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ABSTRACT: Colorimetric detection of target molecules
with insensitivity to incident-light polarization has attracted
considerable attention in recent years. This resulted from the
ability to provide rapid output and reduced assay times as a
result of color changes upon altering the environment that are
easily distinguishable by the naked eye. In this paper, we
propose a highly sensitive refractive-index sensor, utilizing the
excitation of guided modes of a novel two-dimensional
periodically modulated dielectric grating-waveguide structure.
The optimized nanosensor can numerically excite guided-
mode resonances with an ultranarrow linewidth (full width at
half-maximum) of 0.58 nm. Sensitivity is numerically
investigated by considering the deposition of dielectric layers
on the structure. For a layer thickness of 30 nm, the maximum sensitivity reached as high as 110 nm/refractive index unit
(RIU), resulting in a very high figure of merit of 190. The fabricated devices with 30 nm aluminum oxide and zinc oxide
coatings achieved a maximum sensitivity of 235.2 nm/RIU with a linewidth of 19 nm. Colorimetric detection with polarization
insensitivity is confirmed practically by a simple optical microscope. Samples with different coatings have been observed to have
clearly distinct colors, while the color of each sample is nearly identical upon azimuthal rotation. Excellent agreement is
obtained between the numerical and experimental results regarding the spectral position of the resonances and sensitivity. The
proposed device is, therefore, highly promising in efficient, highly sensitive, almost lossless, and compact molecular diagnostics
in the field of biomedicine with personalized, label-free, early point-of-care diagnosis and field analysis, drug detection, and
environmental monitoring.

Biosensors play a vital role in improving the overall well-
being of the society. The detection techniques used in

biosensors can be broadly divided into label-free and label-
based techniques.1 Traditional methods of label-based
techniques enabled us to gain an improved understanding on
many biological processes and cellular actions.2−7 However,
using fluorescent dyes, radioactive labels, and staining agents
essentially limit the scope of the experiment as they require
prior knowledge of the target’s presence and the label may
interfere with the process.8 Therefore, there has been
significant effort made toward developing label-free biosensors
that can allow any sample to be analyzed with minimal
preparation and assay times.1 Over the last decade, label-free
biosensing has made great improvements due to the develop-
ments in nanotechnology.9 Strong light−matter interactions in
nanophotonic structures have shown high sensitivity, cost
effectiveness, and practicality in many areas, such as
biomedicine,10−16 drug detection,17 reaction monitoring,18

and environmental control.19,20 Among the label-free assays,
colorimetric biosensing has, in particular, attracted much

attention because the rapid color change output upon changing
the external environment can be read out in the field, that is, at
the point of care, by the naked eye. Therefore, this technology
is not confined to the laboratory, it does not require expensive
or advanced instrumentation, and the data readout can be
carried out in wider clinical practice without requiring trained
personnel.21−24 Insensitivity to incident-light polarization is
also highly desirable as it would eliminate the requirement of
polarizing equipment. In a practical setting, sensitivity to
polarization would also mean that a sample reflects different
colors depending on its azimuthal orientation with respect to
the observer, when an arbitrarily polarized light is incident on
it. A polarization-insensitive structure, on the other hand,
would reflect the same color at all azimuthal orientations.
Combining all of these, a colorimetric sensor with polarization
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insensitivity results in simpler instrumentation for interfacing,
faster and more reliable readout with more self-contained
devices of smaller footprints, and a lower cost.
In the broad field of optical and label-free sensing, there are

many competing technologies. Among these, sensors based on
surface plasmon polaritons (SPPs) or localized surface
plasmon resonances (LSPRs) of metal l ic struc-
tures10,12,14,15,17,18,20,25 have seen the most extensive industrial
adoption. Both methods can yield resonances in the visible
range of the electromagnetic spectrum with polarization-
insensitive unit cell arrangements and, therefore, enable
colorimetric detection with high sensitivity. However,
plasmonic sensing has inherently limited performance in
terms of the resonance linewidth, which is broadened by the
optical losses26,27 due to free electrons and local heating.11,16

Localized heating may also alter the composition of analytes28

and prevent in vivo sensing. Moreover, metals are prone to
oxidation and corrosion under high temperatures and harsh
environments, which, in turn, limit their long-term perform-
ance stability. On top of that, the excitation of SPPs requires p-
polarized light, hence a polarizer, and phase-matching
mechanisms, such as prisms,29 resulting in sophisticated optics.

