantly. Other parameters such as
h, W, dg were used to optimize the re�ection dip
and transmission background at the resonance
wavelength. The design utilizes a total Ta2O5

thickness of h = 0.1 µm, a grating depth, pitch
and width of dg = 0.08 µm, P = 0.49 µm, and
W = 0.16 µm, respectively. The wavelength de-
pendent refractive indices of glass, adhesion, and
homogeneous Ta2O5 layers are given as ns, na,
and nw, respectively.

To achieve resonance, waveguide modes have
to be generated with the incident wave satisfy-
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with low switching power and high bistability efficiency 
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crystal slab waveguides [17].  In addition, one of the 

essential characteristics of GMR filters is its high 

sensitivity to refractive index changes in the surrounding 

environment of the high-index waveguiding layer. 

Therefore, guided-mode resonance filters have been 

increasingly utilized for sensing applications [18], [19]. 

In this paper, we numerically design and characterize 

an ultra-narrowband GMR filter operating in the visible 

band of the electromagnetic spectrum. Angular and 
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analyzed in this study. We observe a stop-band which 

blocks the impinging light over a narrow bandwidth of 

frequencies in the visible and passes all remaining 
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important role in various imaging or detection applications 
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sensing performance of the GMR filter for both transverse 
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resulting high sensitivity and selectivity of the filter to a 
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performed by using the commercial electromagnetic 

simulation CST MICROWAVE STUDIO (CST MWS) 

package [21].  

II. GMR FILTER DESIGN  

Fig. 1 shows a schematic illustration of the proposed 

GMR filter which consists of a Ta2O5 waveguiding layer 

with patterned gratings positioned on a glass substrate via 

a 10-nm-thick adhesion SiO2 layer. All materials with 

dispersive properties are extracted from the material 

library of the simulation software [21]. The wavelength 

dependent refractive indices of the materials were taken 

from the literature. We start our investigation with a 

designed GMR filter having a transmission resonance in 

the visible. We have studied many parameters and found 

that the periodicity affected the resonance wavelengths 

significantly. Other parameters such as h, W, dg were used 

to optimize the reflection dip and transmission background 

at the resonance wavelength. The design utilizes a total 

Ta2O5 thickness of h = 0.1 μm, a grating depth, pitch and 

width of dg = 0.08 μm, P = 0.49 μm, and W = 0.16 μm, 

respectively. The wavelength dependent refractive indices 

of glass, adhesion, and homogeneous Ta2O5 layers are 

given as ns, na, and nw, respectively.  

To achieve resonance, waveguide modes have to be 

generated with the incident wave satisfying the phase-

matching condition of the periodic structure [2] 

𝑛𝑒𝑓𝑓 = 𝑛𝑐𝑠𝑖𝑛𝜃𝑖 − 𝑚

𝑃

, (1) 

where neff is the effective index of the equivalent 

homogeneous waveguide, nc is refractive index of air, P is 

the grating period, λ is the free space wavelength, θi is the 

incident angle, and the integer m represents the m
th

 

diffracted order. Moreover, the condition for the guided 

wave to exist in the grating structure can be represented [2] 

as 

       𝑚𝑎𝑥[𝑛𝑐, 𝑛𝑠] ≤  𝑛𝑒𝑓𝑓 < 𝑛𝑤 ,                  (2). 

 

 

Fig. 1. Sketch of the proposed GRM filter. The grating 

layer is a rectangular profile with dg = thickness of grating, 

W = grating width, P = grating period. ns, na, nw are 

refractive indices of the glass substrate, the SiO2 adhesion 

layer, and the homogeneous Ta2O5 waveguiding layer, 

respectively.  

 

The equation describes the regions of resonance for 

guided‐mode resonance. At resonance wavelengths, part 

of the applied wave is coupled into a guided mode which 

gradually leaks out from the waveguide. The leaky-wave 

combines with the applied wave to generating a filtering 

response in the spectrum. That's why transmission dips 

appear at resonance wavelengths. 

 

III. SPECTROSCOPIC 

PROPERTY OF GMR FILTER 
The main goal of the proposed filter is to block a 

lightwave at a single wavelength while passing it at the 

others in the visible band of the electromagnetic spectrum. 

