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ABSTRACT By introducing a conducting metal layer underneath 09+

a Fano resonant asymmetric ring/disk plasmonic nanocavity system, N E%L‘g_lgs

we demonstrate that electromagnetic fields can be strongly L 3 **

enhanced. These large electromagnetic fields extending deep into g 074

the medium are highly accessible and increase the interaction ;'UE

volume of analytes and optical fields. As a result, we demonstrate @ 08

high refractive index sensitivities as large as 648 nm/RIU. By exciting e _
Fano resonances with much sharper spectral features, as narrow as 66?_ (rfﬁ-?) ™

9 nm, we experimentally show high figure of merits as large as 72

and reliable detection of protein mono- and bilayers. Furthermore, the conducting substrate enables strong interaction between fundamental and higher

order modes of the system by minor structural asymmetries. This is very advantageous for experimental realization of systems supporting resonances with

well-defined Fano-like line shape without requiring challenging fabrication resolution. Exploiting conducting metallic substrates and the associated

propagating surface plasmons at their interface could be extended to other Fano resonant cavity geometries for improved biosensing performance.
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cience and engineering of surface plas-

mons concentrated at a metal/dielectric

interface has opened up a wide range
of applications from biosensing and surface-
enhanced spectroscopy to optical trap-
ping." "> Most of these applications greatly
benefit from unique properties of metallic
structures that enable strong light/matter
interactions.'®~2° The local electromagnetic
fields supported by metallic features are
highly enhanced at a resonance frequency
of a dipolar plasmonic mode which depends
on the geometry and size of the nano-
structures.®?? Recently, many groups have
presented different designs to access this
fundamental mode such as ring>~% or
disk?”% nanocavities. Although these metal-
lic structures support high near-field en-
hancements at this dipolar resonance, its
line width determined by the radiative and
nonradiative losses is relatively broad. Non-
radiative losses mainly depend on the prop-
erties of metal composing the nanostruc-
ture. Radiative losses, in contrast, can be
controlled through the hybridization of
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plasmons enabled by coupling between
closely positioned nanostructures.®® Ac-
cordingly, Hao et al. proposed a ring/disk
cavity system which reduces the radiative
losses by bringing ring and disk structures in
close proximity.>® The proposed concentric
system composed of a disk embedded
in the center of a ring has been shown
to exhibit sub- and super-radiant modes
via hybridization between dipolar modes
of ring and disk cavities. Interestingly, by
introducing structural symmetry-breaking
to the system, they demonstrated Fano-
type resonances excited due to the cou-
pling between the dipolar mode of the
disk and the higher order mode of the ring
cavity.?! Later, Sonnefraud et al. demon-
strated the possibility of using asymmetric
ring/disk cavities in biochemical sensing
applications.>' Biochemical sensing plat-
forms exhibit high sensitivities to surface
conditions when the field profiles enable
strong interaction with the surrounding
medium. The asymmetric ring/disk cavity
systems fabricated on a dielectric substrate
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offer narrower resonances; however, the enhance-
ment in their local electromagnetic fields is relatively
low. More importantly, these local fields are highly
inaccessible to the surrounding medium since they
are mainly concentrated at the high refractive index
substrate under the nanocavities. Furthermore, bio-
chemical sensing platforms demand narrow reso-
nances to accurately measure variations in cavity res-
ponse due to the presence of the molecules. Even
though Fano resonances supported by an asymmetric
nanocavity system fabricated on a dielectric layer
exhibit narrower resonances compared to dipolar
modes, they are still relatively broad for achieving
low limit of detection.3? Therefore, new approaches
to exploit Fano resonances are needed to address
these limitations.

In this article, we experimentally demonstrate a Fano
resonant asymmetric ring/disk system fabricated on a
conducting substrate which possesses superior far-
and near-field characteristics compared to the one
fabricated on a dielectric substrate. The proposed
platform is shown to exhibit much higher near-field
intensity enhancements. More importantly, these large
local fields supported by the system extend deep into
the surrounding medium, which makes them easily
accessible to biochemical molecules in the vicinity.
Hence, the platform by strongly increasing the inter-
action volume of the analytes and the local fields offers
larger sensitivities to changes in surface conditions. We
experimentally demonstrate that asymmetric ring/disk
cavities fabricated on a conducting metal layer provide
refractive index sensitivities as large as 648 nm/RIU
(refractive index unit). The proposed cavity system
is shown to support Fano-type resonances that can
exhibit spectrally sharp features with line widths as
narrow as 9 nm due to the contribution of sub- and
super-radiant modes as well as propagating surface
plasmons residing at the surface of the conducting
substrate. Consequently, we demonstrate that the
platform provides experimentally measured figure of
merits as large as 72 and enables reliable detection of
protein mono/bilayers. We also show that the system
standing on a conducting substrate supports stronger
Fano resonances with sharper spectral features through
minor structural asymmetries. This is highly advanta-
geous as we do not need extremely small gaps be-
tween constituting ring and disk elements demanding
strict fabrication resolution.