As a consequence, transparent dielectric nanoresonators stand
out as strong candidates for not only biosensing but also for
nanophotonics.30

All-dielectric nanophotonics is a rapidly developing field
because the resonant nanostructures, such as silicon nano-
particles, not only support electric-type (dipole, quadrupole,
etc.) resonances, as in metallic nanoparticles, but also magnetic
multipole Mie resonances,30−34 with tailorable35 and actively
tunable36,37 resonance features. Similar to their plasmonic
counterparts, the spectral positions of these resonances also
strongly depend on the properties of the dielectric environ-
ment,38 yet they can achieve higher quality-factors due to lower
optical losses.30,39 These offer interesting opportunities for
biosensing and refractive-index sensing. The present studies in
this field mostly utilized silicon11,16,40−42 with sensitivities
comparable to LSPR sensors. Although silicon has a negligible
loss in the near-infrared region, its high refractive index in the
visible region comes at a price of increased absorption due to
interband transitions. Indeed, TiO2 and GaP are shown to have
better scattering efficiencies in the visible range,43 yet their
application to colorimetric sensing without optical losses
requires further research.

Figure 1. Proposed design and unit cell. (a) Device I to excite GMRs. (b) Unit cell of Device I, detailing the 2D grating, as seen from the top view.
(c) Dielectric layers, as seen from the side view, and illumination by p-polarized plane wave. Transmission and reflection spectra for Device I (d)
under p-polarized and (e) under s-polarized incident plane waves. |E|2/|E0|

2 at the XZ plane during (f) on-resonance at 602.5 nm and (g) off-
resonance at 750 nm; |H|2 at the XZ plane during (h) on-resonance and (i) off-resonance. |E|2 and |H|2 are the modulus of electric and magnetic
fields inside Device I; |E0|2 and |H0|2 denote that of incident light. GWS extends from z = 0 to z = 460 nm.
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Dielectric materials with negligible optical losses, when
arranged periodically, can also show guided-mode resonance
(GMR) phenomena.44−50 GMRs define the phase-matched
coupling between the free-space radiation and a waveguide’s
supported (guided) modes, and they have a leaky nature due
to the periodicity of the structure.44−49,51 They result in
resonances with narrow linewidth and high sensitivity to the
changes in the surrounding medium’s refractive index, which
are very well suited to colorimetric sensing applications52,53

with negligible optical losses. Sensitivity also benefits from
utilizing a grating with sharp features, owing to the high
localization of the electromagnetic fields around these
regions.54 The problem with GMR-based devices that utilize
one-dimensional (1D) gratings as their coupling element is
sensitivity to incident-light polarization.49,55,56

In the present paper, we propose a novel design that utilizes
a two-dimensional subwavelength grating-waveguide structure
to excite its GMRs. We employ the finite-difference time-
domain (FDTD) method to numerically show that the
coupling of incident light to the GMRs yields perfect reflection
of light (98.7%) with 0.58 nm of full width at half-maximum
(FWHM) at 602.5 nm, under p-polarized incident light. In the
literature, the refractive-index sensing performance is fre-
quently evaluated by changing the refractive index of the entire
environment.57−64 We, however, investigated a scenario that is
closer to biosensing by considering the deposition conformal
dielectric layers (an example can be NH2 (amine) groups)
coated over the device. The highest sensitivity reached as high
as 110 nm/refractive index unit (RIU) for a biolayer thickness
of 30 nm, yielding a very high figure of merit (FoM) of 190.
Moreover, the proposed device preserves perfect reflection of
>98% at all source polarization angles as well as the spectral
position of the resonance. We then transferred these numerical
findings to the fabricated devices. The highly sensitive sensing
of adsorbed layers and change of the surrounding refractive
index are experimentally demonstrated by comparing a bare
device and two devices with 30 nm alumina (Al2O3) and zinc
oxide (ZnO) layers coated by atomic layer deposition (ALD).
These proof-of-concept devices offered a high experimental
sensitivity of 235.2 nm/RIU, with a resonance linewidth of 19
nm. Examination of samples with the naked eye showed that
each sample with a different coating has a distinct color, owing
to the high sensitivity and narrow linewidth. The samples also
preserved the reflected color upon 90° of rotation, so
insensitivity to incident-light polarization is also verified.
Excellent agreement is obtained between the numerical and
experimental results in terms of the spectral position of the
resonances and sensitivity. The spectral tunability of the
resonances is shown numerically by changing the key
geometrical parameters of the device. We first elucidate the
resonance mechanism in an optimized grating-substrate
structure. We then demonstrate the polarization insensitivity
and sensing performance of the device and scrutinize the effect
of geometrical parameters on the figure of merit of the device.
Finally, we present the experimental results for the fabricated
devices.

