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We demonstrate higher sensitivity detection of proteins in a photonic crystal platform by including a deep subwavelength
feature in the unit cell that locally increases the energy density of light. Through both simulations and experiments, the
sensing capability of a deep subwavelength-engineered silicon antislot photonic crystal nanobeam (PhCNB) cavity is
compared to that of a traditional PhCNB cavity. The redistribution and local enhancement of the energy density by the
50 nm antislot enables stronger light-molecule interaction at the surface of the antislot and leads to a larger resonance
shift upon protein binding. This surface-based energy enhancement is confirmed by experiments demonstrating a nearly
50% larger resonance shift upon attachment of streptavidin molecules to biotin-functionalized antislot PhCNB cavities.

Optical biosensors have been widely reported for their ability to
sensitively detect various molecules including DNA, proteins, and
viruses [1,2]. While surface plasmon resonance [3] and
fluorescence-based [4] biosensors remain among the most
common optical biosensor platforms, there is increasing interest in
on-chip label-free optical biosensing platforms that are compatible
with scalable fabrication and multiplexed detection of biomolecules
[5,6]. In particular, ring resonator biosensors have been extensively
studied and commercialized for label-free detection of nucleic acid
molecules, viruses, cancer biomarkers, and various chemical
compounds [7-11]. Significant progress has been reported with
slotted ring resonators and subwavelength grating-based ring
resonators, which can achieve higher detection sensitivity than
traditional ring resonators [12-15]. Photonic crystal-based optical
biosensors have also been studied and photonic crystal nanobeam
(PhCNB) biosensors in particular offer a more compact alternative
for higher density multiplexing with the potential to realize high
sensitivity detection of biomolecules using only a small volume of
analyte delivered to the low mode volume cavity region [16-18].
Notably, most demonstrations of on-chip optical biosensors utilize
silicon or silicon nitride substrates and hence the surface chemistry
and functionalization reported on the more mature ring resonator
biosensor technology can be directly applied to PhCNB biosensors
for the detection of various biological molecules.

Previous studies have shown that deep subwavelength
engineering inside the PhCNB cavity unit cells can enhance light-
matter interaction by redistributing the electric field energy, which

could significantly improve surface detection sensitivity when such
structures are applied for biosensing applications [19-21].
However, to date, optical biosensing with deep subwavelength
engineered PhCNB cavities has not been demonstrated. This paper
focuses on how the incorporation of an antislot (i.e, 50 nm silicon
bar) into a circular PhC unit cell improves surface-based molecular
detection capabilities. Through direct comparison with a traditional
PhCNB cavity, finite-difference time-domain (FDTD) simulations
and perturbation theory calculations show an increase in surface-
based detection sensitivity for an antislot PhCNB cavity.
Furthermore, in experiment, antislot PhCNB cavities demonstrate
larger resonance shifts than traditional PhCNB cavities in a biotin-
streptavidin assay. As the minimum feature size achievable in
scalable deep-ultraviolet lithography processes for photonics
components continues to decrease [22], the development of
biosensors based on integrated photonics incorporating deep-
subwavelength engineereed PhC cavities can contribute to the
realization of a widely-accessible and highly sensitive platform for
the detection of pathogens and other biological molecules.

Similar to what we reported previously [20], and following the
deterministic design approach [23], we designed both traditional
and antislot PhCNB cavities for air mode operation with a target
fundamental resonance wavelength near 1550 nm using MIT
Photonic Bands and Anysis Lumerical FDTD simulations. The
PhCNB cavities were designed for transverse electric (TE) polarized
light. The two types of PhCNB cavities, fabricated using standard
electron beam lithography and reactive ion etching processes on
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silicon-on-insulator (SOI) wafers with a 220 nm silicon device layer,
are shown in Fig. 1a-b. The designed traditional silicon PhCNB
cavity consists of a periodic array of air holes in a silicon nanobeam.
The nanobeam width was deterministically tapered from 830 nm
at the central cavity unit cell to 690 nm at the end mirror unit cells
to form a cavity with an instrinsic quality factor near 1.5 x 10%
Fourteen tapering unit cells were included on each side of the cavity
with no additional end mirror unit cells. The radius of the air holes
was fixed at 96 nm and the lattice spacing was 360 nm. The
designed antislot PhCNB cavity incorporating circular unit cells
with 50 nm wide antislots was formed by deterministically rotating
the antislot unit cells from from 90 to 0 degrees (ie, from
orthogonal to parallel to the propagation direction) between the
central unit cell and the end mirror unit cells. The ability to change
the band structure of the PhCNB via unit cell rotation is a unique
capability of these subwavelength-engineered PhCNBs [19]. With
eighteen tapering unit cells on each side of the cavity and three
additional end mirror unit cells, the instrinsic quality factor was
near 1.5 X 10* In this configuration, the air holes had a fixed radius
of 112 nm and the lattice spacing was 360 nm.
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Fig. 1. SEM images of (a) traditional PhCNB cavity and (b) antislot
PhCNB cavity. The insets are the zoom-in images of the central unit
cell of each PhCNB cavity. (c) Electric field and (d) energy
distribution for traditional and antislot PhCNB cavities.
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Figure 1c-d shows the electric field and energy distributions in
the traditional and antislot PhCNB central cavity unit cells, which
were calculated with three-dimensional (3D) FDTD simulations.
For each type of unit cell, a TE dipole source, offset from the unit cell
center and located in air, was utilized for excitation and a field
monitor was used to record the electric field distribution and
Purcell enhancement. Periodic boundary conditions in the x-
direction and perfectly matched layers in both the y- and z-
directions were employed. Based on the minimum feature sizes in
each design, a 2 nm mesh step was used for the tradiational PhCNB
while a 1 nm mesh step was used for the antislot PhCBN. To enable

