
sensors

Article

Axially-Anisotropic Hierarchical Grating 2D
Guided-Mode Resonance Strain-Sensor

Sachin Babu and Jeong-Bong Lee *

Department of Electrical & Computer Engineering, University of Texas at Dallas, Richardson, TX 75080, USA;
sachin.babu@utdallas.edu
* Correspondence: jblee@utdallas.edu

Received: 22 October 2019; Accepted: 26 November 2019; Published: 28 November 2019 ����������
�������

Abstract: Guided-mode resonance strain sensors are planar binary gratings that have fixed resonance
positions and quality factors decided by material properties and grating parameters. If one is restricted
by material choices, the quality factor can only be improved by adjusting the grating parameters.
We report a new method to improve quality factor by applying a slotting design rule to a grating
design. We investigate this design rule by first providing a theoretical analysis on how it works
and then applying it to a previously studied 2D solid-disc guided-mode resonance grating strain
sensor design to create a new slotted-disc guided-mode resonance grating design. We then use finite
element analysis to obtain reflection spectrum results that show the new design produces resonances
with at least a 6-fold increase in quality factor over the original design and more axially-symmetric
sensitivities. Lastly, we discuss the applicability of the slotting design rule to binary gratings in
general as a means of improving grating performance while retaining both material and resonance
position choices.
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1. Introduction

Strain sensing has numerous applications, from concrete structures [1] to biomechanics and
robotics [2], in which the displacement of a deformable material under a force needs to measured.
While there are several physical phenomena (piezoresistivity, piezoelectricity, capacitance) that can be
used for measuring strain, of which piezoresistivity is currently the dominant form [3], a large number
of optics-based strains sensors are being developed due to its smaller size, low power consumption,
high sensitivity, large bandwidth, biocompatibility, and immunity to electromagnetic interference [4].
The typical optics-based strain sensor is the fiber optic strain sensor, of which there are many variants,
each of which exploit different optical phenomenon such as attenuation, fluorescence, luminescence,
interference, to name a few [4]. Of these, fiber optics using interference, specifically Bragg gratings,
are the most prevalent. While fiber Bragg gratings are highly sensitive—capable of microstrain
resolution—they have high stiffness that limit range of operation and require direct fiber optic coupling
to a detector.

Guided-mode resonance (GMR) is a phenomenon that occurs when electromagnetic radiation
incident upon a binary dielectric grating becomes coupled to the leaky (radiative) waveguide modes of
that grating [5,6]. Depending on the grating design, these leaky modes allow resonance bandwidths to
be quite sharp, often going from near-unity transmission to near-unity reflection (or vice versa) over a
narrow range of wavelengths. The design criteria to achieve such resonances are based on grating
parameters and material permittivity choices. Given the wide range of fabrication feature sizes and a
large selection of dielectric materials to choose from, GMR devices can be fabricated to operate over a
variety of wavelength spectra that are of interest.

Sensors 2019, 19, 5223; doi:10.3390/s19235223 www.mdpi.com/journal/sensors

http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0003-1210-5574
http://dx.doi.org/10.3390/s19235223
http://www.mdpi.com/journal/sensors
https://www.mdpi.com/1424-8220/19/23/5223?type=check_update&version=2


Sensors 2019, 19, 5223 2 of 13

GMR theory [7–9] was initially applied to design all-dielectric high quality factor optical filters
out of a single thin film binary grating with a substrate and superstrate. The theory was eventually
implemented to fabricate filters that were designed to have reflection (or transmission) resonance
peaks in the visible [10], infrared [11,12], and gigahertz ranges [13]. The applicability of GMR to such a
wide range of wavelengths is due to the geometric scalability of the grating design parameters [14].
More GMR applications started appearing in areas involving vertical-cavity surface-emitting lasers
(VCSELs) [15,16], tunable filters [17], and microscale optical elements such as absorbers [18] and
focusing lenses [19]. GMR has also found application in the area of solar technology, in which gratings
are designed to trap incident solar rays [20,21].

In the area of biosensing, GMR has been used with great success to detect a variety of analytes.
Based on the principle that the analyte deposited on the GMR grating will slightly alter the refractive
index consequently resulting in a measurable shift in the resonance peak, GMR biosensing can be
used to detect extremely small quantities of analyte. It has been used to detect a variety of analytes
from pollutants in water [22] to proteins such as biotin [23], biomarkers for ovarian cancer [24] or
biomarkers for acute myocardial infraction [25]; it also has been used to detect various solvents such as
methanol, ethanol, 2-propanol, and cyclohexane [26].

More recently, the GMR phenomenon was found to be applicable towards creating high-sensitivity
pressure and strain sensors [27,28]. These sensors show great promise for measuring strains of soft
materials, such as skin or muscle, offering a larger range of operation and more remote methods of
measurement. Unlike most GMR-based devices, which typically use rigid crystalline dielectric substrates,
GMR pressure and strain sensors require more compliant substrates to allow pressure or strain sensing
over large ranges. Polydimethylsiloxane (PDMS), a polymer with high transmissivity [29,30] and high
elasticity [31], has been used as a compliant substrate for implementing various GMR pressure and
strain sensors [32–34]. PDMS was initially suggested as a substrate for microfluidics and biotechnology
applications [35] and has since been ubiquitously used in those fields. Thus, there is great advantage in
developing GMR-based sensors using this material.