■ RESULTS AND DISCUSSION
Exciting Guided-Mode Resonances of a Grating-

Waveguide Structure with Polarization Insensitivity.
Our proposed device in Figure 1a is designed to excite the
guided modes of a unique two-dimensional, subwavelength,
periodically modulated, high-refractive-index silicon nitride

(Si3N4) waveguide core. Due to the introduced periodicity in
this structure, it additionally exhibits properties of a grating
and essentially a phase-matching coupler element.44,49 This
grating-waveguide structure (GWS) is supported by a quartz
(SiO2) substrate. We call this design Device I. The near-
absolute polarization-insensitive hexagonal unit cell is based on
our group’s previous study on ultra-narrowband perfect visible
light absorption in monolayer graphene65 and wideband
plasmonic light absorbers.66 Figure 1b illustrates the details
of our novel 2D subwavelength grating from the top view. Two
dielectric layers and the excitation conditions are shown from
the side view in Figure 1c. The critical design parameters in
determining the spectral position of GMRs are the thickness of
the grating region tSi3N4

, the periodicity P of the unit cell in the
y direction, and the width of each grating stripe w.
To investigate the spectral response of Device I, we utilize

finite-difference time-domain simulations. Details of the
simulation setup are outlined in the Experimental Section.
First, we set the geometrical design parameters tSi3N4

, P, and
w to their optimum values of 460, 450, and 60 nm,
respectively. We then looked at the amount of power that is
reflected or transmitted from Device I to gain insight about the
resonance excitation. The simulation result in Figure 1d shows
a sharp guided-mode resonance manifesting itself as a peak in
reflection (98.7%) and a dip in transmission at 602.5 nm. The
absorption due to the dispersion of dielectrics is negligible but
not zero, which is why reflection cannot fully reach 100%. The
same simulation is also performed by changing incident-light
polarization from p to s polarization (E-field is now polarized
in the y direction), and the result is shown in Figure 1e.
Comparing these figures, the most important observation is
that the spectral position of the resonance and the reflection
intensity at resonance are almost identical, owing to the unit
cell. The physics governing the excitation the GMRs is
explained in detail in the Supporting Information.
To discern the resonance behavior, we plotted the electric

and magnetic field (E-field and H-field) profiles at two
different wavelengths, namely, when Device I is off-resonant or
on-resonant. We demonstrate a comparison of the fields for
these two situations in Figure 1f−i. These figures clearly
indicate a strong field enhancement and the localization of
both fields inside the GWS region. Both fields are enhanced
close to 3 orders of magnitude with respect to the incident
light. It is the strong field localization and the large optical
energy stored in the waveguide core that are responsible for
the very small linewidth of the GMR. The electric field and
magnetic field profiles in Figure 1f,h, respectively, imply that
the fundamental mode of the slab waveguide is excited. This is
entirely expected because of the relatively small thickness of
the waveguide core region with respect to the wavelength,
tSi3N4

/λ, as the excitation of higher-order modes of a waveguide
requires larger core thickness.56,67

Another intriguing feature of GMRs is their Fano lineshape.
It emerges because of the interaction between the sharp
resonance channel and the broad radiation continuum.68 The
subwavelength nature of the grating results in only zeroth-
order diffracted wave to propagate, while all other diffracted
orders are evanescent. Therefore, the incident wave is coupled
evanescently to the guided mode.
We now concentrate on the polarization insensitivity of

Device I. We explained the reasoning behind using the
hexagonal 2D unit cell to achieve polarization insensitivity
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explicitly in our early works.65,66 Briefly, the idea behind
achieving polarization insensitivity is to come up with a unit
cell whose interaction with the incoming E-field changes as
little as possible for all polarization angles. This is equivalent to
stating that the E-field with a fixed polarization angle has to
“observe” the same unit cell upon rotating the latter arbitrarily.
By doing so form birefringence,69 and the different excitation
conditions between the TE and TM Bloch modes defined by
the periodicity of the structure56 are minimized, which are the
main reasons why 1D gratings are polarization-sensitive.
To compare the unit-cell Device I with the devices using 1D

grating, we kept the polarization angle of the incident wave at
ϕ= 0° and rotated both unit cells for 0, 30, 60, and 90°. The
result of this comparison is shown in Figure 2a. From Figure
2a, it can be seen that our hexagonal unit cell has 60° of
rotational symmetry, while the 1D grating has different unit
cells for all polarization angles. The hexagonal unit cell is in
different orientations for the 0 (60°) and 30° (90°) cases, but
the interaction of the E-field with the unit cells is nearly
identical (see the Supporting Information of ref 65 for a more
detailed discussion). We examined the polarization insensi-
tivity of Device I in more detail by sweeping the polarization
angle of the source from 0 to 90°. The result in Figure 2b
clearly demonstrates that Device I preserves almost constant
reflection at a nearly fixed spectral position.
Refractive-Index Sensing with the Proposed Device.

