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ABSTRACT Plasmonic Fano resonance, enabled by the weak
interaction between a bright super-radiant and a subradiant
resonance mode, not only is fundamentally interesting, but also
exhibits potential applications ranging from extraordinary optical
transmission to biosensing. Here, we demonstrate strong Fano
resonances in split-ring resonators/disk (SRR/D) nanocavities. The
high-order magnetic modes are observed in SRRs by polarization-
resolved transmission spectroscopy. When a disk is centered within
the SRRs, multiple high-order magnetic modes are coupled to a
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broad electric dipole mode of SRR/D, leading to significant Fano resonance spectral features in near-IR regime. The strength and line shape of the Fano

resonances are tuned through varying the SRR split-angle and interparticle distance between SRR and disk. Finite-difference-time-domain (FDTD)

simulations are conducted to understand the coupling mechanism, and the results show good agreement with experimental data. Furthermore, the

coupled structure gives a sensitivity of ~282 nm/RIU with a figure of merit ~4.
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terest over the past 10 years due to its

capability of manipulating light-matter
interaction in nanoscale regime.'? Surface
plasmons bridge the gap between photons
and electrons and offer opportunity to build
subwavelength integrated photonic devices for
quantum communication and processing.' 3
The surface plasmon resonance (SPR) fre-
quency is highly dependent on the geometry
of metal structures and their dielectric envi-
ronment, which can be utilized for numerous
applications such as multicolor display/
imaging and bio/chemical sensors.>*~® SPR
enhances the efficiency of a variety of linear
and nonlinear optical processes and is bene-
ficial for many fascinating phenomena, such
as solar energy harvesting and chemical re-
actions.®~"" The precise control over the op-
tical response of plasmonic structures, espe-
cially the line shape, is essential for the
practical applications.*'>~ "> For instance,
SPR mode with sharp spectra feature is

Surface plasmon has attracted great in-
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advantageous for chemical/biosensing, while
solar cell's efficiency is benefited more from a
broad absorption band."”'? In coupled plas-
monic systems, which consist of several metal
nanostructures with small separations, both
the SPR frequency and line shape can be
tailored through varying the separation and
geometry.2'3'16'17

Fano resonance describes the interfer-
ence effect between a discrete energy level
and a continuum state, which produces a
characteristic asymmetric line shape spec-
trally.'>"®'® Plasmonic Fano resonance, occur-
ring when a dark subradiant mode (narrow) is
weakly coupled to a bright super-radiant plas-
monic mode (broad), has emerged as a new
method to control plasmon mode interaction
and promises for applications from narrow-
band filter, photoswitching to high-sensitivity
chem/biodetection.*4'>131719723 plasmonic
Fano resonance has been demonstrated in
top-down and bottom-up fabricated metallic
nanodisk clusters,®* 2% and nonconcentric
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disk/ring cavities.">'7212°731 |n nanodisk clusters, the
super-radiant and subradiant modes, because of the
fundamental dipoles coupling in/out of phase, couple
with each other via Fano effect. In disk/ring cavities,
dark multipoles are excited by symmetry breaking and
couple to the fundamental dipole modes. Recently,
sharp Fano resonance asymmetric peak with a width of
~10 nm was reported as a result of the coupling
between localized and waveguiding surface plasmons
in Au disk/films.'®32 Additionally, the Fano interaction
between multipoles in Au nanorods was enabled by
strong image charge induced by high-refractive index
substrate.®

