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Independent Tailoring of Super-Radiant and Sub-Radiant
Modes in High-Q Plasmonic Fano Resonant Metasurfaces

Govind Dayal, Xin Yu Chin, Cesare Soci, and Ranjan Singh*

Fano resonances in plasmonic metasurfaces arise from the interference
between a super-radiant and a sub-radiant plasmon mode. The interference
of the plasmon modes, which gives rise to the Fano resonance phenomenon
in a plasmonic metasurface, also restricts the independent control of the
individual resonance modes. Independent tailoring of super-radiant and
sub-radiant plasmon modes at nanoscale is one of the challenges to be
addressed for the realization of targeted functionalities and fundamental
understanding of plasmon mode coupling. Here, it is experimentally and
numerically shown that the spectral position and line-width of both the
super-radiant and sub-radiant plasmonic modes of a Fano resonance can

be independently controlled through the variation of metal film thickness at
the skin depth scale and polarization of the incident light. The metasurface
consists of a conductively coupled annular and rectangular aperture array
that supports multiple high-Q Fano resonances at near-infrared frequencies.
Fano resonances are excited via interference between the azimuthal plasmon
mode of the annular aperture and the dipolar plasmon mode of the rectan-
gular aperture. The multiple Fano resonances excited in the proposed design
show remarkable sensitivity to skin-depth scale film thicknesses, enabling
independent control of spectral position and line-shape of super-radiant and

be “hot spots” has become an ideal can-
didate for surface-enhanced Raman spec-
troscopy, surface-enhanced florescence,
and surface-enhanced infrared absorp-
tion spectroscopy, which utilizes the
field enhancement properties of metal
nanostructures to detect the signal from
a single molecule.”™! The largest pos-
sible field enhancement depends on the
quality factor (Q) of the resonances. Wang
et al. have shown that the Q-factor of the
plasmon resonance depends only on the
dielectric function of the metal at a given
plasmon frequency but not on the geo-
metric form and shape of the nanostruc-
ture.1% The maximum possible Q-factor
for a metal nanostructure is limited by the
ratio of real and imaginary parts of dielec-
tric function of the metals, and is less than
10-20 in the visible and near IR.') The
spectral response of these localized sur-
face plasmon resonances does not depend
only on their size and shape, but also on

sub-radiant modes in high-Q plasmonic Fano resonant metasurfaces.

1. Introduction

The ability of plasmonic nanostructures to concentrate inci-
dent radiation well below the diffraction limit offers unique
possibilities for controlling and manipulating light at sub-
wavelength scale.l'?l These unique functionalities are enabled
by the excitation of coherent oscillations of free electrons in
the finite sized nanostructure driven by the incident electric
field of the electromagnetic wave, known as localized surface
plasmon resonances.’~! The intense electromagnetic field near
the edges of nanostructures at plasmon resonances known to
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their dielectric environment. In the quasi-
static limit, free electrons in the metal
nanostructure experience spatially homo-
geneous field with roughly the same phase
of the incident electromagnetic field, leading to the excitation
of a dipole resonance.?l In addition to the dipole resonance,
quadrupole and higher order modes can also be observed. The
higher order modes (quadrupole, octupole, etc.) of the sub-wave-
length sized plasmonic nanostructures do not directly couple
to the incident radiation at normal incidence. However, these
modes can be excited at normal incidence (nonretarded case)
through asymmetric coupling by breaking the structural sym-
metry or at an oblique angle of incidence illumination (retarded
case).l’l Interesting phenomena arise when the plasmon modes
start interfering with each other resulting in a completely new
kind of resonances, e.g., Fano resonance. Fano resonances are
characterized by a distinct asymmetric line shape, which origi-
nates from the interference of a broad spectral background state
and a narrow discrete state.’2l Ugo Fano explained the asym-
metric shape of such spectral lines based on the superposition
between two scattering channels involving a continuum and a
discrete state with an asymmetric line shape given by

S(e)=(Fy +o-w,)" /(@ - ao)' +7 1)

where @, and 7y denote the spectral resonance position and
line-width of the resonance, respectively; F is the so-called
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Figure 1. SEM image of 2D array of the overlapping annular and rectangular apertures fabricated by focused ion beam. The inner and outer diameters
of the annular aperture are 400 and 600 nm, respectively. The periodicity in both x- and y-directions is 800 nm. A schematic diagram of the unit cell

with the geometric definitions is shown in the inset.

