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Abstract:  Using finite-difference time-domain method, we investigate
photonic crystal slabs consisting of spherical voids or silica beads embedded
into a dielectric slab as bio-chemical sensors. We study the dependence of
the spectral position of guided-mode resonances on the refractive index
of a dlab material. The most sensitive design is based on voids filled with
analyte. We also study the effects of the slab and analyte thicknesses
on guided-mode resonance properties. We eventually demonstrate an
aqueous analyte sensor with high sensitivity at visible wavelength as
electro-magnetic energy distribution in some guided-mode resonances can
be strongly localized in the analyte region.
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1. Introduction

The ability to detect small changesin the refractive index of abiological analyteisvery impor-
tant for the fundamental studiesin biological and chemical sciences, aswell asapplicationssuch
as point-of-care diagnostics and defence. Various label-free biosensor technologies utilizing
micro-mechanical systems, surface plasmon resonance excitation, > as well as guided-mode
resonance effects*3! have been recently developed with amain goal of reducing measurement
complexity, increasing sensitivity and reducing cost. Furthermore, miniaturization of biologi-
cal analysis systems makes the detection system portable, which is of particular interest for the
bio-medical and defence sectors.

In this respect all-dielectric photonic crystal (PhC) bio-sensors operating on the principles of
guided-mode resonance*3! promise great potential by offering high degree of miniaturization
and high sensitivity. In a typical implementation of such a sensor, PhC dlab is designed as to
exhibit resonant transmission (or reflection) when illuminated perpendicular to the plane of a
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dab.?>3! As was demonstrated in,6 1118 when a plane wave with a frequency of a guided-
mode resonance is incoming onto a PhC slab, such a wave excites along living radiative state
localized within a PhC. Resonant frequency of such a state is typically highly sensitive to the
geometrical and material parametersof a PhC slab, whichisaprincipal reason for utilizing such
resonances for sensing. Practically, sensing is performed via detection of the spectral shiftsin
the peak positions for small changes of a measurand.

In particular, for the PhC sensors featuring a square lattice of holes etched in a thin di-
electric dab, theoretical studies of a spectrum of resonances as a function of the lattice con-
stant and the slab thickness were reported in. 1318 Later, Levi et a.?*3! have presented opti-
cal characterization of a PhC slab sensor using guided-mode resonances, and sensitivities of
AA /An =130 nm/RIU around 816 nm were reported. This particular choice of a sensor geom-
etry was motivated by the capabilities of an e-beam lithography technique that was used to
fabricate the sensor prototype.

In this paper, we report several sensor designs based on PhC slabs consisting of either a
monolayer of atriangular lattice of silica beads embedded into adielectric slab placed on top of
asubstrate (seeFig. 1(a)), or, alternatively, spherical voidsembedded into adiel ectric suspended
ononesideinair (see Fig. 1(b)). We then characterize the sensitivity of the guided-mode reso-
nances in such systems to the changes in the refractive index of analyte covering the PhC slab.
Our work is motivated by recent progress in the field of PhC fabrication by self assembly of
sub-micron spheres followed by backfilling of the inter-sphere voids, and optional subsequent
etching of the spheres. To our knowledge, effects of structure parameters on guided-mode res-
onances in such structures have not yet been reported. Moreover, we find that sensitivities in
the spherical voids structures can be several times as high as in the case of classical PhC slabs
featuring a square array of cylindrical holes.

Thework is organized as follows. In Section 2 we begin with a description of the simulation
model and method. Study of the reflection spectra of various PhC slabsis presented in Section
3. Section 4 is devoted to the parameter optimization. The optimal slab thickness and effect of
the analyte thickness on sensor sensitivity are discussed.

2. Simulation model and method

In this paper we make simulations for the two types of structures related to the experiments
currently in progress in our laboratories. For the fabrication of both structures one starts with
a self-assembled hexagonally close packed monolayer of silica beads on silicon substrate. The
interstitial region between the beads can then be infiltrated with another material (silicon nitride
in our case), which we refer to later in the paper as the slab material. As alast step, the whole
structure can finally be terminated with a small cap of the same material as used for infiltration,
thus resulting in a structure shown in Fig. 1(a). To create the second structure, one starts with
a structure of Fig. 1(a) and then selectively removes the silicon substrate, and after that silica
beads, thus resulting in an inverted structure shown in Fig. 1(b).

