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Abstract
The effects of guided mode resonance (GMR) are largely used in optical communications because of its accurate line width 
and good capability. Specially study of titanium dioxide  (TiO2) gratings on glass substrate exhibit very low losses and can 
have excellent diffraction abilities along annihilation ratios. In this study a significant refractive index sensing by using the 
grating mode resonance in a simple 1D  TiO2 dielectric gratings. The resonant peak produced through structural asymmetry 
chosen as sensing probe. The narrow line width of resonance peak boosts the figure of merit. We presented excellent sensing 
results can be continued over a broadband range in visible region with comparatively large deviations in grating depth and 
period. Simulation shows the sensor possessing RI sensitivities of 352.57 nm/RIU and FOMs of 1176 for resonant peak. 
This GMR-based dielectric sensor device which is easy for manufacture is anticipated to show great declaration for achiev-
ing broadband refractive index sensors with better performance.

1 Introduction

The effect of guided mode resonance (GMR) has obtained 
large interests in different applications, like optical filters, 
optical switches and biosensors [1–9]. The benefits can 
mainly ascribe to their smooth structure, great efficiency, 
and tunable fine line width [10]. A distinctive GMR struc-
ture has sub-wavelength gratings with high refractive-index 
dielectric layer [11]. The brightness of incident light which 
satisfies the state match point can advance the guided modes 
(GM). Collectively, the light at the GM’s may be continu-
ally extracted over the periodic modulation of grating, and 
it interferes with the destructively conduction of light and 
constructively reflection of light, making in a resonant peak 
which indicate good efficiency at a suitable wavelength. Sub 
wavelength gratings can help split guided modes dominant 
to transmission descend in diffraction spectrum and acute 
resonant peaks of reflection, which is known as the guided-
mode resonance (GMR) [8]. For certain factors of the grat-
ing waveguide configuration, the position of the fine peak 

in the reflection band depends on the refractive index (RI), 
grating parameter and incident angle of the medium. GMR 
wavelength has been associated to the refractive index of 
the surroundings, for that the GMR-based apparatus can be 
used as refractive index sensor with good result because of 
its very small line width as well as sensitivity to the medium 
[12–14]. In the use of refractive index sensors, the sensitivity 
of RI is usually defined in means of the alteration in peak 
location per refractive index unit (RIU) that is an important 
factor to calculate sensing capability. One more key param-
eter defining the sensing application is the figure of merit 
(FOM). A good FOM relates with RI sensor for its extraor-
dinary sensing ability that may improve through enlarging 
its sensitivity and subdue its resonance line width. Actually, 
the FOM rises with accumulative sensitivity and reducing 
FWHM. Basically, a sensor having high FOM is capable 
to sense the lower RI variations, so giving great proficient 
sensing capacity.

By using SPP or LSP supported with noble metal for sen-
sor is fascinating great consideration because of its good 
sensitivity to the medium of the stimulated interfaces. [15]. 
There are also several types of structures have been reported 
by using SSP- based plasmonic waveguides in literature like 
metal films, metal nanoparticle chains, metal grooves, MIM 
gaps, metal–insulator–metal (MIM) slabs, metal wedges, 
metal strips, metal wedges, all optical compact D flip-flops, 
1-D waveguide sensors, Hybrid Nanostructures, gas sensor 
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and hybrid Bragg waveguide have been recommended. The 
graphene-based plasmonic waveguides and strips have been 
also deliberated in different devices because of the distinc-
tive property of graphene such as flexibility, high limitation, 
tunability, great carrier movement, transparency, mechani-
cal toughness, and truncated damage at terahertz frequen-
cies [16–20]. Amongst them one-dimensional structures are 
significant which have fascinated increasing attentions for 
flexible and compact applications in optical sensors.

In these years, several attempts have dedicated to overturn 
the resonance line width to enhance the figure of merit in 
plasmonic sensors with the use of Fano resonances ascend-
ing from the combination between wide super-radiant and 
thin sub-radiant modes [19–22] or arranging metal nanopar-
ticles into 1 or 2D groups [23–25]. However the full width 
half maximum of this metal-based RI sensor till passes 3 nm 
because of the ohmic deficiency in the metal. An efficient 
way for decreasing the resonance line width is to employ 
dielectric photosensitive device lacking any metal element, 
therefore evading ohmic deficiency. RI biosensors are 
defined through a large sensitivity of the resonance spectral 
point to the RI deviations.