RESULTS AND DISCUSSION

Figure 1a schematically shows the asymmetric ring/
disk system standing on a conducting metal layer, and
Figure 1b is the scanning electron microscope image
of the fabricated structures that are experimentally
tested. Here, the radius of the disk (Rgis), inner radius
(Rinner), and outer radius of the ring (Royer) are 90, 160,
and 240 nm, respectively. For our platform, the amount
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Figure 1. (a) Schematic view of the asymmetric ring/disk
system fabricated on a conducting layer. Geometrical param-
eters of the structure, propagation direction, and polari-
zation of the illumination source are indicated in the figure.
(b) Scanning electron microscope image of the fabricated
asymmetric ring/disk cavity on a conducting layer. Corre-
sponding structure parameters are Rgisk = 90 nm, Ripner =
160 nm, Royter = 240 Nm, and Ax = 30 nm. Periodicity of the
cavity array is 750 nm, and thickness of the asymmetric ring/
disk cavity and the gold conducting metal layer is 100 and
150 nm, respectively.

of the structural symmetry-breaking is determined by
Ax, which is the shifting amount of the disk from the
center of the concentric system along the polarization
direction. For the structure presented in the figure, Ax
is 30 nm. The thickness of the ring and disk cavities
is 100 nm, and the period of the ring/disk cavity array
is 750 nm.

Concentric ring/disk systems fabricated on a con-
ducting gold layer exhibit sub- and super-radiant
characteristics via hybridization between the dipolar
modes of the ring and disk cavities (see Supporting
Information for detail). By introducing structural asym-
metries, these systems can excite Fano-type resonances
exhibiting spectrally sharp features of narrow line
width, as shown in Figure 2a.3' Fano resonance occurs
in the presence of interference between a spectrally
broad and a narrow mode.**** Phase-lag and the rela-
tive amplitude difference between these two modes
lead to a highly dispersive Fano resonance with a very
asymmetric spectral profile.3® In our system, Fano-type
asymmetric resonance is created through the overlap
between the super-radiant hybridized dipolar mode
which is a bonding combination of dipolar disk and
antibonding ring modes (DAR mode), acting as the
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Figure 2. (a) Experimental reflection spectrum of concentric
(red curve) and asymmetric ring/disk cavities fabricated on
a conducting layer with Ax = 30 nm (black curve). On the
right, schematic illustration of the shifting procedure of the
disk element and the scanning electron microscope image
of the fabricated asymmetric ring/disk cavity with Ax =
30 nm on a conducting metal layer are shown. (b) Charge
and (c) electric field intensity enhancement distributions of
the asymmetric ring/disk cavity system under normal in-
cidence (left) and the ring cavity at an incident angle 6
(right) calculated at the top surface. The periodicity of the
structures is kept at 750 nm.

bright state of the composite system, and the narrow
quadrupolar ring mode,'®?" acting as the dark state.
Compared to the conventional dielectric system, here
we also have an additional contribution from surface
plasmon polaritons at the conducting metal/dielectric
interface (see Supporting Information for detail). The
interaction of surface plasmon polaritons with the
hybridized modes of the ring/disk cavity could modify
the spectrum and results in sharper spectral features
within the Fano resonance. For an asymmetric ring/
disk cavity system with 30 nm offset, we experimen-
tally observe excitation of a Fano-type resonance ex-
hibiting two narrow spectral features. For our analyses,
we focus on the sharper one at 672 nm (indicated by
a blue arrow in Figure 2a). It has a narrow line width
as small as 9 nm. For a ring cavity under normal
incidence (nonretarded case), the quadrupolar mode
cannot be excited due to the symmetric charge dis-
tribution which makes the total dipole moment zero.
When an incident angle is introduced, the quadrupolar
mode is excited through the retardation effects3’
Figure 2b (right) is the charge distribution (calculated
at 672 nm) of the ring cavity under an incident angle ()
demonstrating the quadrupolar characteristics. Since
the quadrupolar modes cannot be directly coupled
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to the far-field radiation, their radiative losses are
very small, which leads to spectrally sharp features.
For the strongly coupled asymmetric ring/disk cavity,
quadrupolar mode appears at the Fano resonance, as
indicated by the charge distribution calculated at
672 nm (Figure 2b, left).353” At this wavelength, under
normal incidence (Figure 2c, left), the asymmetric ring/
disk cavity system exhibits similar field profile at the
constituting ring element with the one supported by the
ring cavity under an incident angle, 8 (Figure 2c, right).
This quadrupolar nature can be observed at different
wavelengths of the Fano resonance (see Supporting
Information for detail).