Our discussion of the guided-mode excitation and its
theoretical treatment in the Supporting Information also
points out the fact that the propagation constant of the guided
mode β and therefore neff strongly depend on the refractive
indexes of the GWS and the superstrate regions. To analyze
this, we consider a scenario where an aqueous or gaseous

solution containing target analytes is delivered over Device I
with the help of a microfluidic channel. The accumulation of
the target analytes on the surface will change the refractive
indexes nsuper and nw, where the latter can be thought as a
weighted average of nSi3N4

and the background refractive index.

Since β is a constant under fixed grating periodicity, the
resonance wavelength is shifted, from eq S5. This wavelength
shift can be directly related to the addition of the biolayers, and
Device I can be calibrated differently for different relevant
molecules. The small changes in the properties of the dielectric
medium can be read if the sensor has large sensitivity values.
The shift of the resonance wavelength is usually quantified in

the literature by altering the entire refractive index of the
simulation region.57−64 The possible downside of this method,
however, is that the target molecules are typically confined to a
very thin region that may be smaller than the decay length of
the guided mode in the superstrate. In such a case, the optical
fields are not decayed to negligible values in the air region
above the biolayer. Therefore, if the biolayer refractive index is
assigned to the entire superstrate region, including air, these
optical fields now interact with nbio, instead of air, and shift the
GMRs considerably. As a result, the interaction of the optical
fields with the superstrate is overestimated compared to its
actual (air on top a thin biolayer) case. This causes the shift of
GMRs to be significantly larger than their true values.
Consequently,the accumulation of target analytes can be
analyzed better by regarding them as a thin deposition layer
on the GWS and treating sensitivity as a function of biolayer
thickness. Only if the biolayer thickness is much thicker than
the decay length of the guided mode can nbio be safely assigned
to the entire simulation region.

Figure 2. Achieving near-absolute polarization-insensitive refractive-index sensing in Device I with the 2D grating. (a) Comparison of the unit cells
of Device I and the design incorporating 1D grating under different rotations. (b) Reflection map of Device I for the polarization angles spanning
from 0 (p, TM-polarization) to 90° (s, TE-polarization). (c) Device II with the adsorbed biolayer. Spectral shift of the guided-mode resonance
depending on the (d) refractive index nbio and (e) thickness tbio of the biolayer.
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To measure the sensitivity of Device I, we modeled the
biolayer as a dielectric film, deposited as a conformal layer over
Device 1. Device I with the attached biolayer is called Device
II, which is shown in Figure 2c.
To evaluate sensing, we initially fixed the biolayer thickness

tbio as 30 nm while varying its refractive index nbio. The shift of
the GMR peak in Device II is presented in Figure 2d. By taking
the largest spectral shift of the GMR Δλ, the maximum
sensitivity57−64 (Smax) of Device II is found as Smax = Δλ/Δn =
(665.53 nm − 654.55 nm)/(1.7 − 1.6) = 110 nm/RIU. Based
on Figure 2d, Smax is obtained between S4 and S3 cases, that is,
between nbio = 1.6 and nbio = 1.7. For our proposed device, it is
observed that, as the biolayer refractive index gets larger, it
becomes more sensitive. This is expected because of the
following reason. Under the fixed fill factor of GWS with Si3N4,
the biolayer with a larger refractive index has a higher influence
on nw, nsuper, and consequently neff, even if it has a constant
thickness.
To examine how changing biolayer thickness tbio affects the

performance of Device II, we considered S3 and S4 cases, and
the results are shown in Figure 2e. Two important observations
can be made from Figure 2e. First, as tbio is increased, the
GMRs continue to shift for constant nbio due to the increased
interaction of optical fields with the biolayer. At the same time,
as the biolayer gets thicker, the GMRs shift more for the same
Δn value of 0.1. This is because a thicker biolayer has a greater
fill factor and again a higher influence on nw, so Device II
becomes more sensitive and can have larger Smax values when a
thicker biolayer are attached on it.
With a calculated sensitivity (S) value of 110 nm/RIU and

an FWHM of 0.58 nm, the figure of merit of our sensor
reached as high as FoM = S/FWHM = 190. We also observed
that the resonances get narrower as the biolayer refractive

index is increased. This is also expected by the coupled mode
theory,44 which found that the linewidth is proportional to the
difference between the dielectric permittivities of the grating
material and the surrounding medium Δϵ.
We close this subsection by pointing out that the attachment

of biological analytes may also change the geometrical
dimensions that may shift the resonance frequency. Therefore,
biosensing is realizable by Device I in addition to refractive-
index sensing as outlined up to now. To point out an
important design consideration, however, in refractive-index
sensing, the overlap of the electromagnetic mode outside the
guiding layer should be maximized to resolve all of the changes
in the superstrate. Conversely, in biosensing, this overlap
should only cover the ultrathin layer that the analytes attach
to.11,70 As another possible application, the biolayer thickness
dependent shift of the resonance wavelength, under constant
nbio, implies that this shift can be measured as a function of
time to quantify the binding kinetics. These applications are an
ongoing study at the present time.