In this case, the transmission spectroscopy has an ultra-

sharp transmission dip at the resonance and broadband 

transmission at the wavelengths away from the resonance. 

The resonant wavelength is tunable upon polarization 

states and angles of incidence. During the investigation, 

we observed that the periodicity (or pitch) of the structure 

plays an important role in positioning the transmission 

resonance at the normal incidence.  

For simplification purposes, in Fig. 2, we only show 

the transmission features for various periodicities of the 

structure. The resonant transmission wavelength is linearly 

shifted with respect to the periodicity of the structure for 

the same structural parameters. For the case of P = 0.441 

µm, the spectra shifted linearly toward short wavelength 

and a second dip simultaneously appears near the 

wavelength of 0.67 μm in TE mode. Fig. 3 shows the 

transmission spectrum over the 0.5 – 0.8 μm wavelength 

range at normal incidence for both TM and TE 

polarization states of the optimized filter structure which 

having the grating period of 0.49 μm, grating width of 

0.16 μm, the grating thickness of 0.08 μm and the Ta2O5 

Fig. 1: Sketch of the proposed GRM �lter. The grating
layer is a rectangular pro�le with dg = thick-
ness of grating,W = grating width, P = grating
period. ns, na, nw are refractive indices of the
glass substrate, the SiO2 adhesion layer, and the
homogeneous Ta2O5 waveguiding layer, respec-
tively.

ing the phase-matching condition of the periodic
structure [2]

neff = ncsinθi −m
λ

P
, (1)

where neff is the e�ective index of the equiv-
alent homogeneous waveguide, nc is refractive
index of air, P is the grating period, λ is the
free space wavelength, θi is the incident angle,
and the integer m represents the mth di�racted
order. Moreover, the condition for the guided
wave to exist in the grating structure can be
represented [2] as

max [nc, ns] ≤ neff < nw, (2)

The equation describes the regions of reso-
nance for guided-mode resonance. At resonance
wavelengths, part of the applied wave is coupled
into a guided mode which gradually leaks out
from the waveguide. The leaky-wave combines
with the applied wave to generating a �ltering
response in the spectrum. That's why transmis-
sion dips appear at resonance wavelengths.

3. SPECTROSCOPIC

PROPERTY OF GMR

FILTER

The main goal of the proposed �lter is to block
a lightwave at a single wavelength while passing
it at the others in the visible band of the electro-
magnetic spectrum. In this case, the transmis-
sion spectroscopy has an ultra-sharp transmis-
sion dip at the resonance and broadband trans-
mission at the wavelengths away from the reso-
nance. The resonant wavelength is tunable upon
polarization states and angles of incidence. Dur-
ing the investigation, we observed that the peri-
odicity (or pitch) of the structure plays an im-
portant role in positioning the transmission res-
onance at the normal incidence.

For simpli�cation purposes, in Fig. 2, we only
show the transmission features for various peri-
odicities of the structure. The resonant trans-
mission wavelength is linearly shifted with re-
spect to the periodicity of the structure for the
same structural parameters. For the case of P
= 0.441 µm, the spectra shifted linearly toward
short wavelength and a second dip simultane-
ously appears near the wavelength of 0.67 µm in
TE mode. Fig. 3 shows the transmission spec-
trum over the 0.5 � 0.8 µm wavelength range at
normal incidence for both TM and TE polariza-
tion states of the optimized �lter structure which
having the grating period of 0.49 µm, grating
width of 0.16 µm, the grating thickness of 0.08
µm and the Ta2O5 waveguide layer of 0.1 µm.

For TM-polarized incidence, a single dip in the
transmission spectrum is observed at 0.641 µm
as a stopband which corresponds to a low trans-
mission less than 2%, shown in Fig. 3(a). For
TE-polarized incidence, the spectral response of
the �lter splits into two spectral dips comprising
of a primary dip and a secondary dip located at
the resonant wavelengths of 0.623 µm and 0.737
µm, respectively, shown in Fig. 3(b). The pri-
mary dip produces a transmission of less than
1%.