One advantage of using the asymmetric ring/disk
cavity platform fabricated on a conducting metal layer
is the desirable near-field characteristics for biosensing
applications. The cavity system standing on a conduct-
ing substrate enables much higher near-field intensity
enhancements compared to the identical one standing
on a dielectric substrate. More importantly, these large
local electromagnetic fields are easily accessible to the
surrounding medium. In order to show this, we com-
pare near-field profiles on both substrates at their
corresponding sharp spectral features indicated by
red arrows (reflection dip at 672 nm and reflection
peak at 967 nm for the cavity on conducting (Figure 3a)
and dielectric (Figure 3b) layers, respectively). We
observe that asymmetric ring/disk cavities on a con-
ducting metal layer studied in this work supports a
nearly 4 times higher near-field intensity enhance-
ment. The field intensity enhancement varies with
wavelength within the Fano-like asymmetric line
shape.3® We observe that the system on a conducting
layer has much higher near-field intensity enhancement
compared to its counterpart on dielectric at all wave-
lengths within the Fano resonance (see Supporting
Information for detail). In addition, when there is a con-
ducting layer underneath the cavities, the cross-sectional
field profiles show that highly enhanced near-fields are
mainly concentrated at the top surface of the ring/disk
cavities and extend deep into the surrounding medium.
This is in sharp contrast for the one on a glass layer where
most of the enhanced local fields are mainly concen-
trated at the metal/glass interface and not directly acces-
sible. We observe that similar improvements in near-field
characteristics achieved by introducing a conducting
metal layer underneath could be extended to other
plasmonic Fano resonant structures such as dolmen-
shaped cavities (see Supporting Information for detail).

In order to quantitatively demonstrate the field
accessibility, we calculate a volume in the vicinity of
the cavity array by considering the regions where the
maximum field intensity drops by a factor of 1/e% We
term this volume as the “interaction volume” of analyte
and optical fields. For both asymmetric ring/disk cavity
systems studied in this work, we calculate near-field
intensity enhancement (|E|%/|E;,|>) distributions and
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Figure 3. Calculated reflection spectrum and near-field intensity enhancement distributions at the sharp spectral feature
(centered at 672 nm for the cavity array on a conducting layer and at 967 nm for the cavity array on a dielectric layer) within
the Fano-type resonance for the asymmetric ring/disk cavity system with Ax = 30 nm on (a) conducting and (b) dielectric
layers at different cross sections. The xy near-field distributions are calculated at the top surface of the cavity on a gold layer
and at the bottom surface of the cavity on a glass layer. The xz (yz) cross-sectional field profiles are calculated through the
center of the system, y = 0 (x = 0). For clarification of the spectral comparison, the spectral ranges of two figures are zoomed

within a 300 nm wavelength window in the insets.

determine their maximum. Since the maximum inten-
sity for the system on glass (Igiass = 400) is significantly
smaller than the one for gold (/4014 = 1400), we set 1/€?
of Igiass as the cutoff intensity. We then determine the
volume where the field intensity drops to this cutoff
value. In Table 1, we compare the interaction volumes
at the spectral features denoted by the red arrows in
Figure 3. Asymmetric ring/disk cavity system on a
conducting metal layer is observed to support nearly
4 times larger interaction volume compared to the one
on a dielectric layer. In addition, we numerically calcu-
late the refractive index sensitivity, which is defined as
the change in the resonance wavelength with respect
to the change in the refractive index of the bulk
solution (S = AA/An). Between the two systems
embedded in DI water, the one standing on a conduct-
ing metal layer supports a higher refractive index
sensitivity compared to the one standing on a dielectric
layer, 667 vs 545 nm/RIU, respectively. Another advan-
tage of using a conducting metallic substrate is the
excitation of sharp spectral features which can signifi-
cantly reduce the limit of detection. As demonstrated in
the table, the system on a conducting layer supports a
spectral feature more than 3 times narrower. Exhibiting
much sharper spectral features as well as larger refrac-
tive index sensitivities, the asymmetric ring/disk system
on a conducting layer supports nearly a 4 times larger
figure of merit (FOM = S/FWHM where FWHM is full
width at half maximum). In this work, we use gold as the
conducting metallic substrate. Similar improvements
in near- and far-field responses are also observed for
different metallic substrates including silver.
Supporting easily accessible large field intensities as
well as spectrally sharp features, our asymmetric ring/
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TABLE 1. Comparison of the Interaction Volume, Full
Width at Half-Maximum (FWHM), Refractive Index
Sensitivity (S), and Figure of Merit (FOM) between
Asymmetric Ring/Disk Cavity Systems Standing on
Conducting and Dielectric Layers for the Spectral
Features Indicated by Red Arrows in Figure 3a,b