Technological Tolerances of the Proposed Device
and Effect of Geometrical Parameters on GMR Proper-
ties and Sensing Performance. The results and discussion
up to now have demonstrated that GMRs can be excited when
the phase-matching condition is satisfied; that is, one of the
evanescent diffracted order can be coupled to one of the
guided waveguide modes. Although the waveguiding effects on
the Bloch modes49 of the periodically patterned waveguides are
complicated, we can still have a solid understanding on how
the spectral position of GMRs and the sensing properties of
Device I and Device II depend on the structural parameters
tSi3N4

, P, and w.
To start with the spectral position of GMRs, eqs S5, S6, and

S7 show that it strongly depends on the effective refractive

Figure 3. Dependence of the reflection spectrum and the refractive-index sensing properties of Device I on the structural parameters. Reflection
spectrum of Device I under varying (a) grating thickness tSi3N4

, (c) unit cell periodicity in the y direction P, and (e) width of each stripe w. When

changing one parameter, we kept the other parameters at their optimum value. FWHM, sensitivity, and FoM of Device II when (b) tSi3N4
, (d) P, and

(f) w are changed. FWHM is measured for Device I without the biolayer attachment, while sensitivity is measured for Device II by comparing the
S3 and S4 cases, with tbio = 30 nm. In the unit cell periodicity sweeps, the width of grating is kept as w P2

15
= . All results are taken with the p-

polarized incident wave.
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index neff of the guided mode if we regard GWS as an
asymmetric dielectric slab waveguide. This is done by
considering the GWS as a medium with an effective dielectric
permittivity.56,71 For the linewidth of the resonance, one can
resort to the coupled mode theory, a multiple-interference
model based on the geometrical ray picture, or the quality
factor (Q factor) of a standard waveguide.44−46 For our
analysis, we will employ the findings of the coupled mode
theory,44 which states that, in addition to Δϵ, the linewidth is
proportional to the thickness of the grating tSi3N4

but inversely
proportional to the propagation constant of guided mode β.
The sensitivity, especially when the biolayer is a very thin layer,
depends on the spatial extent of the mode and its overlap with
the biolayer.11,70 This is controlled by the evanescent decay
length of the guided mode in the superstrate region and thus
neff again.
Equations S6 and S7 clearly show that neff is determined

primarily by normalized core thickness tSi3N4
/λ and its average

refractive index nw. Significantly, the modes with higher β and
neff are confined more tightly to the core, and the optical fields
have smaller evanescent decay lengths in the substrate and
superstrate regions. This has two critical implications. First,
this smaller decay length associated with larger neff results in
the less overlap of optical fields with the adsorbed layer and
poorer sensing performance. Second, the linewidth is reduced
because of increasing β. This highlights the fundamental
tradeoff between the two key parameters defining the
performance of a sensor, namely, linewidth and sensitivity.
While a small linewidth requires a guided mode with a large Q
factor and hence large β, sensitivity necessitates a strong
interaction of the optical field with the superstrate medium and
thus a mode with looser confinement, larger leakage, and
smaller neff. With this treatment of Device I and Device II, we
will now explain the dependence of the abovementioned
features on the physical dimensions.
In Figure 3a, we show how the thickness of Si3N4 GWS tSi3N4

affects the spectral response of Device I. The thickness of the
waveguide core has a strong influence on neff, as shown in eqs.
S6 and S7, so it also has a large impact on the spectral position
of resonance under a fixed grating period, as in eq S5. It is clear
from Figure 3a that the spectral position of GMR changes
almost linearly with tSi3N4

. This makes the GMRs easily tunable
to the application-at-hand but also prone to fabrication
inaccuracies. In addition, as tSi3N4

is increased, neff increases
56,65

as well as the Q factor of the guided mode,44 so we see a
decrease in the linewidth. Indeed, in Figure 3b, we plotted the
variation of Device II’s sensing parameters with the thickness
of GWS, and the linewidth steadily decreases, as tSi3N4

increases.
However, the sensitivity of the sensor suffers due to the smaller
interaction of the guided mode with the biolayer. Nevertheless,
as tSi3N4

increases, the decrease in FWHM outweighs the
decrease in sensitivity, so FoM improves. However, increasing
this thickness too much may obstruct or prevent the
fabrication of the design because it may prevent the lift-off
process or if the device is to be fabricated with etching, the
long exposure time to the etchant would also make the sharp
features rounded,72 and the electromagnetic hotspots may be
lost. Decreasing the thickness too much, on the other hand,
may result in the cutoff of the mode.
The next parameter that we modified is the periodicity P of

the unit cell. The reflection map shown in Figure 3c indicates

that the resonance wavelength changes linearly with the unit
cell periodicity, but the effect on neff is opposite to that of
tSi3N4