Besides the Fano interferences arising from pure
electric field, considerable attention has been shifted
to the study of Fano resonance between electric and
magnetic resonance recently.>* Theoretically, Fano-like
interference between electric and magnetic resonances
has been proposed in symmetry-broken looped nano-
particle trimer, where magnetic response is supported
through resonant circulating displacement current.*®
Experimentally, pronounced magnetic mode-based
Fano resonance was observed in asymmetric four-
particle structures recently.> In the looped nanocluster
arrays, electromagnetic near-field coupling between
high-order and dipole electric modes is also possible,
with regard to various experimental observations of
electric Fano-resonance in planar nanoclusters,' 3242936
The pure-electric and magnetic-based Fano effects may
influence or even compete with each other. Split-ring-
resonator (SRR) is a structure widely used as artificial
metamaterials with novel electromagnetic properties
such as negative magnetic permeability and negative
refractive index. Although there have been a few reports
on electriccmode-based Fano resonance due to the
coupling between individual disks or nonconcentric ring
and disk, the Fano resonance between concentric SRR
and disk based upon magnetic mode has not been well
understood. The SRR is selected for three reasons. First,
when the ring symmetry of SRR is broken, the high-order
electric modes of ring can be optically excited. Second,
the high-order magnetic and electric modes of SRR can
be tuned over a wide range and spectrally overlapped
with super-radiant dipole modes. Third, in principle SRRs
can create strong magnetic response compared with
nanoparticle clusters.

In this letter, we study the plasmonic coupling in
SRR/D nanocavities and focus on the interplay be-
tween the electric and magnetic mode-based Fano
effects. Uniform array of gold (Au) C-shaped SRR con-
centric with disk is fabricated using electron-beam-
lithography (EBL). Polarization-resolved transmission/
scattering spectroscopy and finite-difference time-
domain (FDTD) simulations are performed to understand
the mode interactions in the SRR/D nanocavities. Multi-
ple Fano resonances are observed as a result of the
interference between a spectrally overlapping broad
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Figure 1. (a,b) Schematic of C-shaped split-ring resonator/
disk nanocavities fabricated on ITO glass. (c) Scanning
electron microscopy image of split-ring resonator/disk nano-
cavities arrays. The thickness is 30 nm. R; = 200 nm, R, =
110 nm, R; =75 nm. 6 = 15°. The separation between two units
is ~150 nm.

super-radiant dipole mode of SRR/D and high-order
magnetic modes of SRR. The disk size and split angle of
SRRs are varied to tune the line shape of Fano reso-
nance. Furthermore, we show the potential applica-
tions of SRR/disk structure in refractive index sensing.

RESULTS AND DISCUSSION

Disk, SRR, and SRR/D arrays with area of ~50 um x
50 um are fabricated on indium tin oxide (ITO) glass
using EBL (Figure 1a), which has been presented in our
previous work in detail3’~>° Figure 1b shows the
schematic structure of SRR/D nanocavity. The outer
(Rq) and inner (R,) radius of split ring is 200 and 110 nm,
respectively. The radius of inner disk (Rs) is varied from
65 to 80 nm. The split angles are 6§ = 15°, 30°, 60°, 90°,
120°. To focus on the optical properties of individual
SRR/D, the interparticle separation of two SRR/D units is
set to be as large as ~150 nm to avoid the near-field
coupling. The separation was varied from 150 to 750 nm,
but there was no difference of transmission spectra
features (Supporting Information S1), suggesting the
weak near-field coupling between the adjacent SRR/D
units. Figure 1c shows a representative scanning electron
microscopy (SEM) image of fabricated SRR/D nanoarray,
with dimensions of R; =200 nm, R, =110 nm,R3=75nm,
6 = 15°. It can be seen that the shape and size of each
SRR/D in the array are uniform. The magnified SEM image
(inset) shows that the surface of as-fabricated structure
is clean and flat.

Figure 2a shows the experimental transmission spec-
tra of as-fabricated disk (Figure 2a-1), SRR (Figure 2a-2),
and SRR/D (Figure 2a-3). The outer and inner radius of
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Figure 2. (a,b) Experimental (a) and calculated (b) transmission spectra of disk (1), SRR (2), and SRR/D (3) arrays. The SEM
image of disk, ring, and SRR/D is included in each panel, correspondingly. The blue and red curves are transmission spectra
when electric field is perpendicular and parallel to the split gap of SRR, as inset indicated. The surface plasmon resonance
modes are numbered using I-VIIl. (c,d) FDTD-simulated surface electric-field magnitude distribution (c) and schematic
surface electric field direction and charge distribution of the surface plasmon resonance modes (d) in disk, SRR, and SRR/D. I:
dipole of disk; II: dipole of SRR; lll: quadrupole magnetic mode of SRR; IV: octupole magnetic mode of SRR; V: super-radiant
dipole mode of SRR/D; VI: subradiant dipole modes of SRR/D; VII: Fano resonance between Ill and V in SRR/D; VIII: Fano
resonance between IV and V in SRR/D. The blue doubled arrows show the incident electric field direction. The green arrows

indicate the electric field directions.