interaction volume (nm®)  FWHM (nm) S (nm/RIU)  FOM
cavity on gold 50.2 x 10° 9 667 75
cavity on glass 127 x 10° 28 545 20

disk cavity system is a good candidate for ultrasen-
sitive biodetection. We experimentally demonstrate
its sensing capability by monitoring the variations in
the sharp spectral feature within the Fano resonance
after introducing bulk solutions with different refrac-
tive indices, including deionized water np, = 1.333,
acetone N,cetone = 1.356, and IPA nipp = 1.377, as shown
in Figure 4a. The cavity system on a conducting layer is
shown to exhibit an experimental refractive index sensi-
tivity as large 648 nm/RIU. With spectral line width as
small as 9 nm, we experimentally obtain a large figure
of merit, 72. We also perform a label-free sensing
of protein monolayer and bilayer with the asymmetric
ring/disk cavity platform by measuring the reflection
spectrum and monitoring the variations after addition
of protein layers (see Methods section for protein chem-
istry and preparation), as shown in Figure 4b.3°*° To form
a protein monolayer, we utilize protein A/G which is
a recombinant fusion protein constituting binding do-
mains of both protein A and protein G. Protein A/G sticks
on the gold surface by physisorption.”?*° Due to the
accumulated biomass on the sensor surface, which in-
creases the local refractive index, attachment of T mg/mL
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Figure 4. Variations in the spectral feature centered at
672 nm after introducing (a) bulk solutions with different
refractive indices, DI water np, = 1.333, acetone N cetone =
1.356,and IPA n;pp = 1.377, and (b) 1 mg/mL protein A/G and
1 mg/mL IgG antibody.

A/Gresults ina 5 nm red shift in the spectral feature within
the Fano resonance. To form the protein bilayer, antibody
IgG is immobilized on protein A/G due to the high affinity
of protein A/G to the Fc regions of antibody IgG.”#*° We
can reliably detect that 1 mg/mL IgG results in a total of
14 nm red shift in the spectral feature.

Fano resonance highly depends on the coupling
between dipolar and quadrupolar antennas. This cou-
pling, proportional to Ax, successively increases with
structural asymmetry. Therefore, we investigate the
appearance of Fano resonance and its dependence on
Ax for both systems. Figure 5a,b shows the calculated
reflection spectra with Ax values ranging from 0 to 40 nm.
For identical dimensions, the system on a conducting
metal layer supports a sharp spectral feature denoted by
a blue arrow within the spectral window of 650—700 nm,
whereas for the one on a dielectric layer, the spectral
feature shifts to longer wavelengths, 900— 1000 nm. With
increasing Ax, the feature gets increasingly stronger for
both systems. More importantly, the ring/disk system on
a conducting layer can excite sharp spectral features with
minor structural asymmetry, as small as 10 nm, while a
much larger asymmetry, 30 nm, is necessary for the other
system. The spectral strength of the Fano resonance
(the contrast between the reflection maximum/minimum
with the baseline) obtained with Ax = 40 nm using
the ring/disk cavity system on a dielectric layer can
be achieved with only Ax ~ 15 nm by the system on a