Foland and Lee [36,37] were the first to design and fabricate a 2D highly compliant GMR strain
sensor by embedding a square array of TiO2 discs in PDMS elastomer. The planar array of TiO2 discs
and PDMS form a binary grating with PDMS as the substrate and air as the superstrate to create a 2D
GMR grating. When light from a broadband source is normally incident on the grating, two resonant
peaks are reflected back. In order to generate two non-overlapping near-unity reflection peaks, the
pitches between the discs along the orthogonal planar axes (Z and Y, in this case) are required to be
asymmetric (ΛZ , ΛY). If a uniform strain is applied along one axis, say the Z-axis, there is a uniform
displacement in the grating pitch whose grating vector is along the Z-axis, and this displacement
results in a shift in the resonant peak for that axis, called the Z-axis peak. A strain applied along the
Y-axis similarly results in a shift in the Y-axis peak. Considering thin film TiO2 is a crystalline dielectric
with elastic modulus of about 65 GPa [38], it has a negligible strain when compared with PDMS, which
has an elastic modulus of about 750 kPa [39]. Thus, under applied strain, of the grating parameters (ΛZ,
pitch along Z-axis; ΛY, pitch along Y-axis; d, disc diameter; t, disc thickness; disc permittivity nTiO2
= nH = 2.35; and substrate permittivity nL = nPDMS = 1.4) one should expect only the GMR grating
pitches to change. Under Z-axis strain, the Z-axis pitch, ΛZ, should increase; while under Y-axis strain,
the Y-axis pitch, ΛY, should increase. Since PDMS is highly compliant, with a Poisson ratio nearly
0.5 [39], the strain applied to one axis does not affect the other much; though there is some discernable
shift. Consequently, the two reflection peaks can be said to move largely independently of each other,
allowing simultaneous measurements of axial strains.

The device, however, suffers from a relatively low quality factor (Q < 100), and unequal axial
sensitivity due to the asymmetric pitch requirement. To improve the quality factor of this sensor, one
can either pick different materials or adjust the grating design [8]. For this grating, one cannot choose
to pick different materials, since the elastic and optical transparency of PDMS is required for the large
strain sensing operating range and GMR, respectively; and an alternative dielectric material with a
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high and stable index of refraction over the desired wavelength range similar to TiO2 is hard to find.
Thus, one must approach improving the quality factor of this GMR grating strain sensor by adjusting
the grating design.

There are not too many parameters to adjust in a 2D square-array-of-discs grating design. Apart
from the radius of the discs, the thickness of the discs, replacing discs with a different shape, changing
grating pitch, or eliminating layers [40], there is no other parameter one can fine tune. There are several
papers that report improving GMR quality factor through adjusting these grating parameters. Fan et al.
theoretically investigated reducing the radii of holes of a slab photonic crystal and found the quality
factor generally increases by at least a factor of 23 if the radius is reduced to a quarter of the original [41].
However, Pottier et al. reported that while reducing radius does increase quality factor, it also severely
reduces the peak intensity [42]. Fattal et al. simulated the role of slab grating thickness on quality
factor and found that reducing the thickness of the grating (from 200 to 10 nm) improved the line width
significantly, but their result aren’t easy to quantify; furthermore, they admit such grating thicknesses
would be too difficult to fabricate over large areas with current limitations of technology [43]. Andreani
et al. show that replacing a circular shape with a triangular shape increases the Q-factor by less than
2% [44], essentially a negligible improvement in quality factor. Lastly, increasing the grating pitch is a
reasonable method to improve quality factor, however adjusting grating pitch also affects the resonance
positions dramatically and can push the grating into resonance–free ranges [8]. If one requires to place
resonances in easily-measurable wavelength ranges such as in the visible or NIR regimes, adjusting
the grating pitch to achieve higher quality factor is not an option.

One approach to altering grating parameters of GMR gratings not found in literature is to replace
the high-index disc itself with a grating. This grating-within-a-grating, or hierarchical grating, approach
offers a method to improve the quality factor of a GMR grating through lowering the effective refractive
index and provides a new grating design parameter that allows one to control the duty cycle of the
sub-grating. By adjusting this duty cycle one can control the proportion (or fill factor) of the sub-grating
allowing one to fine-tune the refractive index of the high-index part of the grating while keeping all
other aspects of the grating the same. This hierarchical grating approach can be codified as a design
rule (called the “slotting design rule”) wherein the high index part of a GMR grating is slotted to form
a grating. The hypothesis is that the slotting design rule, when applied to a GMR grating, should
improve the quality factor; however there maybe unexpected benefits and side effects. In this paper,
we apply this slotting design rule to a 2D guided mode strain sensor design by Foland and Lee [36] to
create an axially-anisotropic hierarchical 2D GMR grating strain-sensor design and show that it has an
improved quality factor (by a factor of 6) and more symmetric axial sensitivity.

2. Methods

2.1. Design of Slotted-Disc GMR Filters

The impetus to use slotted disc design came from trying to understand the role of grating
parameters and material permittivities on the quality factor of the resonance peaks. The quality factor,
Q, is defined as:

Q ≡
fr

∆ f
=
λHλL

λr

1
∆λ
∝

1
∆ε

(1)

where ƒr is the resonance frequency; ∆ƒ is the resonance width (the full-width half-maximum); λr is the
resonance wavelength or position; and ∆λ = λH − λL, where λH and λL are the wavelengths on either
side of the resonance wavelength that are at half the peak reflectance values of the resonance peak.

According to works done by Magnusson et al. and others [6–9] the linewidth of a resonance peak,
∆λ, is proportional to the modulation index, ∆ε = εH − εL =

√
nH −

√
nL, and this relationship is

noted on the right hand-side of Equation (1). Thus, one can improve Q, for a given resonance position,
λr, by lowering the modulation index. One could attempt to lower the modulation index by selecting
two different grating materials that are closer in permittivity values or by creating nano-composites [45].
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However, this introduces additional steps to the process flow and may require additional tools and
testing. With the slotting design rule one would retain the same material choices and only have to alter
a binary grating design.