SRR is 200 and 110 nm respectively, the disk radius is
75 nm, and the thickness is 30 nm. The blue and red
curves display the spectra as the polarization is perpen-
dicular and parallel to the split gap of SRR, respectively.
The electric field direction is indicated in the inset. The
scattering spectra in the range of 500—900 nm are similar
to transmission spectra (Supporting Information 52).3
Individual disk exhibits a dipole resonance dip at 787 nm
irrespective of the incidence polarization direction
(Figure 2a-1). The mode shows slight red-shift from
713 to 787 nm as R varies from 65 to 75 nm because
of the increasing aspect ratio (Supporting Information
Figure 53).'%'” On the contrary, the transmission spectra
of SRR are different in the two polarization directions
(Figure 2a-2). Two relatively narrow dips around 871 and
1060 nm, indicated by green arrows, can be resolved as
the polarization is parallel to the split gap (red curve,
Figure 2a-2). When the electric field is perpendicular to
the gap, only one broad dip around 1170 nm (blue
curve, Figure 2a-2) is observed. The polarization-depen-
dent transmission spectra, thus surface plasmon reso-
nance modes, are associated with the ring symmetry.
Previous experimental and theoretical investigations on
Fano resonance of individual full ring have shown that
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the high-order surface plasmon resonance modes (i.e.,
quadrupole and octupole) can be optically excited be-
sides the bright dipole modes when the ring symmetry
is broken, such as side illumination.2"?*3° In our case,
when the electric field direction is parallel to split gap,
the ring symmetry is broken, giving rising to the excita-
tion of the dark high-order electron oscillation modes
due to the retardation effects,® while when the polariza-
tion is perpendicular to the split gap, the ring symmetry
is kept; therefore, only dipole-like resonance is observed.
Therefore, we tentatively assign the two narrow dips
located 871 and 1060 nm to the excitation of high-order
surface plasmon resonance modes of the SRR. Besides,
the SRR transmission spectra of both polarizations
exhibit a dip located at 667 nm, indicated by orange
yellow arrows in Figure 2a-2, which is corresponding to
a dipole mode along the arm width of the ring.*® The
peak position does not shift with the split angle variation
(shown later), supporting our assignment.

As a disk is introduced into the center of the SRR, the
surface plasmon resonance modes of the SRR are coupled
with the dipole mode of the disk through capacitive
interaction.”” When the electric field is perpendicular to
the split gap, the hybridization of fundamental dipole
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modes of ring and disk results in two broad dips at 834
and 1546 nm, as the blue curve in Figure 2a-3 shows. The
similar results were also observed in previous reports on
surface plasmon coupling of ring/disk structures, in
which the two resonance modes are attributed to the
antibonding and bonding coupling of the two funda-
mental dipole modes.'*?**°*" When the polarization is
parallel to the split gap, the narrow modes of SRR at 871
and 1060 nm (red curve, Figure 2a-2) are overlapped
with a broader dipole mode of SRR/D (834 nm) in
energy. The narrow high-order resonance modes of
SRR may interfere with the broad coupled dipole mode
of SRR/D via Fano effect, leading to rich features be-
tween 700 to 1300 nm (red curve, Figure 2a-3). Particu-
larly, the narrow mode located 871 nm is extensively
overlapped with the dipole mode, leading to an evident
enhanced transmission peak at 916 nm (indicated by
black arrow) inside the dipole resonance absorption dip
(~ 834 nm, indicated by green arrow).