a fair comparison of the electric field distributions in the two
different unit cells, we plotted the square of the electric field divided
by the respective Purcell factor of the unit cell (Fig. 1c), which
normalized the dipole power to be equal in both unit cells. The same
procedure was carried out to normalize the energy density plots
(Fig. 1d). Consistent with prior work [19], the electric field
distribution is relatively uniform across both types of unit cells but
the energy density is significantly enhanced in the antislot by a
factor of approximately 25 compared to the energy density in the
center of the traditional PhCNB unit cell. For sensing applications, it
is most relevant to compare the energy density at specific locations
in each of the PhCNB unit cells that are accessible for molecule
attachment. Here we compare the energy density in the air region
at the sidewall of the antislot in the antislot PhCNB to the energy
density in the air region at the inner surface of the circular air hole
of the traditional PhCNB; the simulations suggest an approximately
40% enhancement for the antislot PhCNB cavity unit cell.

To better understand how the energy density enhancement
affects the performance of antislot PhCNB cavities compared to
traditional PhCNB cavities, we investigated through simulations
and experiments both bulk sensing and surface sensing
cases. For bulk sensing, we immerse PhCNB cavities in water,
which changed the dielectric environment from air to water.
For surface sensing, we carried out a biotin-streptavidin
assay. Because deep subwavelength engineering inside the PhC
unit cell redistributes energy according to electromagnetic
boundary conditions and therefore does not significantly alter
the total energy [24], it is expected that changing the
refractive index of the entire dielectric environment will lead
to a similar resonance wavelength shift for traditional and
antislot PhCNB cavities. However, for surface sensing, the
energy density at the surface plays a key role in determining
the magnitude of the resonance shift; accordingly, with a
higher energy density at the surface of the antislot compared
to the surface of the traditional PhC unit cell, itis anticipated
that the antislot PhCNB cavity will have a larger resonance
shift than the traditional PhCNB cavity for surface sensing
applications.

First, we consider the bulk sensing case. In 3D FDTD simulations,
a fundamentional TE mode source was added on the input side of
the PhCNBs and a frequency domain power monitor was added on
the output side in the y~zplane. For most of the simulation area, an
automatically generated non-uniform mesh was carried out, with a
mesh size ranging from 50 to 100 nm. The region containing the
array of holes within both the traditional and antislot PhCNB
cavities was assigned a uniform mesh size of 10 nm. As shown in
Fig. 2a, the simulated transmission spectra for both types of PhCNBs
red-shifted to longer wavelengths when the dielectric environment
was changed from air (n=1) to water (n=1.313). The fundamental
resonance of the traditional PhCNB cavity shifted by 35.5 nm while
the fundamental resonance of the antislot PhCNB cavity shifted by
39.1 nm; moreover, higher order resonances red-shifted into the
simulated spectral bandwidth in water. This result matches
expectations that an overall change in the dielectric environment
leads to similar light-matter interaction and fundamental resonance
shift for both types of PhCNB cavities. Good agreement between
simulation and experiments was found, as shown in Fig. 2b.
Transmission measurements were carried out with TE-light from a
tunable laser (Santec TSL-510), edge-coupled polarization-
maintaining lensed input/output fibers (0OZ Optics), and an optical



power meter (Newport 2936-R). The fundamental resonance of the
fabricated traditional PhCNB cavity had aloaded Q = 3000 and red-
shifted by 31.4 nm when immersed in water while the fundamental
resonance of the fabricated antislot PhCNB cavity had a loaded
Q = 3000 and red-shifted by 32.8 nm when immersed in water. The
slightly different resonance wavelengths and lower Q resonances
for the fabricated PhCNB cavities compared to the simulated PhCNB
cavities were attributed to slight differences in the designed and
fabricated dimensions and additional losses introduced during the
fabrication process. The lower Q fabricated cavities also exhibited
smaller shifts than those in simulation due to reduced temporal
light-matter interaction.
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Fig. 2. Simulated transmission spectra of (a) traditional and (b)
antislot silicon PhCNB cavities in air (blue) and water (red).
Experimental transmission spectra of (c) traditional and (d)
antislot PhCNB cavities in air (blue) and water (red). Arrows
indicate the shift of the fundamental resonance.