.To illustrate, while increasing tSi3N4
under fixed P increases

neff, increasing the periodicity under fixed tSi3N4
decreases β and

neff, from eq S3. Its effect on the sensing parameters is plotted
in Figure 3d, and they are in agreement with our reasoning by
neff. Device II with a larger unit cell period has large sensitivity
and large bandwidth due to a more loosely confined mode,
while the opposite is true for small periodicity. As the period
gets smaller, the figure of merit is again dictated by the
decrease in the linewidth as opposed to the decrease in the
sensitivity. Lastly, the linear dependence of the resonance
position on the periodicity gives Device I great tunability but
also sensitivity to fabrication imprecisions. Decreasing the
periodicity too much can give Device II a very large FoM at the
cost of a more strenuous electron beam lithography step while
fabricating the grating. Increasing the periodicity too much
may cause GMR to disappear due to decreased β and neff, from
eq S5.
Finally, we examined the effect of the width of each stripe w

of the 2D GWS and obtained the reflection map in Figure 3e.
We divide our analysis into two in this section: w above 60 nm
and w below 60 nm. For the former, we observed that, as w is
increased beyond the mode cutoff, it causes the red shift of the
resonance wavelength. Additional higher-order modes also
start coupling to the waveguide, as it is increased even further.
All of these can be explained by considering the fill factor of
the grating material, and the resultant average refractive index
of the GWS.49,56 Increasing w increases the fill factor of Si3N4
with respect to the superstrate, so the GWS assumes a larger
average refractive index nw. Based on the asymmetric dielectric
slab waveguide theory,56,67 this allows the waveguide to
support more modes and increases the effective mode index neff
of existing modes. Therefore, eq S5 requires the red shifting of
resonance wavelength because β is a constant under the
constant grating period P. The increased mode confinement
causes a decrease in the linewidth, as shown in the right-half
portion of Figure 3f. For the sensitivity, increasing the width
too much is very detrimental because not only the fill factor of
the superstrate material and thereby its weight in nw decrease
but also the spatial overlap of the guided mode with the
superstrate reduces. The decrease in sensitivity with increased
w is clearly visible in the right-half portion of Figure 3f. This
region offers an interesting possibility for sensing, however.
Instead of measuring the wavelength of a single GMR, one can
look at the difference of the spectral positions of two
resonances. This would eliminate the effect of noise sources,
as their effect is common in both modes.
When w is too small, the guided mode proceeds toward the

mode cutoff, and it eventually cannot be supported anymore,
as the bottom portion of Figure 3e shows. Interestingly,
however, this region offers a very small linewidth, although the
mode is loosely confined to the core. This can be understood
by considering the limiting case where GWS acts as a grating,
but nw of the waveguide is exactly equal to the larger one of
nsuper and nsub. In such a case, the linewidth tends to go to
zero.73 The small width of each stripe also means that the
weight of the background material will be very prominent on
nw and the sensitivity will be greatly improved. Both small
bandwidth and large sensitivity promise ultrahigh FoM as the
left-half portion of Figure 3f shows. Although this region
appears ideal for refractive-index sensing, it also has the largest
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intolerances to the fabrication errors because slight flaws can
cause losing the entire GMR phenomenon.
To wrap up, the geometrical parameters should be

determined based on the main requirement of the
application-at-hand, that is, whether a small linewidth or
large sensitivity is desired, because improving one tends to
diminish the other. For the figure of merit, it should be
remembered that targeting small FWHM outweighs targeting
large sensitivity. In general, a device that is more tolerant to
fabrication inaccuracies will offer more sensitivity instead of a
small linewidth.
Fabrication and Characterization of the Proposed