Three dimensional finite-different-time-domain (FDTD)
simulations of the transmission spectra and the surface
electric-field magnitude distribution are performed using
commercial software (Lumerical Solution, Inc.), in order to
understand the plasmon interaction in SRR/D systems. The
gold dielectric constant is taken from the bulk value
measured by Johnson and Christy.*? Periodic boundary
condition is adopted to match the real array structures.
The air environment (refractive index n = 1) and ITO glass
substrate (n = 1.54) are included in the simulations.
According to transmission optical setup in our measure-
ment, a plane wave with linear polarization is used as a
transmission light source. The electric-field magnitude
distributions are simulated at the middle cross section of
the Au structures.

Figure 2b shows the simulated transmission spectra
of disk (2b-1), SRR (2b-2), and SRR/D (2b-3), respec-
tively. The blue and red curves display the spectra
when the electric field is vertical and parallel to split
gap, respectively, in accordance with experimental
notation in Figure 2a. The involved characteristic sur-
face plasmon resonance modes are marked using
numbers from |, I, .., to VIIl. The respective surface
electric-field magnitude distributions of each surface
plasmon resonance modes for a disk, a SRR, and a
coupled SRR/D are presented in Figure 2c. The sche-
matic of surface charge distribution and electric oscil-
lation direction of the resonance modes are shown in
Figure 2d accordingly. The transmission spectra show
good agreement with experimental data, particularly
in terms of qualitative assignment of the modes. The
resonance wavelength difference between experi-
ment and simulation may be due to the following: (1)
Gold bulk dielectric constant is used in simulations,
while in experiment the films are usually amorphous.
(2) The dimensions of fabricated structures are slightly
different from designed. Besides, the actual surface
roughness structures are not captured in simulations;
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thus, the simulated resonance peaks are sharper than
experimental data. The surface plasmon resonance of
individual disk is dominated by a dipole oscillation
along the disk surface (Figure 2b-1, mode I, 834 nm),
clearly seen in the electric-field magnitude and charge
distribution in Figure 2¢,d, which is in good agreement
with experimental spectra (Figure 2a-1). SRR exhibits a
broad resonance when the electric field is vertical to
the split gap (Figure 2b-2, blue curve, mode Il), corre-
sponding to the ring dipole mode with a symmetric
bonding of two SRR arms (Figure 2¢,d, mode II). The
two narrow dips of SRR located at 1193 and 892 nm
(Figure 2b-2, red curve, mode Ill and IV), resolved when
the polarization is parallel to the split gap, are assigned
to high-order magnetic modes of SRR. The surface
electric-field magnitude distributions and direction of
SRR resonance modes (Figure 2c,d, mode Il and IV)
confirm the excitation of quadrupole (mode Ill) and
octupole (mode 1V) along the SRR surface.?® The circu-
lating current (indicated by allows in Figure 2d) along
the SRR can generate magnetic-dipole moment per-
pendicular to the SRR plane; therefore, the correspond-
ing modes are high-order magnetic modes.>**° The
wavelength of first-order magnetic mode whose cir-
culating current is along the whole SRR in one direction
is simulated to be around 3000 nm, which is out of our
measurement spectra range. It should be noted that in
the parallel polarization the experimental data show
three dips, while there are just two dips in simulation.
The experimental dip located at 1384 nm exhibits an
evidently asymmetric line shape, which suggests a
possible Fano interference between the unknown
mode and magnetic quadrupole mode.