Additionally, changing materials may not always be an option. Some GMR strain sensors are
limited to selected materials due to restrictions of resonance wavelength range, and/or requirements of
transparency, elasticity, and biocompatibility, such as the 2D GMR strain sensor. For these reasons,
there is value in finding a solution that lowers the modulation index while retaining material choices.

The solution can be found by studying the effective index of refraction of dielectric gratings, which,
according to effective medium theory [46], is the average permittivity that can be assigned to the grating
for modes with wavelengths much greater than the grating pitch. One can now consider creating a
slotted disc by replacing the high index part of the larger grating with a sub-grating composed of
alternating slivers of the same high permittivity and low permittivity material. Applying this concept,
one can replace the solid TiO2 discs (Figure 1a) with that of a TiO2/PDMS disc grating or slotted TiO2

discs (Figure 1b). The modulation index can then be tuned over the range of nL to nH by adjusting the
duty cycle q of the disc grating. Lowering the duty cycle reduces the modulation index, which should
result in an improvement of the quality factor. Thus, one can now improve quality factor by having
some measure of control on the effective index of refraction of the high-index part of binary gratings.
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Figure 1. Design of 2D GMR grating strain sensor. (a) Solid-disc GMR reflection filter, consisting of
discs of TiO2 embedded in PDMS; ΛZ = 560 nm, ΛY = 480 nm, t = 200 nm, d = 420 nm, nH = 2.35, nL

= 1.4, nsup = 1.0, nsub = 1.4. (b) Slotted disc GMR reflection filter, a grating-within-a-grating device,
consisting of slotted-discs of TiO2 embedded in PDMS; ΛZ = ΛY = 480 nm, t = 200 nm, d = 420 nm, S =

120 nm, q = 0.5, nH = 2.35, nL = 1.4, nsup = 1.0, nsub = 1.4.

2.2. AxiallyAnisotropic Refractive Index

Slotted-disc gratings do not have an isotropic index of refraction, like the solid-disc gratings do.
They instead have an axially-anisotropic index of refraction, and it can be understood by studying
effective medium theory (EMT). In EMT, the slotted disc can be treated as a binary subwavelength
grating, which has been well studied [47–49]. For a binary subwavelength grating with pitch S, fill
factor q, and thickness t, with index of refractions nH and nL (Figure 2), EMT gives the approximate
values of the effective indices of refractions to be [48]:

n|| =
[
n2

Hq + n2
L(1− q)

]1/2
(2)

n⊥ =
[
(1/n2

H)q + (1/n2
L)(1− q)

]−1/2
(3)

where ‖ and ⊥ denotes the electric field, E, of the incident light parallel to the binary grating and
perpendicular to the binary grating, respectively. In this work, the E-field is always kept perpendicular
to the grating vector.
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permittivities of the disc grating for the purposes of choosing an optimal q.

2.3. Choosing q and S

Figure 2b shows how one can choose a ∆n based on a choice of fill-factor q. q = 0.5 was chosen in
order to have a large difference between n‖ and
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3. Results

3.1. 3D FEA Simulation

From the slotting parameters chosen above, one can now model the solid-disc and slotted-disc
2D GMR gratings using finite element analysis (FEA) to obtain reflection spectra. This method was
previously shown to be equivalent to the well-established RCWA method [52,53] for GMR gratings
in Foland et al. [54]. All models of both 2D GMR gratings for this paper were implemented using
COMSOL® (COMSOL Inc., Burlington, MA, USA). In the models, a unit cell of the 2D GMR grating
was implemented using Floquet periodicity for axial boundary condition matching. The unit cell was
set up as a two-port system, with an input port acting as a source of TE (transverse electric) or TM
(transverse magnetic) monochromatic light incident along the normal of the 2D grating plane from
the top, and an output port of transmitted waves exiting from the bottom (Figure 3). After assigning
material properties to the grating structures of the unit cell, and simulating this two-port system over
a range of wavelengths, the |S11|-parameter was retrieved over the range of wavelengths (i.e., the
reflectance spectrum of the device).
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Figure 3. COMSOL® simulation of (a) solid disc GMR filter device using parameters in Figure 1a (b)
slotted-disc GMR filter device using parameters in Figure 1b.

Several FEA models were constructed based on the parameters noted in Figure 1 caption for
both the solid disc and slotted disc devices. Some of these models are rest models, which represent
0% strain, and other are strained models, which represent a unit cell with increased pitch due to the
applied strain in either in the Z- or Y-axis direction, but not both simultaneously. In total, ten strained
models were created: five models to represent 5%, 10%, 15%, 20% and 25% strains along the Z-axis,
and another five to represent strains along the Y-axis. Of the two materials, TiO2 experiences negligible
strain when compared with PDMS. For solid-disc grating under strain, the PDMS surrounding the
discs will experience the strain; thus, the only grating parameters affected by strain are the GMR
grating pitches (ΛZ and ΛY). This effect was confirmed by simulation and experiment by Foland
et al. [36] (our previous work). For slotted-disc grating under strain, both the PDMS surrounding and
in-between the slotted-discs will experience the strain; thus, the grating parameters affected by strain
are the GMR grating pitches (ΛZ and ΛY) and the sub-grating pitch (the duty cycle, q). The strain
experienced by PDMS within the slotted-discs is simulated using COMSOL®’s stress-strain module
(Figure 4a). The simulations show that the effect of the strain increases the spacing between the slots,
an example of which is shown in Figure 4b. Using these stress-strain simulations, the new spacings of
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the slotted-discs for a given strain were calculated and implemented in to the 2-port FEA model for
that specific strain (Figure 4c,d) as the new sub-grating pitch.Sensors 2019, 19, x FOR PEER REVIEW 7 of 13 
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Figure 4. (a) COMSOL® stress-strain simulation of slotted-disc for 25% Z-axis strain; (b) close-up view
of center 25% Z-axis strained unit cell; resting slotted disc (pink) and 25% Z-axis strained slotted disc
(purple) in (c) top view, and (d) isometric view, used for the 2-port FEA model.