Improving the sensitivity of a sensor is the main atten-
tion of dedication in the literature. Different types of optical 
sensor have also been studied in literature for obtaining high 
sensitivity. Photonic crystals and their structure by using 
Graphene-Al2O3 [26] has been used recently to design opti-
cal sensor and for guiding the optical wave transmission by 
using waveguides. It also offer influential means for adjust-
ing the interactions among matter and light due to their good 
quality factor as well as narrow mode volume, which are 
stimulated large interests on the area with quantum informa-
tion dispensation, optofluidics, nonlinear optics and optical 
trappings. Photonic crystal nanobeam (PCN) sensors exh-
bits so much merits achieving an excellent quality factor. 
Though, the relations of spatial distribution, optical disper-
sion and symmetries are still scarcely tuned when the con-
figurational parameters are permanent, it means the resonant 
property of modulator centered on PCN cannot be manage-
able after fabrication. Literature studies propose diverse and 
simple structures with enhanced optical as well as funda-
mental features in order to increase the electromagnetic field 
constraint in the sensing region and after that advance the 
sensing capability [27–29].

Here, we introduce a RI sensor based on the dielectric 
GMR by good FOM above 1100, which useful with the 
smooth one dimensional grating which backs very narrow 
GMR line width till 0.25 nm. However, the simplicity of 
revealing method go with the moderate quality (Q) factors 
(generally limited in a range of 100 ~ 300) associated to the 
sensitivity method that usually can attain large-Q factors to 
104 [30, 31]. A large-Q factor configuration effects in the 
capability to measure low resonant wavelength changes with 

greater precision, thus decreasing limits of detection (LOD) 
[32]. Over the past few years, major research efforts are 
devoted to succeed large Q GMR devices. We additionally 
investigate the effect of geometric constraints like period and 
grating depth on the results of the suggested refractive index 
sensor, through changing geometric restrictions together, we 
may attain RI sensing with good result above a broadband 
array in close infrared area.

From above mentioned properties, GMR configurations 
can be utilized in several diverse fields, like optoelectron-
ics, biosensing and optical communications etc. The major 
part of the research so far pact through thin dielectric grat-
ing combined with the thin dielectric PWL, and just limited 
deals with thick dielectric grating, simply without planar 
wave guide layer, mostly not as a filter or sensor. The impor-
tance of thick gratings, and predominantly those with a large 
refractive index difference, has amplified in the previous 
era [33–38] because of the improved attention in resonant 
modes, like cavity as well as Fano resonances, and moreo-
ver because of the case that the nanosynthesis of gratings 
through large aspect ratios becomes achievable. In this work, 
we focus on the design of GMR configuration using thick 
grating without PWL for RI sensing application and the 
dependency of the sensor based on different of parameters. 
This GMR-based dielectric sensing device which is easy to 
fabricate is estimated to hold good potential for understand-
ing broadband RI sensor with excellent performance as well 
as compactness.

2  Simulation work

Two-dimensional simulations were performed with Lumeri-
cal FDTD, a commercial electromagnetics software pack-
age. A normal incidence, broadband plane wave source was 
assumed with polarization along the grating direction. Peri-
odic and PML boundary conditions were used on the X and 
Y boundaries. As the system under consideration is large, 
but it shows translational symmetry on smaller length scales 
within it, the external boundaries of the model have been set 
to periodic boundary conditions (PBCs). Perfectly similar 
layers were used for the basic boundaries as the absorbing 
region to compete for infinite space. Palik data had been 
used for  SiO2 in simulation. A refined override mesh of 2 nm 
was tested over the entire simulation area For optical simula-
tions by changing grating parameters are shown in further 
figures generated using Lumerical FDTD. The structure had 
been modeled for a two-dimensional finite  TiO2 (n = 2.44) 
grating (w = 343 nm, h = 612 nm, N = 3, and P = 500 nm) 
inserted in  SiO2 (n = 1.45) as shown in Fig. 1a, the mesh 
of 2 nm was used in every direction as well as the structure 
modes determined at 514 nm wavelength along the xy direc-
tion. The spatial cell size and the simulation interval time 
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are 2 × 2  nm2 and 4.7 ×  10–18 s, respectively, and these values 
are sufficient to assure the convergence of the simulation.