Fig. 4 provides the transmission as a function
of angles of incidence. In detail, Figs. 4(a) and
4(b) respectively show the calculated transmis-
sion spectra for various incident angles in TM
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Fig. 2. The spectral transmission response of the GMR 

filter for various periodicities for TM mode (a) and TE 

mode (b) at normal incidence. The filter profile is 

described in Fig. 1 with parameters: h = 0.1 μm, dg = 0.08 

μm, and w = 0.16 μm. 
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show the calculated transmission spectra for various 

incident angles in TM and TE polarizations. As the angles 

of incidence increase from 0 to 15 degrees, the 

transmission dip splits at λ = 641 nm which is clearly 

observed in Fig. 4(a) for TM-polarized light. Similarly, the 

transmission feature splitting at λ = 737 nm and λ = 623 

nm for TE-polarized light is also clearly observed in Fig. 

4(b).  
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Fig. 3. Transmission spectra of the GMR filter. The 

resonance is due to the excitation of a TM-polarized 

guided mode (a) and a TE-polarized guided mode (b).  

 

To highlight transmission features through our filter 

structure, we plot spatial distributions of the electric field 

at these resonant wavelengths for both polarization states. 

The amplitude magnitudes of the electric field |Ey| and of 

the magnetic field |Hy| for the both TE and TM mode in �̂�  

direction are shown in Fig. 5. Fig. 5(a) shows the total 

magnetic field distribution for TM normally incident light 

at λres = 641 nm. It is obvious that the field distribution, in 

this case, is located in the grating and disperses in the 

substrate. Similarly, Fig. 5(b) shows the total electric field 

distribution for TE normally incident light at λres = 623 nm. 

The field distribution mainly concentrates on the grating 

interface and the substrate. The electric field enhancement 

inside the structure is due to the surface energy 

interference to the substrate from every grating period. 

Moreover, the coupled waves also take part in the surface 

energy interference and it has a greater value than the 

maximum electric field [22].  

 

 

Fig. 2: The spectral transmission response of the GMR
�lter for various periodicities for TM mode (a)
and TE mode (b) at normal incidence. The �lter
pro�le is described in Fig. 1 with parameters: h
= 0.1 µm, dg = 0.08 µm, and w = 0.16 µm.

and TE polarizations. As the angles of incidence
increase from 0 to 15 degrees, the transmission
dip splits at λ = 641 nm which is clearly ob-
served in Fig. 4(a) for TM-polarized light. Sim-
ilarly, the transmission feature splitting at λ =
737 nm and λ = 623 nm for TE-polarized light
is also clearly observed in Fig. 4(b).

To highlight transmission features through
our �lter structure, we plot spatial distributions
of the electric �eld at these resonant wavelengths
for both polarization states. The amplitude
magnitudes of the electric �eld |Ey| and of the
magnetic �eld |Hy| for the both TE and TM
mode in ŷ direction are shown in Fig. 5. Fig.
5(a) shows the total magnetic �eld distribution
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Fig. 3: Transmission spectra of the GMR �lter. The
resonance is due to the excitation of a TM-
polarized guided mode (a) and a TE-polarized
guided mode (b).

for TM normally incident light at λres = 641
nm. It is obvious that the �eld distribution, in
this case, is located in the grating and disperses
in the substrate. Similarly, Fig. 5(b) shows the
total electric �eld distribution for TE normally
incident light at λres = 623 nm. The �eld dis-
tribution mainly concentrates on the grating in-
terface and the substrate. The electric �eld en-
hancement inside the structure is due to the sur-
face energy interference to the substrate from ev-
ery grating period. Moreover, the coupled waves
also take part in the surface energy interference
and it has a greater value than the maximum
electric �eld [22].
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(b) 

Fig. 4. Simulated transmission as a function of incident 

angle and wavelength for (a) TM polarization, and (b) TE 

polarization. The filter is sensitive to angles of incidence 

with a strong splitting of the transmission features. 

 

 

IV. SURROUNDING REFRACTIVE 

INDEX EFFECT 
Owing to the GMR filter’s narrow bandwidth and 

high sensitivity to the incidence environment, it is 

potential for sensing applications. In this section, we 

investigate a bulk refractive index sensing application of 

the proposed GMR filter in the visible band. Many works 

related to optical sensing applications have been proposed 

in previous publications [23-29]. Fig. 6 shows a resonant 

shift with respect to a change in the cover refractive index 

from n = 1 to n = 1.3 in the wavelength range of 0.6 – 0.7 

μm the both TM and TE polarizations. Beside the 

sensitivity S, another most important factor for sensing 

applications is the figure of merit (FOM) which is defined 

as a ratio between sensitivity and full-width at half-

maximum (FWHM) centered at the resonant wavelength.  