In SRR/D, when the electric field is perpendicular to the
split gap, the parallel and antiparallel coupling of ring and
disk dipoles gives rise to a super-radiant (Figure 2a,b-3, blue
curves, mode V) and a subradiant mode (Figure 2a,b-3,
blue curves, mode VI). The electric-field magnitude
distribution and direction (Figure 2¢,d, V and VI) clearly
show the two types of coupling between the ring and
the disk, which is comparable to previous studies.®
Actually the antibonding mode V and bonding mode
VI can also be excited when the polarization is parallel to
the split gap. The dipole of the split ring can be present,
though the symmetry is broken in this polarization
configuration.**** The simulated electric field distribu-
tion of SRR/D at 945 nm (a dip in Figure 2b-3) shows that
the antibonding mode is formed when the polarization
is parallel to the split gap (Supporting Information, S5).
When the electric field is parallel to the split gap, the
high-order narrow magnetic modes of SRR (Figure 2b-2,
red curve, mode llland IV) are spectrally overlapped with
a broader super-radiant coupled electric dipole mode of
SRR/D (Figure 2b-3, blue curve, mode V), resulting in
significant Fano resonance spectrally. After this Fano
coupling, the dips Il and IV (Figure 2b-2, red line) will be
presented as the peaks VIl and VIII (Figure 2b-3, red line),
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respectively, within the broad antibonding mode V. As
Figure 2b-3 shows, a small extraordinary transmission
peak arising at 764 nm corresponds to the Fano interac-
tion between octupole magnetic mode of SRR (mode IV)
and coupled dipole mode of SRR/D (mode V). Experi-
mentally, the transmission peak at 916 nm (indicated by
black arrow) inside another broad peak ~834 nm are
corresponding to the Fano resonance between the two
modes (Figure 2a-3, red-curve). The quadrupole mag-
netic mode of the SRR (~ 1060 nm, Figure 2a-2, red curve)
has a larger absorption cross section than the octupole
mode (~ 871 nm, Figure 2a-2, red curve), but the energy
overlapping with the super-radiant SRR/D mode is smal-
ler (Figure 2a-3). Therefore, the depth of Fano resonance
involved quadrupole is not as high as that of octupole.
The Fano coupling effect between the high-order mag-
netic modes of SRR and the super-radiant mode of SRR/D
can be supported by surface electric-field magnitude
distribution and electric field direction in Figure 2c¢d,
mode VIl and VIIl.

The wavelength and line shape of the surface
plasmon resonance in SRR/D nanocavity as well as
the Fano resonance coupling can be tuned over a wide
range through varying the dimensions of the SRR and
disk. Figure 3 shows measured (a) and simulated (b)
transmission spectra of SRRs with varied split angle of
30°, 60°, 90°, 120°. The SEM images are displayed in
Figure 3c for each corresponding angle. The electric
field is set to be parallel to the split gap, to explore the
interaction between magnetic and electric modes. In
U-shaped SRR, it is well demonstrated that the mag-
netic mode frequency is proportional to (LC)~"2*
where L is the inductance of SRR, C is the capacitance
between the two arms and inversely proportional to
gap distance.*® As the increasing of split angle, the
octupole and quadrupole modes of the SRR are blue-
shifted because of the decrease of capacitance be-
tween the two tips of the SRR. The increase of split
angle from 30° to 120° leads to resonance blue-shifts of
quadrupole (indicated by black arrows, Figure 3a) and
octupole magnetic modes (indicated by green arrows,
Figure 3a) of 150 and 100 nm, respectively. The mea-
sured resonance position variations are in good agree-
ment with simulations. Additionally, the depth of Fano-
interference spectra features is tuned. The larger the
gap is, the weaker capacitive coupling between two
arms of the SRRs, leading to a lower resonance absorp-
tion cross section.” For instance, as the split angle is
increased to be 120°, octupole magnetic mode of SRRs
is hard to be resolved. In SRR/D, the depth and position
of Fano resonances are tuned correspondingly with
the shifts of SRR's fundamental resonance modes, as
shown in Figure 3d,e. Both of the quadrupole (indicated
by black arrows, Figure 3d) and octupole (indicated by
green arrows, Figure 3d) magnetic modes involved Fano
resonance blue-shift as the split gap increases. With the
decreasing spectra overlapping between SRR's octupole
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Figure 3. (a—c) Experimental (a) and calculated (b) trans-
mission spectra, and SEM images (c) of SRR with differenct
split angle. (d—f) Experimental (d) and calculated (e) trans-
mission spectra, and SEM images (f) of SRR/D with different
split angle. The dimensions are R;= 200 nm, R, = 110 nm,
Rz = 75 nm. The split angle is varied from 30°, 60°, 90°, to
120°. The incidence electric field is indicated in (a) and (d).