We have simulated the designed structure by using 
normal incident TE illumination (electric field along the 
z-direction and magnetic field in the xy plane), as shown in 
Fig. 1a.  TiO2 grating are periodic in the x-direction (with 
a period lesser than the excitation wavelength in order to 
obtain the only zero-order reflection), fixed in the z-direction 
and predetermined in the y-direction. We also presumed the 
infinite lengths of each configuration parts in the z-direction. 
These propositions are acceptable as the definite structure 
for z-direction is greater than the stimulated plane wave-
length. The vector of the incident electric field might be 
analogous (TE) to the grating positions. The light source 
generally enters the configuration of surface and moves from 
the higher part of the  TiO2 grating as well as enters into 
substrate which proves that the reflection resonant modes 
comparable to the normal GMR, due to the layer of grating 
itself can work like a waveguide.. The simulated refection 
spectra are shown in Fig. 1b as a function of the incident 
wavelength. The GMR excitation in the xy-direction can be 
shown by the electric field enhancement at resonant wave-
length given Fig. 1c. The simulation region was enclosed by 
dotted lines shown in Fig. 1d. The dotted line demonstrates 
the boundary conditions in this simulation. The reflection 

spectrum and electric field enhancement of the structure was 
designed by the reflection monitor/observation monitor. Two 
cases have also been observed for electric field distribution 
along 2D Z-normal direction by using larger source span, 
one at resonant wavelength and other is at 720 nm. There 
is no resonant produce for 720 nm, which shown in Fig. 1e.
The electric field distribution at resonant wavelength 514 nm 
given Fig. 1f, which obviously determines the propagating 
features of GMR guided by the periodic dielectric slits.. We 
will observe in further discussion that such a narrow GMR 
peak plays a significant part in understanding high-perfor-
mance refractive index sensing.

3  Results and discussion

To understand the strength of sensing properties of our 
GMR-based device, we changed the RI of background envi-
ronment from 1.0 to 1.1 with minor variations of n = 0.01 for 
resonant peak. Background RI varies from 1 to 1.01 while 
keeping Background temperature of our GMR structure at 
300 k. As the RI changes with minor variations, peak shows 
red-shift, as shown in Fig. 2a.

The peak position (blue symbols) were shown in Fig. 2b, 
which shows the peak wavelength of our GMR-Structure 

Fig. 1  a Schematic diagram of 1D  TiO2 RI sensor with grating 
height = 612 nm, period = 500 nm and width = 343 nm. The refractive 
indices of the grating and background environment are ng = 2.44 and 
nc = 1.0, respectively. The light illuminated on the nanostructure is 
TE polarized with incident angle θ = 0 b Simulated reflected spectra 

of  TiO2 grating c Electric field enhancement at resonant wavelength 
along xy-axis d Cross sectional view of FDTD calculation model(e, f 
Electric field distribution at two different wavelength along 2D z-nor-
mal direction
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changes linearly with a minor variations in RI of the back-
ground medium. Hence, we proposed a sensitivity (S = dλ/
dn) that defines the resonant peak wavelength variations per 
refractive index unit [29]. In this simulation, peak shift of 
wavelength from 514 nm to516nm nm represent by small 
variations of dn = 0.02. Sensitivity as high as 352.57 is 
obtained by using this formula. In accordance to Fig. 2c, 
peak is linear fitted to obtain sensitivity value. The related 
FOM, describes as the ratio of sensitivity and the resonance 
linewidth to illustrate the sensing abilities of 1D structure, 
which stated as FOM = S/λ. Here, λ is the resonance line 
width.