This factor is applied to further evaluate the sensing 

performance as the following relation, FOM=S/FWHM 

[30], where S = δλ/δn is the refractive index sensitivity 

(i.e., spectral shift per refractive index), δλ and δn are the 

variability of wavelength and refractive index, respectively. 

The spectral properties of TM- and TE-polarized incident 

light with respect to the surrounding medium refractive 

index are presented in Table 1 and Table 2, respectively. 
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Fig. 5. Field distribution profiles for TM and TE 

associated with the transmission features at the resonant 

wavelengths. (a) |Hy| at λ = 0.641 μm with incident TM-

polarized in �̂� direction. (b) |Ey| at λ = 0.623 μm with 

incident TE-polarized in �̂� direction. 

 

Generally, as the refractive index of the surrounding 

environment increases, the resonant wavelength at the 

transmission dip increases along with a corresponding 

increase of the quality factor (Q-factor = λres/FWHM). In 

detail, when the refractive index of the surrounding 

environment increases, the resonant wavelength gradually 

shifts to near-infrared and the Q-factor of the transmission 

spectrum increases. For refractive indices higher than 1.3, 

almost all mediums are solids and liquids, therefore Q-

factor will increase with falling of FWHM. The calculated 

sensitivity and FOM are about 90nm/RIU and 1.93 for TM 

polarization while about 103.33 nm/RIU and 2.13 for TE 

polarization. Obviously, for the same structure, TE 

polarization results in higher sensitivity and FOM. In 

comparison between the spectral properties of biosensing 

applications for the both TM and TE polarizations at 

normal incidence, the state of TE polarized light has a 

better performance in terms of sensitivity and FOM in the 

same wavelength range. Each of polarization states will 

create its own resonant transmission dips occurring at 

different wavelengths. Therefore, the proposed GMR filter 

Fig. 4: Simulated transmission as a function of incident
angle and wavelength for (a) TM polarization,
and (b) TE polarization. The �lter is sensitive
to angles of incidence with a strong splitting of
the transmission features.

4. SURROUNDING

REFRACTIVE INDEX

EFFECT

Owing to the GMR �lter's narrow bandwidth
and high sensitivity to the incidence environ-
ment, it is potential for sensing applications. In
this section, we investigate a bulk refractive in-
dex sensing application of the proposed GMR
�lter in the visible band. Many works related to
optical sensing applications have been proposed
in previous publications [23-29]. Fig. 6 shows
a resonant shift with respect to a change in the
cover refractive index from n = 1 to n = 1.3 in
the wavelength range of 0.6 � 0.7 µm the both
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wavelengths. (a) |Hy| at λ = 0.641 μm with incident TM-

polarized in �̂� direction. (b) |Ey| at λ = 0.623 μm with 

incident TE-polarized in �̂� direction. 
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applications for the both TM and TE polarizations at 

normal incidence, the state of TE polarized light has a 

better performance in terms of sensitivity and FOM in the 

same wavelength range. Each of polarization states will 

create its own resonant transmission dips occurring at 

different wavelengths. Therefore, the proposed GMR filter 

Fig. 5: Field distribution pro�les for TM and TE as-
sociated with the transmission features at the
resonant wavelengths. (a) |Hy| at λ = 0.641 µm
with incident TM-polarized in ŷ direction. (b)
|Ey| at λ = 0.623 µm with incident TE-polarized
in ŷ direction.

TM and TE polarizations. Beside the sensitiv-
ity S, another most important factor for sensing
applications is the �gure of merit (FOM) which
is de�ned as a ratio between sensitivity and full-
width at half-maximum (FWHM) centered at
the resonant wavelength.

This factor is applied to further evaluate the
sensing performance as the following relation,
FOM=S/FWHM [30], where S = δλ/δn is the
refractive index sensitivity (i.e., spectral shift
per refractive index), δλ and δn are the variabil-
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primarily works as a wavelength selective polarizer. 