Our simulations are performed by the Meep implementation of the finite-difference time-
domain (FDTD) method.3? Figure 1 shows the computation domains that were constructed to
calculate the normal incidence reflection spectra. The cyan, red, black and blue, respectively,
denote the liquid, silica beads, substrate and dielectric slab material. All the feature sizes are
defined in terms of a lattice constant a. The bead radius in a hexagonally close packed lattice
isr = 0.5a. The liquid above beads can be finite or infinite. The refractive index of liquid is
taken to be in the vicinity of 1.3. The refractive index of silica used in this article is assumed
to be 1.45. For the substrate, a general value of 3.2 is taken (case of semiconductor) and the
absorption is neglected for simplicity. Unless stated otherwise, the cap above the monolayer of
beads has asizet = 0.4a, and is of the same materia as the one used for filling the inter-bead
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Fig. 1. Schematics of photonic crystal slab sensors based on guided-mode resonances. The
area surrounded by yellow dash line denotes asingle crystal unit cell. (a) Monolayer silica
beads (red) inside a dielectric slab (blue) on substrate (black). The cyan denotes liquid
analyte. (b) Monolayer analyte-filled spherical voids (cyan) inside a dielectric dab (blue).
(c) Cross section of structuresin (@) and (b) in the xy plane.

spacing.

The computation domain includes a single crystal unit cell as shown in Fig. 1(c). On the
surfaces which are perpendicular to the z direction, we impose the Perfectly Matched Layer
(PML) absorbing boundary conditions. For the remaining four surfaces, we impose a Bloch
periodic boundary condition. The incident source is a Gaussian pulse source placed at a plane
perpendicular to the z direction and the light propagates along the z direction. The electric
field of the source is polarized along they direction, although similar results (not reported) are
obtained for the other polarization. In simulation we use the normalized frequency which is
always specified in units of 2rc/a, that is, a/A. ¢ is the light velocity in the free space and
A is the wavelength. In order to get normal-incidence reflection coefficient (the reflected flux
divided by the incident flux), we perform two simulations, one with and another without the
PhC slab (for the details of the method see the Meep manual %2).

3. Simulation and analysis

3.1. PhC slabs containing silica beads

First we consider reflection spectra of PhCs featuring silica beads (Fig. 1(a)) embedded into a
dielectric dab. In our simulations we vary the refractive index of a slab material from 1.1 to
3.3 (blue areain Fig. 1). Using the computational setup as described above, we calculate the
reflection spectra of the structure displayed in Fig. 1(a). The results are shown in Fig. 2. The
solid blue and dashed green curves are, respectively, for the two values 1.30 and 1.33 of the
analyte refractive index. Difference between these two curvesis an indicator to the sensitivity
of the reflection spectrato the changesin the analyte refractiveindex. Figure 2 shows that there
are no guided-mode resonances for PhCs with the slab material of small refractive index (eg:
n=1.11.3,15), dueto asmall refractive index contrast between the beads and the slab. For
a strong refractive index contrast, however, the guided-mode resonances start appearing in the
reflection spectrum. One also observes a sizable spectral shift of the resonance peaks for the
two different values of the analyte refractive index. For example, from Fig. 2 it follows that
if the diameter of beads is 500 nm, then for the slab refractive index 2.1 the shift of the first
resonance peak is 1.9 nm for the 0.03 RIU change in the analyte refractive index (solid blue
and dashed green curves) which yields the sensitivity of A4 /An =63 nm/RIU at the operation
wavelength of ~ 820 nm. It istypically asafe assumption that a0.1 nm changein the position of
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aresonance peak can be detected reliably, which leads to asensor resolution of 1.5 x 10 3 RIU.
Such value is, however, quite standard for many medium-resol ution refractive index sensors.
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Fig. 2. Reflection spectra from the PhCs featuring silica beads inside a dielectric slab for
the various values of slab material refractive index (from 1.1 to 3.3). Solid blue and dashed
green curves are respectively for the 1.30 and 1.33 values of the analyte refractive index.

Apparent reason for such alow sensitivity of this PhC slab sensor design is in strong local-
ization of the electromagnetic field of a guided-moderesonanceinside a PhC, with only asmall
overlap with the analyte. Consequently, change in the analyte refractive index would only have
alittle effect on the electric field of guided-mode resonances and, therefore, would not affect
the reflection spectrum. In the next section we find that PhC slabs featuring analytefilled spher-
ical holes show much higher sensitivities due to improved overlap between the guided-mode
resonance field and analyte.