The reflectance spectra from both the rest and strained models are plotted in Figure 5 (a,b for
solid-disc; c,d for slotted-disc) for only the 0%, 5%, 15% and 25% strains along both Z and Y axes; the
10% and 20% plots were excluded for clarity. Note that ‘Y-peak’ denotes the peak that shifts under
Y-axis strains, and ‘Z-peak’ denotes the peak that shifts under Z-axis strains.

3.2. Sensitivity Study Results

The sensitivity vs. strain plots were derived from COMSOL® simulation reflectance plots for
0–25% strain in steps of 5% strain. The sensitivity was calculated by taking the ratio of the change in
resonance peak position to the change in strain. Figure 6a presents the results for the solid-disc GMR
grating design; Figure 6b presents the results for the slotted-disc GMR grating design.
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Figure 5. Reflection spectrum obtained from COMSOL® simulations using the RF module. The ‘Y-peak’
denotes the peak that shifts under Y-axis strains, and ‘Z-peak’ denotes the peak that shifts under Z-axis
strains. (a) solid-disc under Z-axis strain; Note the drop in Y-peak reflectance. (b) solid-disc under
Y-axis strain; note the Y-peak partially overlaps the Z-peak around 15% strain, and moves past it at 25%
strain. (c) slotted-disc under Z-axis strain; note the drop in reflectivity of the Y-peak. (d) slotted-disc
under Y-axis strain; there is a significant drop in Z-peak reflectance.
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For solid-disc grating, under Z-axis strain, the Z peak has an average sensitivity of 6.34 nm/%
with a standard deviation of 0.31 nm/%, while the Y peak has an average of −0.23 nm/% with standard
deviation of 0.12 nm/%. Under Y-axis strain, the Y peak has an average sensitivity of 4.64 nm/% with
a standard deviation of 0.25 nm/%, while the Z peak has an average of −0.64 nm/% with standard
deviation of 0.22 nm/%.

For slotted-disc grating, under Z-axis strain, the Z peak has an average sensitivity of 5.19 nm/%
with a standard deviation of 0.14 nm/%, while the Y peak has an average of −0.35 nm/% with standard
deviation of 0.09 nm/%. Under Y-axis strain, the Y peak has an average sensitivity of 5.67 nm/% with
a standard deviation of 0.13 nm/%, while the Z peak has an average of −0.59 nm/% with standard
deviation of 0.12 nm/%.

3.3. Quality Factor Study Results

The quality factor vs. strain plots (Figure 6c,d) were derived from COMSOL® simulation
reflectance plots for 0%–25% strain in steps of 5% strain. The quality factor is found by using a peak
finding algorithm to find the wavelengths of any peaks with above 50% reflectance. After finding the
peak wavelengths, the algorithm uses the reflectance spectrum data again to determine the full width
half maximum (FWHM), or ∆λ = λH − λL, at the peak locations. From the peak wavelength and the
FWHM one can calculate the quality factor of the peak using Equation (1).

For the solid-disc grating, under Z-axis strain, Figure 6c shows the Z-peak quality factor starts
close to 30 at 0% strain, and tends to decrease with strain. The Y-axis peak quality factor rises for 5%
strain, dropping slightly at 10% strain. At 15% strain, there is a dip in the quality factor, which may
look like a simulation artifact, but it is due to the overlap of the Y-axis peak and Z-axis peak coinciding
resulting in peak widening. As it goes from 15% strain toward 20% strain, the peaks move out of the
overlap and their respective quality factors rise again. Under Y-axis strain, the Y-axis peak quality
factor is 40 at rest and monotonically increases in value from 0% strain to 25% strain, except for the dip
at around 15% strain due to the overlap.

For the slotted-disc grating, under Z-axis strain, Figure 6d shows the Z-peak quality factor is
about 185, around a factor of 6 increase above the quality factor for the same in peak for the solid-disc
grating. As strain is increased, the quality factor drops at 10% strain. There is a sudden rise in the
quality factor to 220 at 15% strain before it drops again to below 200 for 20% and 25% strains. The
Y-peak, under Z-axis strain, starts, at 0% strain, with a quality factor at 240, about a factor of 6 increase
above the quality factor for the same peak for solid-disc grating, and monotonically increases, reaching
302 at 25% strain. Under Y-axis strain, the Y-peak, at 0% strain, has a quality factor of about 240
also, that rises slightly for 5% strain, then falls slightly for 10% strain, before rising in value as strain
increases from 10% to 25%. Under the same Y-axis strain, the Z-axis peak quality factor is 185, at 0%
strain, lowers slightly at 5% strain, rises slightly at 10% strain, lowers slightly again at 15%, before
rising for the remaining strains.