Fano parameter, which describes the degree of asymmetry.3!
A simplified form of the Fano formula can be represented as
a product of a broad parabolic curve and a narrow Lorentzian
curve

S(e)=((Fy +@-)")*(1/(@=,)" +77) )

From the above expression, it can be clearly seen that it is not
necessary to have a continuum state to excite a Fano resonance,
rather this can also be achieved upon interference of the two
modes resonant at the same frequency, but with contrasting Q
values.

Engineering of Fano resonances in plasmonic systems has
experienced tremendous growth in the past decade due to the
emergence of plasmonic metasurfaces, whose electromagnetic
properties can be tailored to meet specific on-demand applica-
tions in a way that is unaffordable with natural materials.!'+-¢)
In a plasmonic system, the continuum state of radiative waves
can be constructed from the dipolar (super-radiant) mode and
the discrete state can be constructed from the higher-order
(sub-radiant) mode of a properly designed plasmonic nano-
structure.l'”] The interference of plasmon modes, which provide
the mechanism for Fano resonance excitation, is obtained via
symmetry breaking to generate plasmonic Fano resonances
for various nanostructures constructed from disk-ring cavi-
ties, 820 metal nanostructure heptamers,?!l pentamers,??!
quadrumers,?’l dolmen structures,?! and asymmetric split
ring resonators®>%’). The importance of Fano resonance in
plasmonic systems stem from the fact that it gives rise to sharp
resonances in the optical and near-infrared frequency regime,
which is otherwise challenging due to inherent dissipative
losses in the plasmonic materials. The sharp spectral feature
of Fano resonance and consequently the enhanced optical field
have been used for a variety of applications including second
harmonic generation, plasmonic rulers, refractive index sen-
sors, and biosensors.28-32]

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Unfortunately, as the Fano resonance is built upon a collec-
tive effect, it is arduous to independently control the individual
sub-radiant and the super-radiant resonances without any
mutual influence.?**¥ In this manuscript, we experimentally
and numerically show that the spectral position and the line-
width of both the super-radiant and sub-radiant modes of the
Fano resonance can be independently controlled through the
variation in metal film thickness at the skin-depth scale and
polarization of the incident light. The independent control of
super-radiant and sub-radiant modes of the Fano resonance
through the metal film thickness is enabled by appropriate
engineering of the plasmonic metasurface that consists of con-
ductively coupled annular and rectangular aperture arrays. The
two resonators that spectrally and spatially overlap give rise to
sub-radiant Fano resonances with strong thickness-dependent
optical response. The super-radiant mode of the coupled system
is the dipolar mode of the annular aperture, which is inde-
pendent of the film thickness.

A schematic diagram of the metasurface, consisting of con-
ductively coupled annular and rectangular apertures are shown
in Figure 1. The super-radiant modes of the individual annular
aperture and the rectangular aperture are engineered to spec-
trally and spatially overlap to build Fano-like resonances in plas-
monic nanostructures. The sub-radiant mode, which provides
the mechanism for Fano resonance generation, is obtained via
symmetry breaking. Arrays of overlapping annular and rectan-
gular apertures were fabricated by focused ion beam milling
in 50 and 100 nm thick gold films deposited on a quartz sub-
strate. Arrays have been created using a square lattice with a
fixed period of 800 nm. The overlap distance between annular
and rectangular apertures is varied in the range of 20-60 nm.
The top view of scanning electron microscopy (SEM) image of
the overlapping annular and rectangular apertures is shown
in Figure 1. The inner and outer diameters of the annular
apertures are 400 and 600 nm, respectively, and the length
and width of the rectangular apertures are 600 and 100 nm,
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respectively. The size of each fabrication area has a footprint of
35 pm X 35 pm.