Guided-Mode Resonance Based Nanosensor. The
numerical results up to now have demonstrated that
colorimetric and near-absolute polarization-insensitive sensing
of the changes in the refractive index of the surrounding
medium is possible in a lossless, all-dielectric nanosensor,
owing to the excitation of guided-mode resonances. As a proof
of concept, we fabricated the proposed device with the
procedure outlined in the Experimental Section. To investigate
refractive-index sensing, the bare sample is compared with two
other samples on which 30 nm of Al2O3 and ZnO are coated
with ALD. ALD is preferred because it best imitates the
attachment of target analytes by producing uniform, conformal,
and pinhole-free layers with very high thickness precision.
Figure 4a shows the top-view scanning electron microscopy
(SEM) image of the patterned, bare nanosensor. In fabricating
the proposed device, P is set constant at 460 nm, while w is
chosen as 100 nm, in an effort to increase the tolerance to the
fabrication inaccuracies. tSi3N4

is chosen as 150 nm in order not
to excite higher-order modes of the waveguide. In finding the

transmission spectrum, a custom-made optical setup, whose
details are given in the Experimental Section, was used. Figure
4b shows the schematic diagram of the optical setup. The
slight adjustments we have made in the FDTD simulation
setup to better model the experimental conditions are outlined
in the Experimental Section.
In our initial set of experiments, we characterized the bare,

alumina-coated, and ZnO-coated samples under p-polarized
light. The experimental transmission spectra for these devices,
compared with their corresponding FDTD simulations, are
given in Figure 4c. The results in Figure 4c show that the
resonance positions of all the samples are in good agreement
with the numerical results, but the experimentally measured
resonances are broadened and have larger dip magnitudes.
This is primarily because of the following: in the FDTD
simulations, we utilized perfect and infinite periodicity of a unit
cell, imported from Figure 4a. In reality, however, there are
slight variations between the individual hexagonal unit cells,
and the number of them is finite. These perturbations, that is,
deviations from ideal conditions, contribute to more leakage of
the guided mode, which in turn broadens and weakens the
resonance. Similar to our discussion in the numerical part, the
linewidth is observed to be the narrowest when Δϵ is the
smallest. Indeed, the best FWHM is observed for ZnO-coated
samples, and it is 22.1 nm. As aforementioned, the position of
the resonances and their shift with changing background are
mainly controlled by the fill factor of the grating material, and
there is perfect agreement with the numerical and experimental
results. The shift of resonances is investigated further in detail
in Figure 4d to determine the sensitivity. The resonance shifts
between larger nbio materials (Al2O3 and ZnO) are higher, as
also observed in the numerical analysis. The maximum

Figure 4. Fabrication and optical characterization of the proposed nanosensor. (a) Top-view SEM micrograph of the fabricated bare device. (b)
Schematic diagram of the optical characterization setup. (c) Experimental transmission spectra for the bare, Al2O3-coated, and ZnO-coated devices
under p-polarized incident light. (d) Shift of the excited GMRs. (e) Experimental transmission spectra for the bare, Al2O3-coated, and ZnO-coated
devices under s-polarized incident light. (f) Insensitivity of fabricated devices to incident-light polarization by comparing the excitation wavelengths
of GMRs under p- and s-polarized light for each device. In panels (c) and (e), the spectrum of each device is connected to their associated optical
microscope image.
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experimental sensitivity of our proposed all-dielectric nano-
sensor is recorded as Smax = Δλ/Δn = 49.5 nm/(1.983 −
1.778) = 241 nm/RIU, which is comparable to its plasmonic
counterparts. Next, we performed the same set of experiments
with s-polarized light, and the experimental results are plotted
in Figure 4e. The results and discussion are similar to the p-
polarization case. In the s-polarization case, however, the
resonances all have smaller linewidths and smaller dip values.
The smallest linewidth is reached as low as 19 nm, while the
maximum sensitivity is measured as Smax = 235.2 nm/RIU.
Similar to the previous numerical results, the decrease in the
linewidth predominates the decrease in sensitivity. The
satisfactory experimental figure of merits of 10.9 and 12.3 are
obtained for p-polarized and s-polarized incident radiation,
respectively.
For practical settings, the observation of the samples with

the naked eye is of paramount importance. In our observed
nanosensor devices, we observed clearly distinguishable color
differences between different samples (of only 30 nm adsorbed
layer), as in Figure 4c,e, by merely using a simple optical
microscope. The nearly identical color of the samples is an
indication of insensitivity to the polarization of incident light,
which is verified quantitatively by comparing the transmission
spectra of the samples under p- and s-polarized incident light.
The results are demonstrated in Figure 4f where it can be seen
that the bare samples have nearly the same resonance position,
whereas for the coated samples, the difference between peak
positions is only 2 nm. As a result, colorimetric and near-
absolute polarization insensitive detection of ultrathin layers of
adsorbed molecules is verified by using minimal instrumenta-
tion. This makes our proposed device highly applicable to
point-of-care personal diagnostics and field analyses.