4. Discussion

The slotting design rule was hypothesized to improve the quality factor of the 2D GMR grating
without having to pick new materials or change grating pitch (to preserve resonance position). The
simulation results clearly show that, under no strain, there is at least a 6-fold improvement in the
quality factor of all resonance peaks simply by applying the slotting design rule to the solid-disc GMR
grating strain sensor design. As mentioned in the theory sections, the slotting design rule works by
lowering the effective index of refraction of the high index part of the 2D GMR grating, reducing the
modulation index, thereby increasing qualify factor. However, there are some additional features that
manifest from applying this design rule to the 2D GMR gratings.

Recall that for the solid-disc grating one is required to have an asymmetric pitch (ΛZ , ΛY)
to generate two distinct resolvable peaks [36]. This is because the high index part of the solid-disc
GMR grating has the same index of refraction in both planar-axial directions. If the pitches were
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kept the same, the resonance would occupy the same position since both axial directions would have
the same modulation index. By applying the slotting design rule to the solid-disc 2D GMR grating,
one finds this axial-pitch asymmetry requirement is no longer needed. The slotting rules creates
an axially-anisotropic effective index of refraction (i.e., the index of refraction experienced by light
traveling along the Z-axis direction is slightly different from that experienced travelling along the
Y-axis direction) out of the high index part of the GMR grating. Thus one can now keep the grating
pitches is symmetric (ΛZ = ΛY) and rely on the axially-anisotropic index of the high-index part of the
grating to create two resolvable resonance peaks.

When strain is applied, differing behaviors are observed for sensitivity and quality factor.
Sensitivity remains largely constant, not varying much in value for strains from 0% to 25% for both
solid-disc and slotted-disc gratings. Quality factor, however, is drastically affected by strain. Part
of this behavior is due to the close positions of the two resonance peaks, which move in opposite
directions under strain, as noted by the arrow in the plots of Figure 4 indicating the motion of the peaks
under strain. As a consequence, over a small region of strains the peaks overlap, becoming broader,
and at some point overlap completely to become unresolvable. This is the point where the quality
factor dips significantly before rising once again as the peaks continue their motion under strain out of
overlap. This overlap feature, however, is common to both the solid-disc and slotted-disc 2D GMR
grating so cannot be a feature brought about by the slotting design rule. Once past the region of strain
that contain the overlap, the quality factor tends to rise for the Y-axis peak under Y-axis strain, and
generally drop for the Z-axis peak under Z-axis strain for both solid-disc gratings and slotted-disc
gratings. Since this drop in quality factor for the Z-axis peak occurs for both gratings, it also cannot be
a feature brought about by the slotting rule. Thus, while the slotting design rule does increase quality
factor overall, it will be affected by other properties and behaviors of the 2D GMR grating strain sensor.

Lastly, one should note that the slotting design rule should be applicable to any grating design that
involves binary gratings, which has a high index part and a low index part. The purpose of slotting
is essentially to create a parameter by which to have some control over the index of refraction of the
high index part of the GMR grating. That parameter is q, which allows control over the duty cycle
of the sub-grating that replaces the high index part, and allows a range of values between the high
index and low index values. As discussed in the theory part, when q is reduced, this has the effect
of lowering the modulation index, which increases the quality factor. This effect is independent of
material choice or grating design, and is applicable to all binary gratings. Thus, the slotting design rule
can be considered as a universal design rule to improve the quality factor of any binary grating.

5. Conclusions

A slotting design rule was investigated as a method to improve the sensitivity and quality factor
of a 2D solid-disc GMR grating strain sensor. Effective medium theory was utilized to demonstrate
the expected improvement in quality factor through reducing modulation index. Grating theory was
utilized to show how the slotting design rule can be used as a method for controlling the modulation
index, thus providing a means of improving quality factor. The theory was used to design a 2D
slotted-disc GMR grating strain sensor. FEA simulations were performed and reflectance spectra
were analyzed to show that the 2D slotted-disc GMR strain sensor produces two non-overlapping
resonance peaks without needing asymmetric pitches, has more axially symmetric sensitivities, and
yields a 6-fold increase in the quality factor at rest for both resonance peaks. It was also shown, that
under increasing strain, the sensitivities remain stable, while the quality factor generally tends to vary
dramatically. Lastly, the slotting design rule was shown to be applicable to any binary grating and can
be used to improve the performance of such grating in a wide variety of applications.

Author Contributions: S.B. conceived of and performed the theoretical analyses and the simulations; S.B. and
J.-B.L. analyzed the results and wrote the paper.

Funding: US National Science Foundation (ECCS 1307997, ECCS 1710824).



Sensors 2019, 19, 5223 11 of 13

Conflicts of Interest: The authors have no conflicts of interest to declare.

References

1. Merzbacher, C.I.; Kersey, A.D.; Friebele, E.J. Fiber optic sensors in concrete structures: A review. Smart Mater.
Struct. 1996, 5, 196. [CrossRef]

2. Amjadi, M.; Kyung, K.U.; Park, I.; Sitti, M. Stretchable, skin-mountable, and wearable strain sensors and
their potential applications: A review. Adv. Funct. Mater. 2016, 26, 1678–1698. [CrossRef]

3. Fraden, J. Handbook of Modern Sensors: Physics, Designs, and Applications, 5th ed.; Springer International
Publishing: Cham, Switzerland, 2016. [CrossRef]

4. Lee, B. Review of the present status of optical fiber sensors. Opt. Fiber Technol. 2003, 9, 57–79. [CrossRef]
5. Gaylord, T.K.; Moharam, M.G. Analysis and applications of optical diffraction by gratings. Proc. IEEE 1985,