3.2.  PhC slabs containing spherical voids

The reflection spectra of PhCs featuring analyte-filled spherical voids embedded into a dielec-
tric dab (see Fig. 1(b)) are shown in Fig. 3. The spectra exhibit sharp resonant features when
the dlab refractive index is higher than 1.6. Moreover, the peak position of guided-mode res-
onances shifts considerably even for a small change in the analyte refractive index. Particu-
larly, in Fig. 3 solid blue and dashed green curves correspond to the PhC slab reflection spec-
tra for the values 1.30 and 1.33 of the analyte refractive index respectively. As an example,
if the bead diameter is 500 nm, for the refractive index 2.0 (a typical value of the refrac-
tive index for a silicon nitride material) the difference in the position of the third peak for
the solid blue and dashed green curves in Fig. 3 is about 7.4 nm, which defines sensitivity
AL /An = 246 nm/RIU at the operation wavelength of ~ 650 nm. This value of sensitivity is
twice as large as A4 /An = 130 nm/RIU reported in the Ref.?® With the same assumption that
a 0.1 nm change in the position of a resonance peak can be detected reliably, this leads to a
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sensor resolution of 4 x 10~ RIU. Such valueis, however, very good for a medium-resolution
refractiveindex sensor. Asit will be demonstrated shortly, improvement in the sensor sensitiv-
ity isrelated directly to the improved overlap between the guided-mode resonance field and the
analyte.
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Fig. 3. Reflection spectrafrom the PhCs featuring analyte-filled spherical voidsin adielec-
tric slab for the various values of the slab material refractive index (from 1.0 to 2.8). Solid
blue and dashed green curves are respectively for the 1.30 and 1.33 values of the analyte
refractive index.

4. Parameter optimization

In what follows we only consider PhC slabs with embedded triangular lattice of voids. We now
study the effects of the slab thickness and analyte thickness on guided-mode resonance proper-
ties. Moreover, as one typically finds severa guided-mode resonancesin the reflection spectra
of a PhC dlab we investigate why different resonances can have very different sensitivities to
the changes in the analyte refractive index. In the following simulations we fix the refractive
index of the slab material at 2.05. Experimentally, such refractive index can be realized using
silicon nitride deposition process.

4.1. Slab thickness

We start by investigating the effect of a slab thickness on guided-mode resonances. In al our
simulations we assume that analyte is infinitely extended on one side of a PhC slab as demon-
strated in Fig. 1(b). As before, we perform two simulations for the two values 1.30 and 1.33
of the analyte refractive index. Figure 4 shows the reflection spectra of five PhC slabs, each
with a different cap thicknesst (see aso Fig. 5 for afield distribution at peak 1 and peak 4
resonances). The reflection spectra exhibit a number of important features. Thus, position of
all the resonances decrease in normalized frequency as the analyte refractive index increases
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from 1.30 to 1.33. There is one resonance, labelled as peak 4, with normalized frequency close
to 0.84 (see solid blue curve in Figs. 4(c,d,e)) that displays little variation in width and spec-
tral position as the cap thickness increases from 0.2a to 0.4a, thus been resistant to fabrication
imperfections. This resonance is also narrower than others and for t = 0.2a it is far separated
from the other closest peak. Finaly, this resonance shifts more than others as the liquid index
increases from 1.30 to 1.33, thus being the most sensitive to the changes in the analyte refrac-
tive index. All these properties make operation in the vicinity of such a peak very suitable for
sensing applications.

1
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Fig. 4. Reflection spectra of five photonic crystal slabs with various cap thicknessest. Solid
blue and dashed green curves are respectively for the 1.30 and 1.33 values of the analyte
refractive index.

For thet = 0.2a design, normalized frequenciesa/A of standing resonances for such a peak
are 0.8428 and 0.8292 for the 1.30 and 1.33 values of the analyte refractive index (solid blue
and dashed green curves). If the lattice constant a is 500 nm, sensitivity associated with this
peak isAA /An = 327 nm/RIU which is even better than 246 nm/RIU demonstrated in the last
section for the unoptimized structure.