■ CONCLUSIONS

In conclusion, in this paper, we analyzed and experimentally
confirmed the highly sensitive measurement of adsorbed layers
and the change of the surrounding medium’s refractive index
numerically. Colorimetric detection and near-absolute insensi-
tivity of the proposed design to the polarization incident light
are verified. Our novel 2D subwavelength periodically
modulated grating structure also acts as a waveguide to
support the guided modes. The interaction of absorbed layers
with the guided mode within the evanescent decay length of
the mode results in the shift of the resonance wavelength.
Numerically calculated linewidth of the resonance of 0.58 nm
and a maximum sensitivity of 110 nm/RIU resulted in a very
high figure of merit of 190. A design that is more tolerant to
fabrication inaccuracies is fabricated, and the maximum
sensitivity reached as high as 235.2 nm/RIU while the
linewidth is measured as 19 nm. Perfect agreement of
resonance positions and their shift is obtained between
experimental results and numerical simulations. The perform-
ance of our nanosensor can be improved even further and/or
adapted to different scenarios by the physical laws and
explanations outlined in this paper, at the cost of a more
cumbersome fabrication route. Overall, our simple yet robust
and easy-to-fabricate device holds great promise in many areas
such as biomedicine with less invasive and point-of-care
therapies, drug detection, and contamination control.

■ EXPERIMENTAL SECTION

Fabrication of the Nanosensor Device. For the
fabrication of the samples, first, a typical commercial square-
shaped quartz substrate with 144 mm2 area was cleaned with
acetone, isopropanol (IPA), and deionized water and then was
dried with N2 flow, to be used as a substrate. The surface was
further treated using oxygen plasma for 5 min before starting
the deposition of thin films. First, a 150 nm thick Si3N4 layer
was coated by using a plasma-enhanced chemical vapor
deposition system (SAMCO). This process was carried out
with SiH4, NH3, and N2 flow rates of 160, 6, and 500 sccm,
respectively, at a temperature of 275 °C, RF power of 130 W,
and pressure of 75 Pa. Electron beam lithography (RAITH E-
Line Plus) was employed to fabricate the hexagonal grating
unit cell, with the ZEP520A resist. Electron beam exposure was
then performed with a beam writer at an accelerating voltage of
30 kV, aperture size of 7 μm, working distance of 6 mm, and
beam current of 22 pA. To obtain our desired dimensions, we
used an exposure dose of 60 μC/cm2. After the exposure, the
samples were developed at room temperature by utilizing
xylene solution for 4 min followed by immersion in IPA for 30
s. Then inductively coupled plasma reactive-ion etching was
performed (SAMCO) with the following etching conditions:
flow rates of SF6 and argon at 4 and 20 sccm, respectively, and
at an RF power of 10 W and pressure of 0.6 Pa. The ZEP resist
was subsequently stripped by an ultrasonic bath in NMP at 50
for 15 min. Figure 4a shows the hexagonal grating pattern with
P = 460 nm and w = 100 nm.

Optical Characterization. A custom-made optical setup
was used for the transmission measurements of the samples.
The setup comprised a spectrometer (OceanOptics-
USB4000), a personal computer (PC), and a xenon light
source (Spectral Products ASB-XE-175). Light was transmitted
by a multimode optical fiber to a lens that illuminates the
nanosensor through a collimating lens. In between this lens
and the input, the light was polarized by a mounted linear
polarizer with indexed rotation (Thorlabs RPS1X15). Colli-
mated and polarized light was focused onto the sample by a
focusing lens, then transmitted through the biosensor, and
collected by the imaging lens. The image was projected onto
an aperture that enables only the signal from the selected
region of the sample being measured to be transmitted.
Another focusing lens coupled this signal to the collection
fiber. The spectrum was then measured by the spectrometer.
The dispersion effect of the dielectric layers mentioned in this
paper was determined by a J.A. Woollam Co. Inc. V-VASE
ellipsometer, and they were in good agreement with the
models based on the Sellmeier equation.74 These optical
constants were input to the numerical simulations.

Numerical Simulations. In the FDTD simulations, we
illuminated the unit cell with a broadband plane-wave at
normal incidence whose electric field is polarized in the x
direction (ϕ = 0, p-polarization), as in Figure 1c. In the x and y
directions of the simulation region, we used periodic boundary
conditions, while in the z direction perfectly matched layers
were adopted and they were placed 4 wavelengths away from
the structure. We used two monitors that are an adequate
distance away from the structure to find the reflected (R) and
transmitted (T) power, normalized to the incident power. In
simulating the fabricated devices, all of the FDTD simulations
were performed by importing the SEM image of the structure
in Figure 4a to the Lumerical FDTD solver software75 and
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defining it as the top layer. The biolayer was defined as shown
in Figure 2c with a biolayer thickness tbio of 30 nm. All of the
structures were modeled with rounded top edges and a radius
of curvature of 10 nm.
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