METHODS
FDTD Simulations. Far- and near-field responses of ring/disk

cavities are analyzed through three-dimensional finite-difference
time-domain (3D-FDTD) simulations. In simulations, the dielectric
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conducting layer. The ring/disk cavity systems on con-
ducting and dielectric layers with identical geometry
excite Fano resonances in different wavelength ranges.
In order for these two systems to have a Fano resonance
in a similar spectral window, they require very dif-
ferent device dimensions. For example, to be within
650—700 nm range, the ring/disk system on a conducting
metal layer has device dimensions: Rgisk = 90 NM, Ripner =
160 nm, and Router = 240 Nm. However, the system on
a dielectric layer needs much smaller dimensions: Rgisx =
33 nm, Riyner = 45 Nm, and Ryyier = 70 nm. Furthermore,
since the sharp spectral feature is excited through smaller
structural asymmetry for the ring/disk system on a con-
ducting layer, relatively larger gap between the constitut-
ing disk and ring elements, 40 nm, is necessary. In
contrast, to achieve a strong coupling between dipolar
and quadrupolar modes, the system on a dielectric layer
needs a gap as small as 6 nm. Hence, the ring/disk cavity
system on a dielectric layer demands more challenging
fabrication requirements. Appearance of the sharper
spectral feature through smaller structural asymmetries
on a gold surface indicates that the presence of the
conducting layer enables much stronger coupling be-
tween the dipolar and quadrupolar modes. This is partly
facilitated by the contribution of propagating surface
plasmons on the conducting layer and air interface
excited by the grating effect.

CONCLUSION

In conclusion, by introducing a conducting metal
layer underneath the closely placed plasmonic nano-
structures, we demonstrate that stronger near-field
enhancements can be achieved. In comparison to the
nanostructures on a dielectric, our approach can access
low-loss quadrupolar modes more efficiently and results
in Fano resonances with much sharper spectral features.
These large electromagnetic fields supported by the
strongly coupled nanostructures extend deep into the
surrounding medium and greatly enhance the accessi-
bility of the optical fields. Field profiles allowing large
interaction volumes between analytes and optical fields
are important for many applications, particularly biosen-
sing. We demonstrate that our system based on coupled
asymmetric ring/disk cavities enables reliable detection
of protein mono- and bilayers. Furthermore, conducting
metallic substrates by enabling stronger interaction
between fundamental and higher order modes of the
nanostructures as well as propagating surface plasmons
at the conducting interface can lead to Fano resonances
with only minor structural asymmetries, thus helping to
reduce fabrication tolerance.

constant of silicon, glass, and gold is taken from ref 41. For the
unit cell consisting of a ring/disk cavity, periodic boundary
condition is used along the x- and y-directions, and perfectly
matched layer boundary condition is used along the direction
of the illumination source, z. In the simulations, the mesh size
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Figure 5. Dependence of the sharp spectral feature denoted by a blue arrow on the offset from the center of the concentric
system, Ax for asymmetric ring/disk cavity on (a) conducting and (b) dielectric layers with identical dimensions. For
clarification of the spectral comparison, the analyzed spectral features are zoomed within a 60 nm wavelength window in the
insets. Calculated reflection spectrum of the asymmetric ring/disk cavity on (c) conducting and (d) dielectric layers supporting
features in the same spectral window. In the insets, near-field intensity enhancement distributions are calculated at the sharp
spectral features denoted by red arrows for the system on conducting (at the top surface of the cavity, at 672 nm) and
dielectric layers (at the bottom surface of the cavity, at 688 nm).

is chosen to be 5 nm along the x-, y-, and z-directions. The
numerical calculations are performed with extremely well con-
vergence conditions with different mesh sizes down to 2 nm,
and similar near- and far-field responses are obtained.

Protein Chemistry and Preparation. For protein immobilization,
we perform the following steps. First, ring/disk cavities are
cleaned by a piranha solution (H,SO,4/H,0, = 3:1) and rinsed
with DI water to dissipate any organic contamination on the
surface. To form the protein monolayer, 1 mg/mL A/G is spotted
on the chip surface and incubated for 1 h. We then rinse the chip
with PBS (phosphate buffer) to remove the unbound protein. To
form the protein bilayer, 1 mg/mL IgG is spotted on the chip
surface and incubated for another 1 h. Finally, a second washing
process is performed to remove the unbound protein.

Spectral Measurements. All spectral measurements are per-
formed by a Nikon Eclipse-Ti microscope coupled to a Spec-
traPro 500i spectrometer. A normally incident light is used to
illuminate the chip. Reflected data are then normalized using a
thick gold standard.

Fabrication of Ring/Disk Cavities on a Conducting Layer. Fabrication
starts by depositing 150 nm thick gold on a silicon wafer using a
directional electron-beam evaporator. We then perform elec-
tron-beam lithography (EBL) using a positive resist, polymethyl
methacrylate (PMMA). The EBL-defined patterns are developed
by a methyl isobutyl ketone/isopropyl alcohol (MIBK-IPA) solu-
tion. Next, 100 nm thick gold is deposited followed with a lift-off
process. As a final step, a plasma cleaning process (O, cleaning)
is performed to remove any leftover EBL resist.
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