magnetic mode and SRR/D's radiant dipole mode, the
corresponding Fano resonance induced extraordinary
transmission peak becomes weaker and nearly disap-
pears when the split angle is 120°. Although the spectra
overlapping between octupole magnetic mode and the
dipole mode is higher with a larger split gap, the Fano
resonance becomes less pronounced because of the
significantly compressed resonance absorption cross
section of the magnetic mode. As a contrast, larger
overlapping between quadrupole magnetic mode of
SRR and the super-radiant mode of SRR/D is obtained as
the increasing of split gap, and accordingly the Fano
resonance feature with asymmetric peaks arises (90°).
In full ring/disk nanocavities and planar nanoclus-
ters, plasmonic modes and thus Fano resonance are
highly dependent on the interparticle gap. A stronger
coupling can be obtained at a shorter distance, leading
to larger plasmonic mode separations or shifts. Here
the inner disk diameter is varied to tune the plasmon
modes and their coupling. Figure 4a,b shows the
measured and simulated transmission spectra of SRR/
D with varied radius when the electric field is parallel to
the split gap. As the disk radius R; increases from 65 to
80 nm (R, =200 nm, R, =110 nm, 8 =30°), referringto a
decreasing of the interparticle gap from 45 to 30 nm,
the Fano resonance induced transmission in SRR/D are
red-shifted from 885 to 961 nm for octupole magnetic
Fano resonance (Figure 4a, green arrows indicate). The
decreasing energy overlapping between the two inter-
fered modes leads to a lower Fano resonance depth.
Meanwhile the evidently asymmetric transmission dip
due to quadrupole magnetic resonance becomes sym-
metric as the magnetic mode moves out of the inter-
ference frequency regime (black arrows indicate).
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Figure 4. Transmission spectra of SRR/disk varied with
inner disk size. The inner disk radius is indicated along with
each curve. (a) Measured transmission spectra. (b) Simu-
lated transmission spectra.

The SRR/D Fano resonances show high sensitivity in
response to a local effective refractive index change,
suggesting potential applications in chemical and
biological sensing. Recently, the capabilities of
U-shaped metamaterials on refractive index sensing
and surface-enhanced Raman spectroscopy have been
well-established.3’7° In addition, Fano-resonance-
based sensing with high sensitivity and figure of merit
(FOM) has been demonstrated.*’ ~*° To evaluate the
refractive index sensitivity in optical frequency regime,
we measured the transmission spectra of SRR/D
devices with solutions of different refractive index.
Glycerol, widely used in pharmaceutical formulations,
is selected for its low melting temperature of ~18 °C
and refractive index of 1.4746. The glycerol solution
was dissolved in distilled water at room temperature.
The refractive index of the mixed solution is decided by
the glycerol concentration, such as graded glycerol
concentration of 10, 28, 44, and 64% gives refractive
index of 1.3448, 1.3676, 1.3897, and 1.4189, respec-
tively. The glycerol/water solution was drop-casted on
the chip surface, and a coverslip glass was put on to
make sure the patterns are contacted fully and uni-
formly. After the measurement, the same chip was
soaked in the distilled water and then carefully cleaned
with a heavy rinse of distilled water. This cleaning
method was proven to be effective by retaking the
transmission spectra, which gave identical spectra
obtained from the same sample before applying
glycerol. The measured transmission spectra of SRR/D
in different solutions are presented in Figure 5a. SRR/D
with dimension of R; =200 nm, R, =110nm,R3 =70 nm
and 6 = 30° is chosen for sensing for its relatively
significant Fano features suggested by the above
studies. With the increasing of glycerol concentration,
the resonance peaks red-shifted, as shown in Figure 5a.
The Fano resonances are more pronounced as the
refractive index is ~1.3—1.4 because of the increase
of spectral overlapping between SRR magnetic and
disk dipole modes. The Fano resonance involved
quadrupole magnetic mode, indicated by arrows in
Figure 5a, is extracted out and plotted as a function of
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Figure 5. Refractive index sensing and surface enhanced
Raman scattering of SRR/D arrays. (a) Measured transmission
spectra of SRR/D in glycerol/water with different concentra-
tion. (b) Resonance frequency of SRR/D extracted from (a) as a
function of refractive index. (c) Transmission spectra evolu-
tion of SRR/D array before and after attachment of monolayer
2-naphthalenethiol molecules. Inset: Schematic of monolayer
2-naphthalenethiol on SRR/D array. (d). Surface enhanced
Raman scattering of 2-naphthalenethiol in two polarizations.