Reflection spectra were obtained with a Fourier transform
infrared spectrometer (Bruker Vertex 80) equipped with a con-
focal microscope (Hyperion 1000), including a liquid nitrogen-
cooled mercury cadmium telluride detector. The zeroth order
of the reflected light is collected with a 0.5 NA objective. The
illumination light is focused onto the sample at a quasinormal
(=10°) incidence. All the spectra are recorded with a resolution
of 4 cm™ and 128 scans. The state of polarization of the inci-
dent light was controlled using a ZnSe polarizer. All measure-
ments are normalized with respect to the reflectance from a
plain gold mirror.

2. Results and Discussion

In Figure 2, we present the measured reflection spectra from
50 nm (top panel) and 100 nm (bottom panel) metal film per-
forated with a 2D square array of overlapping annular and
rectangular aperture having different overlapping distance ‘d’.
In Figure 2, the dotted curves show reflection spectra for the
x-polarization i.e., electric field polarized parallel to the length
of the rectangular aperture, while solid curves represent the
reflection spectra for the y-polarization i.e., electric field polar-
ized perpendicular to the length of the rectangular aperture.
As shown in Figure 2, the reflection properties of the structure
depend strongly on both the metal thickness as well as on the
polarization state of incident electromagnetic wave. We begin
our analysis by comparing the measured reflection spectra of
50 and 100 nm thick metal films perforated with an array of
overlapping annular and rectangular apertures having a fixed
overlap distance of 20 nm. For the case of 50 nm film thick-
ness, the measured reflection spectrum (dotted black curve) for
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x-polarization reveals a broad resonance at 130 THz accompa-
nied by two sharp reflection dips at 169 and 216 THz, respec-
tively, as shown in Figure 2a. It will be shown in the electric
field plots later that the broad resonance with a reflection dip
at 130 THz is due to the excitation of the azimuthal dipole
mode (m = 2) in the annular aperture and the two pronounced
dips at 169 and 216 THz are due to the formation of the Fano
resonances resulting from the interference of the azimuthal
quadrupolar mode (m = 4) of the annular aperture with the
dipolar and quadrupolar modes of the rectangular aperture. For
the identical structure with 100 nm metal film thickness, the
broad dipolar (super-radiant) resonance (m = 2) appears at the
same spectral position (130 THz), while the Fano resonances
are blue-shifted to 185 and 223 THz, respectively, as shown in
Figure 2d (dotted black curve). Next, we compare the reflection
spectra of the same structure for y-polarization. The measured
reflection spectrum obtained for y-polarization (solid red curve
in Figure 2a) shows a broad resonance at 155 THz, with a Fano
resonance at 172 THz, while the reflection spectrum obtained
from 100 nm thick film shows a comparatively narrower funda-
mental (m =2) resonance at 155 THz with two Fano resonances
at 187 and 223 THz, respectively. It is striking to note that for
a particular polarization, the fundamental dipolar mode (m = 2)
appears at the same spectral position for both metal thicknesses
(50 and 100 nm), while the Fano resonances are blue-shifted
with increasing film thickness. This indicates that the Fano res-
onances are strongly dependent on the film thickness, while the
fundamental dipolar resonance is independent of film thick-
ness. Furthermore, it is noted that the Fano resonances excited
in 100 nm thick metal film appear at almost the same frequen-
cies for both the x- and y-polarizations while the fundamental
(m = 2) mode is strongly polarization dependent and appears
at different resonance frequencies. This allows us to indepen-
dently control the dipolar mode and the Fano resonances in
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Figure 2. Measured reflection spectra for different overlap distances between annular and rectangular aperture under normal illumination with the
electric field component along x-(dotted curves) and y-(solid curves) directions. Top panels (a—c) shows the reflection spectra for 50 nm thick film
and bottom panels (d—f) shows the reflection spectra for 100 nm thick film, respectively. Inset shows unit cell of the metasurface design with overlap
between annular and rectangular apertures. The lines in the spectrum are marked to show the spectral separation of the resonances for different
thicknesses.
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the plasmonic metasurface with the polarization of the inci-
dent light and by varying the thickness of the metal film. These
trends were observed for all the samples with different overlap
distances (d = 50 nm, d = 60 nm). We note that the spectral sep-
aration between the resonance positions for both dipolar and
Fano resonances, for two orthogonal polarizations, increases
as the thickness of the metal film approaches the skin depth
(=25 nm at 1.8 pm). The influence of overlap distance on the
optical spectra has been presented in prior work.*’]