Extreme narrow FWHM as slight as 0.25 nm may attained 
by simulating GMR-based structure. Hence, the simulated 
structure suggested in this paper can attain the value of FOM 
as great as 1176. By varying the parameters of the nano-
structure a lower FWHM of GMR can be achieved, which 
will advance the sensing ability by showing higher FOM 
values. It will be discussed in later sections.

Ensuing previous hypothetical methodology, we provide a 
assessable explanation of the peak alteration with variations 
of the RI [39]. The GMR positions calculated in Fig. 2c, 
d, are in decent arrangement with our simulated data, that 
approves the linear dependency of resonant peak change on 
the variation of the RI value.

To simplify complete discussion on the recommended 
configuration, and to improve its result, all parameters, with 

Λ, angle, and h had been studied in facet. GMR is normally 
sensitive to the incident angle [40]. We observe the spectral 
position of the particular resonances is quietly adjustable by 
varying grating configuration and is much acute to gratings 
configuration. It is revealed such geometries produce entire 
energy transfer with stable line shapes and swiftly narrow 
filter line widths. To achieve highly capable sensor, a spatial-
frequency grating is preferred to avoid the larger diffractive 
orders from the transmission.TiO2 GMR grating simulated 
on the glass substrate, which also shows good property TM 
non polarized sensor and the ability of low-cost mass repro-
duction of the functional device.

Grating with diverse dimensions and periods, which 
attempt to control spectral aspects like the FWHM of the 
reflectivity resonance or GMR spectral location, bandwidth, 
and sensitivity. To advance insights toward the reactivity 
of the resonance through altering grating parameters, we 
managed FDTD computation in which we exclusively used 
different parameters P, angle as well as h although keeping 
the other parameters unchanged.

The different values of the period have a specific effect 
on resonance positions, but relatively do not alter the spec-
tral thickness of the filter. The spectral width is generally 
determined through the grating thickness; this is due to the 
resonant reflection that appears at the compact of grating 
and substrate. Compared to the result exhibited in Fig. 3, we 
observed that decrease in grating height which considerably 

Fig. 2  a Simulation results of 
reflectance peak by changing RI 
b Peak positions obtained from 
simulation results c The linear 
fitting curve of RI sensitivity 
coefficient



431Optical Review (2023) 30:427–435 

1 3

enhances the abilities of the simulated 1D structure, when 
P = 500 nm, f = 0.685 and θ = 0°. The reflectivity spectrum 

of our proposed RI sensor has been observed with vari-
ous grating depths varying from 580 to 640 nm in Fig. 4a. 

Fig. 3  a Simulated reflectance 
spectra as a function of height b 
Graph between FWHM and the 
height c Relationship between 
FOM and the height

Fig. 4  a Simulated reflectance 
spectra as a function of period b 
Graph between FWHM and the 
period c Relationship between 
FOM and the period
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Both major properties are obvious: (i) the peak location of 
the resonant wavelength changes which shows red -shift 
from 514 nm with grating height h = 600 to 620 nm and 
(ii) the FWHM increases considerably as the grating height 
decreases. It shows that a decreased h gives a small peak 
value and large propagation loss for TM mode. While by 
the varying value of h, the small change was noticed in peak 
deviation. Moreover, the reflection of TE/TM is very close 
to mode overlap. As h varies from 580 to 600 nm, the mid-
points of wavelength deviation towards the lower wavelength 
because of increased momentary coupling among both 
resonant modes. Tunable resonance on the linked gratings 
can be used to handle the swapping intensity. Thus, we set 
h = 612 nm to equate the linked coefficient and transforma-
tion loss. We deduced the FWHM as a function of grating 
depth, shown in Fig. 4b. The FWHM increases with enhance 
in the grating thickness; moreover, the full-width half-max-
imum reduces with the reduction in the grating thickness. 
So, the required FWHM may attain by changing the grating 
thickness. We can observe that the FWHM reduces from ∼ 
0.33 nm to ∼ 0.19 nm for grating depth h = 580 nm.