Depending on the state of  
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Fig. 6. Transmission dip shift with the refractive index of 

the surrounding environment varied from 1 to 1.3 for TM 

mode (a) and TE mode (b).  

 

polarization of incident light and the refractive index of 

the cover medium, the ideal sensor should be based on TE 

mode with greater Saverage and FOMaverage to fabricate. 

 

Table 1. Spectral properties of biosensing applications for 

TM polarization. 

 

Table 2. Spectral properties of biosensing applications for 

TE polarization. 

 

V. CONCLUSIONS 

We have presented an ultra-narrowband filter operating 

in the visible band of the electromagnetism spectrum. The 

filter almost blocks the lightwave transmission at the 

resonant wavelength while passing it over the remaining 

wavelengths out of the resonance for both TM and TE 

polarization states. The transmission features can be 

amended by adjusting the incident angles, the polarization 

of incident light, and the refractive index of the 

surrounding environment. Such selective characteristics of 

the proposed GMR filter meet demands for practical 

applications such as tunable optical filters, various 

imaging or detection, and refractive index sensing. 
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Fig. 6: Transmission dip shift with the refractive index
of the surrounding environment varied from 1 to
1.3 for TM mode (a) and TE mode (b).

ity of wavelength and refractive index, respec-
tively. The spectral properties of TM- and TE-
polarized incident light with respect to the sur-
rounding medium refractive index are presented
in Table 1 and Table 2, respectively.

Generally, as the refractive index of the sur-
rounding environment increases, the resonant
wavelength at the transmission dip increases
along with a corresponding increase of the qual-
ity factor (Q-factor = λres/FWHM). In de-
tail, when the refractive index of the surround-
ing environment increases, the resonant wave-
length gradually shifts to near-infrared and the
Q-factor of the transmission spectrum increases.
For refractive indices higher than 1.3, almost

Tab. 1: Spectral properties of biosensing applications
for TM polarization.

Refractive index, n 1.0 1.1 1.2 1.3

At Resonant 641 648 657 668
dip wavelength

(nm)
Q-factor 13.24 13.5 13.98 15.53
Sensitivity Saverage = 90
S (nm/RIU)
Figure-of- FOMaverage = 1.93
merit (FOM)

Tab. 2: Spectral properties of biosensing applications
for TE polarization.

Refractive index, n 1.0 1.1 1.2 1.3

At Resonant 623 632 642 654
dip wavelength

(nm)
Q-factor 12.71 12.98 13.24 13.57
Sensitivity Saverage = 103.33
S (nm/RIU)
Figure-of- FOMaverage = 2.13
merit (FOM)

all mediums are solids and liquids, therefore
Q-factor will increase with falling of FWHM.
The calculated sensitivity and FOM are about
90nm/RIU and 1.93 for TM polarization while
about 103.33 nm/RIU and 2.13 for TE polariza-
tion. Obviously, for the same structure, TE po-
larization results in higher sensitivity and FOM.
In comparison between the spectral properties
of biosensing applications for the both TM and
TE polarizations at normal incidence, the state
of TE polarized light has a better performance
in terms of sensitivity and FOM in the same
wavelength range. Each of polarization states
will create its own resonant transmission dips
occurring at di�erent wavelengths. Therefore,
the proposed GMR �lter primarily works as a
wavelength selective polarizer. Depending on
the state of polarization of incident light and the
refractive index of the cover medium, the ideal
sensor should be based on TE mode with greater
Saverage and FOMaverage to fabricate.
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5. CONCLUSIONS

We have presented an ultra-narrowband �lter
operating in the visible band of the electromag-
netism spectrum. The �lter almost blocks the
lightwave transmission at the resonant wave-
length while passing it over the remaining wave-
lengths out of the resonance for both TM and
TE polarization states. The transmission fea-
tures can be amended by adjusting the incident
angles, the polarization of incident light, and
the refractive index of the surrounding environ-
ment. Such selective characteristics of the pro-
posed GMR �lter meet demands for practical
applications such as tunable optical �lters, var-
ious imaging or detection, and refractive index
sensing.
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