73, 894–937. [CrossRef]
6. Magnusson, R.; Wang, S.S. New principle for optical filters. Appl. Phys. Lett. 1992, 61, 1022–1024. [CrossRef]
7. Wang, S.S.; Magnusson, R.; Bagby, J.S.; Moharam, M.G. Guided-mode resonances in planar dielectric-layer

diffraction gratings. J. Opt. Soc. Am. A 1990, 7, 1470–1474. [CrossRef]
8. Wang, S.S.; Magnusson, R. Theory and applications of guided-mode resonance filters. Appl. Opt. 1993, 32,

2606–2613. [CrossRef]
9. Tibuleac, S.; Magnusson, R. Reflection and transmission guided-mode resonance filters. J. Opt. Soc. Am. A

1997, 14, 1617–1626. [CrossRef]
10. Wu, M.-L.; Hsu, C.-L.; Lan, H.-C.; Huang, H.-I.; Liu, Y.-C.; Tu, Z.-R.; Lee, C.-C.; Lin, J.-S.; Su, C.-C.; Chang, J.-Y.

Authentication labels based on guided-mode resonant filters. Opt. Lett. 2007, 32, 1614–1616. [CrossRef]
11. Liu, Z.S.; Tibuleac, S.; Shin, D.; Young, P.P.; Magnusson, R. High-efficiency guided-mode resonance filter.

Opt. Lett. 1998, 23, 1556–1558. [CrossRef]
12. Sharon, A.; Rosenblatt, D.; Friesem, A.A.; Weber, H.G.; Engel, H.; Steingrueber, R. Light modulation with

resonant grating–waveguide structures. Opt. Lett. 1996, 21, 1564–1566. [CrossRef] [PubMed]
13. Tibuleac, S.; Young, P.P.; Magnusson, R.; Holzheimer, T.R. Experimental verification of waveguide-mode

resonant transmission filters. IEEE Microw. Guided Wave Lett. 1999, 9, 19–21. [CrossRef]
14. Chen, H.-T.; Padilla, W.J.; Zide, J.M.O.; Gossard, A.C.; Taylor, A.J.; Averitt, R.D. Active terahertz metamaterial

devices. Nature 2006, 444, 597–600. [CrossRef] [PubMed]
15. Cox, J.A.; Morgan, R.A.; Wilke, R.M.; Ford, C.M. Guided-mode grating resonant filters for VCSEL applications.

In Proceedings of the Diffractive and Holographic Device Technologies and Applications V; International Society for
Optics and Photonics: Bellingham, WA, USA, 1998; Volume 3291, pp. 70–76. [CrossRef]

16. Chang-Hasnain, C.J.; Zhou, Y.; Huang, M.C.Y.; Chase, C. High-Contrast Grating VCSELs. IEEE J. Sel. Top.
Quantum Electron. 2009, 15, 869–878. [CrossRef]

17. Abdulhalim, I. Optimized guided mode resonant structure as thermooptic sensor and liquid crystal tunable
filter. Chin. Opt. Lett. 2009, 7, 667–670. [CrossRef]

18. Giese, J.A.; Yoon, J.W.; Wenner, B.R.; Allen, J.W.; Allen, M.S.; Magnusson, R. Guided-mode resonant coherent
light absorbers. Opt. Lett. 2014, 39, 486–488. [CrossRef]

19. Fattal, D.; Li, J.; Peng, Z.; Fiorentino, M.; Beausoleil, R.G. Flat dielectric grating reflectors with focusing
abilities. Nat. Photonics 2010, 4, 466–470. [CrossRef]

20. Lee, Y.-C.; Huang, C.-F.; Chang, J.-Y.; Wu, M.-L. Enhanced light trapping based on guided mode resonance
effect for thin-film silicon solar cells with two filling-factor gratings. Opt. Express 2008, 16, 7969–7975.
[CrossRef]

21. Khaleque, T.; Magnusson, R. Light management through guided-mode resonances in thin-film silicon solar
cells. J. Nanophotonics 2014, 8, 083995. [CrossRef]

22. Krasnykov, O.; Auslender, M.; Abdulhalim, I. Optimizing the guided mode resonant structure for optical
sensing in water. Phys. Express 2011, 1, 9.

23. Schmid, J.H.; Sinclair, W.; García, J.; Janz, S.; Lapointe, J.; Poitras, D.; Li, Y.; Mischki, T.; Lopinski, G.;
Cheben, P.; et al. Silicon-on-insulator guided mode resonant grating for evanescent field molecular sensing.
Opt. Express 2009, 17, 18371–18380. [CrossRef] [PubMed]

http://dx.doi.org/10.1088/0964-1726/5/2/008
http://dx.doi.org/10.1002/adfm.201504755
http://dx.doi.org/10.1007/978-3-319-19303-8
http://dx.doi.org/10.1016/S1068-5200(02)00527-8
http://dx.doi.org/10.1109/PROC.1985.13220
http://dx.doi.org/10.1063/1.107703
http://dx.doi.org/10.1364/JOSAA.7.001470
http://dx.doi.org/10.1364/AO.32.002606
http://dx.doi.org/10.1364/JOSAA.14.001617
http://dx.doi.org/10.1364/OL.32.001614
http://dx.doi.org/10.1364/OL.23.001556
http://dx.doi.org/10.1364/OL.21.001564
http://www.ncbi.nlm.nih.gov/pubmed/19881726
http://dx.doi.org/10.1109/75.752111
http://dx.doi.org/10.1038/nature05343
http://www.ncbi.nlm.nih.gov/pubmed/17136089
http://dx.doi.org/10.1117/12.310571
http://dx.doi.org/10.1109/JSTQE.2009.2015195
http://dx.doi.org/10.3788/COL20090708.0667
http://dx.doi.org/10.1364/OL.39.000486
http://dx.doi.org/10.1038/nphoton.2010.116
http://dx.doi.org/10.1364/OE.16.007969
http://dx.doi.org/10.1117/1.JNP.8.083995
http://dx.doi.org/10.1364/OE.17.018371
http://www.ncbi.nlm.nih.gov/pubmed/19907628