To interpret the measured reflection spectra shown in
Figure 2, fullfield electromagnetic simulations are carried
out using a Finite Element Method based software package,
(COMSOL Multiphysics). The frequency-dependent dielectric per-
mittivity of the gold film is described by Drude free electron model
with a plasma frequency of 2175 THz and a collision frequency of
100 THz. The quartz substrate is characterized by a real-frequency
independent dielectric constant of 1.45. In the simulation, Flo-
quet periodic boundary conditions are applied for the transverse
boundaries of the unit cell to replicate an infinite planar array of
the unit cell. The port boundary conditions are used perpendicular
to the z-axis to excite a plane wave from the top of the structure
with a power of 1 W. The reflection (R(w)) spectrum is calculated
from S-parameter. An overall good agreement is observed between
simulated results and experimental measurements.

The simulated reflection spectra for x-polarization, for an
overlap distance of 50 nm with different film thicknesses, are
plotted in Figure 3. The reflection spectrum for the 50 nm
thick film (black curve) shows a broad dip at 143 THz and a
characteristic asymmetric sharp Fano dip at 180 THz. For the
same structure with 100 and 200 nm film thicknesses, we find
that the Fano resonances are shifted to higher frequencies
(193 and 201 THz, respectively) without influencing the dipolar
resonance frequency (143THz). The calculated quality factor
(O = fo /8f) of the Fano resonances for 50, 100, and 200 nm
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film thicknesses are Q = 36, Q = 33, and Q = 32, respectively.
Thus, for a given annular and rectangular aperture array with
a fixed overlap distance, film thickness can be effectively used
as a control parameter to independently tune the spectral posi-
tion of the Fano resonances in the optical spectrum. Simulated
electric field plots in the x-y plane of the overlapping annular
and rectangular aperture are shown in Figure 3b,c to under-
stand the mode coupling. The electric field distribution for the
super-radiant mode at 143 THz elucidates an azimuthally sym-
metric dipolar mode (m = 2), while the electric field plot for the
dip at 193 THz indicates excitation of an asymmetrical quad-
rupole charge distribution in the annular aperture and a linear
dipolar charge distribution in the rectangular slot, as shown in
Figure 3. The interference between the linear dipole mode of
rectangular aperture and the azimuthal quadrupole mode of
annular aperture results in a pronounced Fano dip. It is impor-
tant to note that the linear dipolar plasmon mode excited in the
rectangular aperture is induced through the coherent near-field
coupling between the directly excited plasmonic mode (super-
radiant mode) of the annular aperture and the rectangular
aperture. The second Fano dip in the reflection spectrum at
256 THz belongs to the excitation of a quadrupolar plasmon
mode (m =4) supported by the annular aperture structure and a
quadrupolar plasmon mode in the rectangular slot.