To estimate the sensing competency, we varies the RI 
of the background medium nc from 1 to 1.01 to evaluate 
the sensitivity and FOM of our simulated GMR-device with 
changed grating height. The resulted Figure of merit values 
according to different grating height are given in Fig. 4c, 
which shows the FOM of our simulated RI sensor retains up 
to 2400 and increases fastly after the grating depth surpasses 
to decreases. Narrow linewidth for small grating depth 
shows high FOM, which is because of the interaction among 
drippy waveguide mode as well as the infinitely transmitting 
diffracted fields. Moreover, we discover the grating height 
value of 580 nm exceeds the FOM with narrow linewidth 
peak approaching to ∼ 0.19 nm. Hence, suitable selecting of 
grating height offers a proficient method to efficiently lessen 
resonant linewidth and therefore enhance the behavior of 
our RI sensor.

Period is the main parameter, which effects sensitivity 
and shifts GMR peak wavelength. Modification in the repeti-
tion affects GMR which causes peak change and influences 
the waveguide modes in figure below. The gap among grat-
ings plays a crucial role to obtain the desired wavelength. 
Increase in spacing between gratings causes peak deviation 
because it changes the desired geometry of the structure. 
Spacing between gratings plays an important role because it 
supports the guided-mode resonance between them.

Relevant papers exposes that a higher period cause 
increase in peak wavelength and higher sensitivity values 
[41, 42], although it is uncertain if Λ will effect linewidth or 
the consistent figure of merit. To understand FOM, Period 
changing from 470 to 530 nm, were selected to calculate 
the point at which there is a lesser resonant line width as 
well as higher sensitivity being TM polarization as shown in 

Fig. 4a. Sensitivity having direct relationship with Λ as well 
as the resonant line width firstly increased, and then reduced 
in symmetric configuration as shown in Fig. 4b. Generally 
FOM improved as Λ increased, in Fig. 4c, and considering 
these outcomes, if the purpose was to attain an excellent 
GMR sensor, a larger Λ was an actual method, using the 
suggested structure. To fit our consequent simulations, a 
500-nm Λ had been used when we considered the effects of 
other factors. We chose P = 500 nm to examine resonance at 
choose wavelength. This investigation indicates that grating 
spacing has the most dominant grip in regulating the peak 
position of grating mode resonance. The noticed resonance 
coincides with the zero-order mode. Just as the wavelength 
about the incident transporting wave reduces, further greater 
order modes turn into accessible, which propose further res-
onances. Focusing on sensing ability, an effect of the grating 
period and change in height had been found as a mark to 
achieve an improved sensor.

The resonance aspect that appears in our one-dimensional 
dielectric GRATING produces using a grating mode reso-
nance, in that incident light sets into guided modes of grating 
due to the phase identical position that grants for an inci-
dent wave toward a guided mode. To explain the outcome 
of incident angle, Fig. 5 reveals a graph among illumination 
angle and the related reflectivity spectra provoked by FDTD 
simulations.

Figure 5 exhibits the FDTD reflectivity spectrum for a 
 TiO2 grating with w = 343 nm, P = 500 nm, and h = 612 nm 
with different incident light angles which diverge from 0° to 
40° for p-polarization. Using this operation for each incident 
angle grants us to precisely find out the adequate band and 
conclude the role of the GMR usage. Under natural inci-
dence of light, grating have a bandgap mode over the noticed 
frequency of reflectivity peak. In the meantime, detected 
around-unity reflections can occur to be grating band gap 

Fig. 5  FDTD simulations of reflectivity spectra for  TiO2 GRATING 
under an incident illumination angle that varies from 0° to 40° in 5° 
increments for TM polarization
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implement in the background of the periodic scheme, maybe 
this is not the scenario, as the positions of the computed 
GMRs are very narrow to extend as well as reflection peaks 
certainly follow the ordinary incident illumination compara-
tively than another typical incidence are studied. Moreover, 
the noticed reflection coincides with specular transportation, 
or 0th-order diffraction, in a sub-wavelength pattern. The 
optical region damped rapidly when TM mode is inserted by 
using a higher-order value of angle based on the reflection of 
the PG as well as SPPs stimulation. The 1st-order diffraction 
point appears at 514 nm. These findings show that it is feasi-
ble to efficiently restraint the spectral quality of the grating 
mode resonance, granting for important structure affability 
in designing a sensor.