We now compare peak 4 resonance to a more common one, which we denote as peak 1
in Fig. 4 (for t = 0.2a peak 1 normalized frequency is 0.68). Peak 1 is highly sensitive to
the slab thickness, and is only moderately sensitive to the changes in the analyte refractive
index. The different sensitivity of these two resonances can be understood by considering their
correspondent electric field distributions. Thus, in Fig. 5, we plot the instantaneous values of
they components of the electric fields at peak 1 and peak 4 resonances (cap thicknesst = 0.2a,
analyte refractive index 1.30). Normalized frequencies of CW sources used to generate these
pictures are respectively 0.6835 and 0.8428. Figure 5(a) shows that the electric field of the
mode at peak 1 concentrates most of its electric field in the slab material, while alarge part of
the electric field (Fig. 5(b)) of the mode at peak 4 is concentrated in the analyte filled void and
dab/anayteinterface. Therefore, the change of the analyte refractive index affects peak 4 much
more strongly than peak 1. We have furthermore simulated distributions of the electric field at
resonancesin systems with different cap thicknesses, and confirmed that peak 4 insensitivity to
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the cap size and high sensitivity to the analyte is related to the very high content of the peak

electric field in the analyte.

& &

@ (b)

Fig. 5. Distribution of the y component of the electric field for peak 1 and peak 4 across
PhC crossection with t = 0.2a. The black line denotes the contours of the solid material. In
both cases analyte fills the spherical void, as well as the region above it.

4.2.

Effect of the finite analyte thickness

So far, we have studied sensing assuming infinitely thick analyte covering a PhC. In this last
subsection we investigate the case of an analyte of finite thickness. This scenario is of interest,
for example, when trying to minimize the volume of the analyte used, thus operating with thin
analyte films. Another interesting question is how thick should the analyte film be to result in
effectively abulk-like response of sensor.
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In order to better understand the effect of analyte thickness, in Fig. 6 we plot the reflection
spectraof a PhC slab covered with analyte of different thicknessest, (cap thicknessis constant
and assumed to bet = 0.2a). From this figure we observe that resonances with fields strongly
confined inside a PhC slab (for example, peak 1 in Fig. 6) do not change strongly their position
when analytethicknessis varied. On the other hand, resonanceswith fields having large fraction
in the analyte (for example, peak 4 in Fig. 6 with normalized frequency around 0.85 fort | =
0.2a) do change their position when analyte thickness is varied. We further plot the peak 4
position versus the analyte thicknesst, in Fig. 7, where the dashed line (normalized frequency
0.8428) denotes the peak position in an infinite analyte. From Fig. 7 we conclude that spectral
position of such a peak becomes close to its bulk position for the analyte thickness larger than
0.6a, at which peak position deviation from the bulk becomes|ess than 1%. The reason for such
a behavior it simple to rationalize. Guided-mode resonances are modes with electromagnetic
energy, generally, localized in the near vicinity of aPhC dlab. If t ) isacharacteristic penetration
depth of aresonancefield into abulk analyte, then as long as the analyte thicknessislarger than
tp, modal properties of a guided-mode resonance will stay unchanged and bulk-like.
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Fig. 7. Peak position versus normalized thickness t; /a of an analyte. The dashed line de-
notes the peak position for an infinite analyte.

To support thisargument, in Fig. 8 we present distributions of the y component of an electric
field for the peak 4 resonance for the different analyte thicknesses t;: 0.1a, 0.4a, 1.2a and
infinite thickness. First, we confirm that for any analyte thickness a significant part of the modal
energy isin the analyte. We also confirm that electric fields of guided-mode resonances decay
fast with the distance from the PhC dlab. Therefore, when the analyte thickness, for example,
exceeds 1.2a (plot (c) in Fig. 8), the outer analyte boundary does not affect field distribution
in the resonance mode. This signifies that guided-mode resonances in a system with analyte of
thicknesses larger than ~ a are similar to the guided-mode resonances in a system with infinite
analyte.

5. Conclusion

Using the finite-difference time-domain method, we investigated two resonant PhC slab sensor
designs for sensing changes in the analyte refractive index. Suggested guided-mode resonance
sensors comprise a monolayer of hexagonally closed-packed silica beads or spherical voids
placed inside of a dielectric slab. We show that the most sensitive design is based on voids
filled with analyte. In such sensors some guided-mode resonances have a substantial fraction
of their electro-magnetic energy localized in the analyte, thus enabling designs with spectral
sensitivity as high as 327 nm/RIU at 600 nm operation wavelength.
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Fig. 8. Distribution of the y component of the electric field for peak 4 across PhC crossec-
tion witht = 0.2a and various thicknesses of the analyte layer t: (a) 0.1a, (b) 0.4a, (c) 1.2a,

(d) . The black lines denote the contours of the solid material and analyte. In both cases
analyte fills the spherical void.
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