Sensors 2019, 19, 5223 12 of 13

24. Wawro, D.; Koulen, P.; Ding, Y.; Zimmerman, S.; Magnusson, R. Guided-mode resonance sensor system for
early detection of ovarian cancer. In Proceedings of the Optical Diagnostics and Sensing X: Toward Point-of-Care
Diagnostics; International Society for Optics and Photonics: Bellingham, WA, USA, 2010; Volume 7572,
p. 75720D. [CrossRef]

25. Kim, W.-J.; Kim, B.K.; Kim, A.; Huh, C.; Ah, C.S.; Kim, K.-H.; Hong, J.; Park, S.H.; Song, S.; Song, J.; et al.
Response to Cardiac Markers in Human Serum Analyzed by Guided-Mode Resonance Biosensor. Anal.
Chem. 2010, 82, 9686–9693. [CrossRef] [PubMed]

26. Yih, J.-N.; Chu, Y.-M.; Mao, Y.-C.; Wang, W.-H.; Chien, F.-C.; Lin, C.-Y.; Lee, K.-L.; Wei, P.-K.; Chen, S.-J.
Optical waveguide biosensors constructed with subwavelength gratings. Appl. Opt. 2006, 45, 1938–1942.
[CrossRef] [PubMed]

27. Privorotskaya, N.L.; Choi, C.J.; Cunningham, B.T.; King, W.P. Sensing micrometer-scale deformations via
stretching of a photonic crystal. Sens. Actuators A Phys. 2010, 161, 66–71. [CrossRef]

28. Foland, S.; Choi, K.-H.; Lee, J.-B. Pressure-tunable guided-mode resonance sensor for single-wavelength
characterization. Opt. Lett. 2010, 35, 3871–3873. [CrossRef]

29. Cai, D.; Neyer, A.; Kuckuk, R.; Heise, H.M. Raman, mid-infrared, near-infrared and ultraviolet–visible
spectroscopy of PDMS silicone rubber for characterization of polymer optical waveguide materials. J. Mol.
Struct. 2010, 976, 274–281. [CrossRef]

30. Chen, K.-C.; Wo, A.M.; Chen, Y.-F. Transmission Spectrum of PDMS in 4–7 µm Mid-IR Range for
Characterization of Protein Structure. Nsti-Nanotech 2006, 2, 4.

31. Schneider, F.; Draheim, J.; Kamberger, R.; Wallrabe, U. Process and material properties of polydimethylsiloxane
(PDMS) for Optical MEMS. Sens. Actuators A Phys. 2009, 151, 95–99. [CrossRef]

32. Foland, S.; Liu, K.; MacFarlane, D.; Lee, J.-B. High-sensitivity microfluidic pressure sensor using a
membrane-embedded resonant optical grating. In Proceedings of the 2011 IEEE SENSORS, Limerick,
Ireland, 28–31 October 2011; pp. 101–104. [CrossRef]

33. Fang, C.; Dai, B.; Li, Z.; Zahid, A.; Wang, Q.; Sheng, B.; Zhang, D. Tunable guided-mode resonance filter
with a gradient grating period fabricated by casting a stretched PDMS grating wedge. Opt. Lett. 2016, 41,
5302–5305. [CrossRef]

34. Sarkar, S.; Poulose, S.; Sahoo, P.K.; Joseph, J. Flexible and stretchable guided-mode resonant optical sensor:
Single-step fabrication on a surface engineered polydimethylsiloxane substrate. OSA Contin. 2018, 1,
1277–1286. [CrossRef]

35. Fujii, T. PDMS-based microfluidic devices for biomedical applications. Microelectron. Eng. 2002, 61–62,
907–914. [CrossRef]

36. Foland, S.J.; Lee, J.-B. A highly-compliant asymmetric 2D guided-mode resonance sensor for simultaneous
measurement of dual-axis strain. In Proceedings of the 2013 IEEE 26th International Conference on Micro
Electro Mechanical Systems (MEMS), Taipei, Taiwan, 20–24 January 2013; pp. 665–668. [CrossRef]

37. Foland, S.J.; Lee, J.B. Highly Compliant Resonant Diffraction Gratings, and Methods and Use Thereof. U.S.
Patent 9234991B2, 12 January 2016.

38. Anderson, O.; Ottermann, C.R.; Kuschnereit, R.; Hess, P.; Bange, K. Density and Young’s modulus of thin
TiO2 films. Fresenius J. Anal. Chem. 1997, 358, 315–318. [CrossRef]

39. Armani, D.; Liu, C.; Aluru, N. Re-configurable fluid circuits by PDMS elastomer micromachining. In
Proceedings of the Technical Digest. IEEE International MEMS 99 Conference. Twelfth IEEE International
Conference on Micro Electro Mechanical Systems (Cat. No.99CH36291), Orlando, FL, USA, 21–21 January
1999; pp. 222–227. [CrossRef]

40. Isaacs, S.; Hajoj, A.; Abutoama, M.; Kozlovsky, A.; Golan, E.; Abdulhalim, I. Resonant Grating without a
Planar Waveguide Layer as a Refractive Index Sensor. Sensors 2019, 19, 3003. [CrossRef]