For the TM approach, α has a response on the reflection 
due to a small variation of angle that can start a massive 
disruption in SPPs stimulated through TM mode. Thus, 
in the simulation kept α = 0° can generate the better sens-
ing properties. As the performance of the sensor has been 
greatly affected with the PG structure parameters because of 
the SPPs effect, we modified gratings thickness h, incident 
angle, and period.TM mode gains a broad SSPS mode, as 
well as light, is firmly confined, making it further suitable 
to attain better performance.

Sensing properties for sensitivity (S) had been studied 
by using the same parametric study. It is observed that the 
sensitivity of refractive index sensor became higher by 
increasing Λ and decreasing h. It also decreases while the 
incidence angle becomes higher. Figure 4c reveals that the 
FOM rises with the decreased height (because of increasing 
sensitivity and reducing FWHM). Even with the substantial 
proliferation in sensitivity with Λ, the figure of merit value 
declines under the effect of the resonance broadening. As 
predictable from the result of the incidence angle on the 

Q-factor, the FOM experiences a sharp decline as soon as 
the symmetry has been broken by differing from the normal 
incidence. Therefore, we can determine that high sensing 
results are reached for these structures with the 2D-grating 
geometries. It is noticeable that the sensitivity of the afore-
mentioned structure is smaller than the diverged resonant 
mode design based on the metal grating and the one-layer 
GMR system. These techniques substantially magnify the 
electric field intensity in the sensing area, and therefore the 
sensitivity improvement is evident. Though, the complex 
design or the firm structural parameter settings with small 
resistance making the absolute performance is efficiently 
affected through the fabrication faults. On the contradiction, 
our model delivers a more quiet and efficient approach to 
achieve good performance grating-based sensor. Also, we 
would like to affirm that, the recommended simple, steady, 
good performance GMR sensor is significantly suitable for 
large-throughput industrial level production and gravel the 
way for point-of-care usages. The simulated GMR design 
is favorable for future possible applications at visible wave-
length. The comparison of this study with literature is given 
in Table 1.

4  Conclusion

We illustrated a  TiO2 -based refractive index sensor at vis-
ible wavelengths. Since the execution of the GMR sensor 
is highly affected by the structure specifications because 
of the effect of SPPs, we modified the gratings height, 
width, period, and incident angle. By changing the param-
eters, we can efficiently advance the performance of our 
simulated refractive index sensor. Through adjusting the 
geometric factors of the dielectric grating, we attain a high 

Table 1  Comparison of GMR 
and other optical sensor

Types of Sensors FWHM(nm) S(nm/RIU) FOM Ref

1D  Ti02 Grating 0.3 352.7 1176 This work
Ultralow RI substrate GMR device ∼ 11 502 50 [43]
One-dimensional all-dielectric nanoslit array 0.3 301 1190 [44]
Metal layer assisted GMR device ∼ 15 376.78 25 [45]
Low-index cavity GMR device 9.3 181.9 20 [46]
Chirped grating GMR device 12 160 13 [47]
Low-index porous dielectric GMR 3.5 302.22 86 [7]
Typical GMR device 5.2 112.4 22 [48]
Typical GMR device 4.33 186.66 43 [41]
All-polymer GMR device 0.9 31 34 [48]
PHC cavity device 0.085 94.5 1100 [31]
Nanoring Resonator ……. 2080 29.92 [49]
Parallel planar waveguide gratings ……. 497.83 551 [50]
Single-layer guided-mode resonance 7.28 229.43 31.52 [51]
SGMR (TM) 14.01 125.89 8.99 [51]



434 Optical Review (2023) 30:427–435

1 3

FOM above 1100 with narrow linewidth down to 0.3 nm 
due to the interference among leaky waveguide approach 
and the eternally spreading diffracted fields. Such a simply 
simulated all-dielectric RI sensor based on GMR is esti-
mated to recognize broadband sensing with extraordinary 
performance.
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