Next, we consider the surface sensing case. We utilized a
computationally efficient 3D perturbation approach based on
Eqn. 1 to determine the expected resonance shifts of the traditional
and antislot PhCNB cavities when molecules attach to the surface
(details provided in Supplement 1).
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The 3D FDTD simulation results for the traditional and antislot
PhCNB cavities in air presented in Fig. 2 were combined with a
similar 3D FDTD simulation carried out with a 3D volumetric index
monitor for each type of PhCNB cavity to find the initial,
unperturbed electric field distribution (| E|?) and the permittivity at
every mesh point (€) at the initial fundamental resonant frequency
(w). Different thickness layers withn = 1.46 were then added to the
PhCNB surfaces in the perturbation model to mimic the attachment
of biomolecules with an assumed 100% packing density, and the
respective change in permittivity at each spatial mesh point was
used to determine Ae [20]. As shown in Fig. 3, the perturbation
theory results demonstrate that the antislot PhCNB cavity has a

higher detection sensitivity for molecular surface capture
compared to the traditional PhCNB cavity. This result matches
expectations as the increased sensitivity is attributed to the
enhanced light-matter interaction at the surfaces of the antislot
PhCNB (Fig. 1). 3D FDTD simulations were carried out for
traditional and antislot PhCNB cavities with added surface layers of
three different thicknesses to validate the 3D perturbation theory
results; good agreeement is shown between perturbation and
FDTD results (Fig. 3). We note that the slight nonlinearity in the
relationship between the resonance shift and the surface layer
thickness is due in part to the nonlinear decrease in electric field
intensity as a function of distance from the surfaces of the PhCNBs.
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Fig. 3. Simulated resonance shifts of (a) traditional and (b)
antislot PhCNB cavity with different thickness monolayers
(n=1.46) attached on all surfaces of the PhCNBs. The dashed lines
show the computationally efficient 3D perturbation calculation and
the solid lines show guides to the eye for the discrete 3D FDTD
simulation results. The inset shows a zoomed-in region comparing
the simulated resonance shifts of the traditional (black) and antislot
(red) PhCNB cavity for 0 - 20 nm surface layer attachment.

To confirm the calculated results for surface sensing, traditional
and antislot PhCNB cavities were functionalized for the selective
capture of streptavidin protein molecules. The surfaces of the
PhCNB cavities were first oxidized with a 10 minute soak in piranha
solution. Next, the oxidized samples were soaked in 4% 3-
aminopropyltriethoxysilane solution for 15 minutes, followed by a
15 minute soak in methanol to remove unbound molecules, and
annealing for 15 minutes at 150 °C in air to promote cross-linking.
Sulfo-N-hydroxysulfosuccinimide-biotin (0.01 mg/mL) was then
introduced to the amine terminated samples and reacted for 1 hour
to anchor the biotin capture probes. Finally, the biotin-modified
PhCNB cavities were exposed to a 20 uM streptavidin solution in
deionized water for 2 hours and subsequently soaked in deionized
water for 2 hours to remove unbound protein molecules.

As shown in Fig. 4, the antislot PhCNB cavity gives a larger
resonance shift upon streptavidin binding on the sensor surface
compared to the traditional PhCNB cavity. Considering the average
resonance shift of 4 samples, the antislot PhCNB cavity sensors
demonstrate a 45% larger resonance shift, which is consistent with
expectations from the energy density enhancement near the active
sensing surfaces shown in Fig. 1. Referring to Eqn. 1, an increase in
energy desnity directly correlates to an increase in the magnitude of
the resonance shift resulting from molecular attachment. The
fundamental resonance wavelength of antislot PhCNB cavity
sensors shifts by = 2.5 nm due to streptavidin attachment while that
of the traditional PhCNB cavity sensors shifts by = 1.7 nm. If we
assume streptavidin molecules are approximately 5 nm in size, then
we find reasonable agreement with the shifts predicted by
simulations in Fig. 3, noting that streptavidin attachment is not
expected to provide a complete monolayer coverage [25]. By



comparing the experimentally measured resonance shifts to the
simulated resonance shifts for a 5 nm monolayer of biomolecules,
we estimate coverage percentages of streptavidin molecules on the
antislot and traditional PhCNB cavities to be approximately 40%
and 60%, respectively. The lower surface coverage of streptavidin
on the antislot PhCNB cavities is attributed to the more constricted
geometry inside the antislot PhCNB unit cell compared to the
traditional PhCNB unit cell, which hinders molecular diffusion and
attachment to the inner surfaces [20].
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Fig. 4. Experimentally measured transmission spectra of biotin-

functionalized (a) traditional and (b) antislot silicon PhCNB cavity

sensors before and after exposure to streptavidin protein.

In conclusion, we report improved molecular surface sensing
capabilities of antislot PhCNB cavity sensors compared to
traditional PhCNB cavity sensors. The enhanced energy density in
the deep subwavelength-scale antislot leads to stronger field-
molecule interactions in the evanescent field near the antislot. The
antislot effect that causes the field redistribution throughout the
unit cell and enhancement in the antislot, as shown in perturbation
theory calculations and FDTD simulations, is experimentally
validated by the demonstration of the similar bulk sensing
sensitivity but enhanced surface sensing sensitivity of the antislot
PhCNB compared to the traditional PhCNB cavity sensor.
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