41. Fan, S.; Joannopoulos, J.D. Analysis of guided resonances in photonic crystal slabs. Phys. Rev. B 2002,
65, 235112. [CrossRef]

42. Pottier, P.; Shi, L.; Peter, Y.-A. Determination of guided-mode resonances in photonic crystal slabs. J. Opt. Soc.
Am. B 2012, 29, 109–117. [CrossRef]

43. Fattal, D.; Sigalas, M.; Pyayt, A.; Li, Z.; Beausoleil, R.G. Guided-mode resonance sensor with extended
spatial sensitivity. In Proceedings of the Active Photonic Crystals; International Society for Optics and Photonics:
Bellingham, WA, USA, 2007; Volume 6640, p. 66400M. [CrossRef]

http://dx.doi.org/10.1117/12.842725
http://dx.doi.org/10.1021/ac101716p
http://www.ncbi.nlm.nih.gov/pubmed/21049960
http://dx.doi.org/10.1364/AO.45.001938
http://www.ncbi.nlm.nih.gov/pubmed/16579562
http://dx.doi.org/10.1016/j.sna.2010.05.024
http://dx.doi.org/10.1364/OL.35.003871
http://dx.doi.org/10.1016/j.molstruc.2010.03.054
http://dx.doi.org/10.1016/j.sna.2009.01.026
http://dx.doi.org/10.1109/ICSENS.2011.6127285
http://dx.doi.org/10.1364/OL.41.005302
http://dx.doi.org/10.1364/OSAC.1.001277
http://dx.doi.org/10.1016/S0167-9317(02)00494-X
http://dx.doi.org/10.1109/MEMSYS.2013.6474329
http://dx.doi.org/10.1007/s002160050416
http://dx.doi.org/10.1109/MEMSYS.1999.746817
http://dx.doi.org/10.3390/s19133003
http://dx.doi.org/10.1103/PhysRevB.65.235112
http://dx.doi.org/10.1364/JOSAB.29.000109
http://dx.doi.org/10.1117/12.731928


Sensors 2019, 19, 5223 13 of 13

44. Andreani, L.C.; Gerace, D. Photonic-crystal slabs with a triangular lattice of triangular holes investigated
using a guided-mode expansion method. Phys. Rev. B 2006, 73, 235114. [CrossRef]

45. Hemmati, H.; Magnusson, R. Development of tuned refractive-index nanocomposites to fabricate
nanoimprinted optical devices. Opt. Mater. Express 2018, 8, 175–183. [CrossRef]

46. Lalanne, P.; Lemercier-lalanne, D. On the effective medium theory of subwavelength periodic structures.
J. Mod. Opt. 1996, 43, 2063–2085. [CrossRef]

47. Yariv, A.; Yeh, P. Electromagnetic propagation in periodic stratified media. II. Birefringence, phase matching,
and x-ray lasers. J. Opt. Soc. Am. 1977, 67, 438–447. [CrossRef]

48. Flanders, D.C. Submicrometer periodicity gratings as artificial anisotropic dielectrics. Appl. Phys. Lett. 1983,
42, 492–494. [CrossRef]

49. Grann, E.B.; Moharam, M.G.; Pommet, D.A. Artificial uniaxial and biaxial dielectrics with use of
two-dimensional subwavelength binary gratings. J. Opt. Soc. Am. A 1994, 11, 2695–2703. [CrossRef]

50. Kikuta, H.; Ohira, Y.; Kubo, H.; Iwata, K. Effective medium theory of two-dimensional subwavelength
gratings in the non-quasi-static limit. J. Opt. Soc. Am. A 1998, 15, 1577–1585. [CrossRef]

51. Lalanne, P.; Lemercier-Lalanne, D. Depth dependence of the effective properties of subwavelength gratings.
J. Opt. Soc. Am. A 1997, 14, 450–459. [CrossRef]

52. Moharam, M.G.; Gaylord, T.K. Rigorous coupled-wave analysis of planar-grating diffraction. J. Opt. Soc. Am.
1981, 71, 811–818. [CrossRef]

53. Moharam, M.G. Coupled-Wave Analysis of Two-Dimensional Dielectric Gratings. In Proceedings of the
Holographic Optics: Design and Applications; International Society for Optics and Photonics: Bellingham, WA,
USA, 1988; Volume 0883, pp. 8–11. [CrossRef]

54. Foland, S.J. Theory and Design of a Tunable Guided-Mode Resonance Sensor. Master’s Thesis, The University
of Texas at Dallas, Dallas, TX, USA, 2010. Available online: https://search.proquest.com/docview/851128600
(accessed on 22 November 2019).

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1103/PhysRevB.73.235114
http://dx.doi.org/10.1364/OME.8.000175
http://dx.doi.org/10.1080/09500349608232871
http://dx.doi.org/10.1364/JOSA.67.000438
http://dx.doi.org/10.1063/1.93979
http://dx.doi.org/10.1364/JOSAA.11.002695
http://dx.doi.org/10.1364/JOSAA.15.001577
http://dx.doi.org/10.1364/JOSAA.14.000450
http://dx.doi.org/10.1364/JOSA.71.000811
http://dx.doi.org/10.1117/12.944119
https://search.proquest.com/docview/851128600
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Design of Slotted-Disc GMR Filters 
	AxiallyAnisotropic Refractive Index 
	Choosing q and S 

	Results 
	3D FEA Simulation 
	Sensitivity Study Results 
	Quality Factor Study Results 

	Discussion 
	Conclusions 
	References