environment refractive index. As displayed in Figure 5b,
the refractive index dependence of Fano resonance
frequency can be well fitted by a linear equation, demon-
strating the sensitivity up to ~282 nm/RIU. The figure of
merit, FOM = dA/Arwum is evaluated to be 4, where d4 is
the refractive index sensitivity for a special mode, and
Arwnm is the full-width at half-maximum of the mode.
Previous double split-ring resonators fabricated by hole-
mask method has achieved the sensitivity of 520 nm/RIU
and the FOM of 2.9; the plasmonic oligomers fabricated
by angle-controlled colloidal nanolithography have the
sensitivity of 530 nm/RIU and the FOM of 17.4“® The
highest FOM of EBL fabricated structures can be up to
5.7.%” Our FOM result is comparable in the EBL fabricated
structures, and the sensitivity could be further improved
by optimizing the size, gap angle and the coupling
distance.

It should be noted that the Glycerol and water
molecules serve a different dielectric surrounding, ex-
hibiting no specific chemical bonding. Here we further
demonstrate that the SRR/D is promising in surface
chemical sensing based on Fano resonance response.
A monolayer of 2-naphthalenethiol molecules are
bounded to Au SRR/D surface by utilizing the thiol
group-Au bonding (Figure 5¢, inset). The quadrupole-
related magnetic Fano resonance mode exhibits red-
shift of 32 nm (Figure 5c). The SRR/D also shows its
potential in surface-enhanced Raman scattering.
Figure 5d shows the Raman spectra of 2-naphthale-
nethiol on SRR/D with two polarization configurations as
indicated inset; powder and molecules bond to Au film,
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from top to bottom, respectively. The excitation laser
wavelength is 785 nm. In order to exclude the chemical
enhancement, Raman peak around 1379.4 cm ™' due to
ring—ring stretching has been chosen to understand
the Raman signal enhanced by surface plasmon. The
SERS enhancement factor EFsggs, evaluated by

Isers X Npuik

EFsgrs = ———1—
lou X Nsgrs

can be as high as 1.2 x 10° for the parallel polarization,
where I,y and Isgrs are Raman intensity from powder
and monolayer molecules on SRR/D surface, respec-
tively, and Npyk and Nsgrs are excited numbers of
molecules in powder and on SRR/D surface, respectively.

METHODS

Electron Beam Lithography Methods. A layer of commercial
electron beam resist poly(methyl methacrylate) (PMMA, 950 A4,
Microchem, USA) was spin-coated onto the ITO glass and then
baked at 180 °C for 18 min. A JEOL 7001F scanning electron
microscope (SEM) equipped with a nanometer pattern generation
system (NPGS) was used to pattern the arrays. The exposed
substrate was developed in methyl isobutyl ketone (MIBK), isopro-
pyl alcohol (IPA) solution (1:3), followed by a deposition of 30 nm Au
film with 2 nm Cr as adhesion layer using thermal evaporator (Elite
Engineering, Singapore) and a standard liftoff process in acetone.

Optical Characterization. The transmission spectra are mea-
sured by a commercial transmission/reflectance microspect-
rometer (Craic 20/20). The linearly polarized white light from a
Xe lamp is focused onto the sample normally from bottom. The
transmitted light is collected by a reflective objective (36x,
numerical aperture: 0.4) and spectrally analyzed by a monochro-
mator. An aperture is used to acquire transmission light from an
area of ~15 um x 15 um, which is chosen to ensure adequate
transmission flux and multiple measurements over the whole
patterns. A polarizer is placed between the light source and
sample to obtain the polarization-dependent spectra. The scat-
tering spectra of individual structures are measured by a dark-
field confocal spectrometer in the spectra range of 500—900 nm.
A polarizer is placed between the sample and detector to
conduct the polarization-dependent scattering spectra.
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