In Figure 4, we show the simulated reflection spectra obtained
from the same structure for y-polarization with different metal
thicknesses. The reflection spectrum for 50 nm thick film
(black curve) shows a broad dip at 167 THz and a character-
istic asymmetric line shaped Fano resonance dip at 182 THz.
As the metal film thickness increases, the Fano resonances
are blue-shifted in the reflection spectrum while the spectral
position of the super-radiant (dipolar) plasmon mode is con-
stant. The spectral position of the Fano resonance for 100 and
200 nm films is shifted to 193 and 201 THz, respectively. In the
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Figure 3. a) Calculated reflectance spectra for overlapping annular and rectangular aperture array milled in metal with different thicknesses with the
electric field polarized along x-direction. The electric field distribution plots at the resonance dips (arrow marks in the simulated spectrum of metasur-
face with t =100 nm and d = 50 nm) reveal the dipolar (m = 2) and quadrupolar (m = 4) charge distribution in the annular aperture as shown in panels
(b) and (c). The arrows represent the vectors of electric field, and the color contour plot indicates the electric field norm.
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Figure 4. a) Calculated reflectance spectra for overlapping annular and rectangular aperture array milled in metal with different thickness with the
electric field polarized along y-direction. The arrow marks in the simulated spectrum of the metasurface with t =100 nm and d = 50 nm, correspond to
the frequencies of field distribution plots shown in panels (b) and (c). The electric field distribution plots indicate the dipolar (m = 2) and quadrupolar
(m = 4) charge distribution in the annular aperture. The arrows represent the vectors of electric field, and the color contour plot indicates the electric

field norm.

case of y-polarization, not only the spectral position of the Fano
resonance changes but also the amplitude of the resonance
is considerably modified. The calculated quality factors of the
Fano resonances for 50, 100, and 200 nm film thickness are Q =
26, Q =22, and Q = 21, respectively. As seen from the electric
field plots for the x-polarization, the Fano resonances for the
y-polarization are excited due to interference of the quadrupolar
resonance of the annular aperture with the directly excited
dipolar resonance of the rectangular aperture.

To understand the origin of the spectral shift of the Fano reso-
nances, we plot the simulated reflectance spectra obtained from
the individual annular aperture array and rectangular aperture
array milled in 50, 100, and 200 nm thick metal films in Figure 5.
The simulated reflectance spectra for the annular aperture
array show a broad dip at 164 THz, which is independent of
the metal film thickness; however, the line-width of the reso-
nance decreases with increasing metal film thickness. The
broadening of the resonance for smaller film thickness is most
likely from the higher loss of thinner metal films. Baida et al.
have carried out a detailed numerical analysis of the thickness-
dependent resonant transmission properties of the annular
aperture arrays. Their finite difference time domain simula-
tion shows that a guided mode in the sub-wavelength coaxial
structure is responsible for the large transmission. The funda-
mental mode of a annular aperture guide in a PEC is the TE;;
mode, which has a cutoff wavelength: A, = 7%R,+R;).
For the annular aperture guide in a real metal, the cutoff wave
is slightly modified: A, ~ n*7*(R, + R;), where ng,, is the
refractive index of the substrate.?3 In a further study, Haftel
et al. investigated the role of a “cylindrical” surface plasmons
(CSPs) on cylindrical interfaces of annular apertures. They
found that CSP transmission peak occurs whenever a cylin-
drical surface plasmon (CSP) n = 1 normal mode is supported
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for an isolated aperture when the longitudinal wave number
k, satisfies k,t = nm, where n is an integer and ‘¢’ is the thick-
ness of the film. Thus, these are propagating (predominantly
TE;;) modes, not evanescent, through the aperture. For an opti-
cally thin film, i.e., film thickness < wavelength, the peak at the
longest wavelength is for n = 0 and corresponds to k, = 0, i.e.,
at the cutoff wavelength of TE;; mode, and its position is inde-
pendent of metal thickness ‘¢’ as we observed in our case.[041]

In the case of rectangular aperture array, the simulated reflec-
tance spectra show strong film thickness dependence of the
resonance position. As shown in Figure 5b, the spectral posi-
tion of the dipole resonance changes from 154, 164 to 171 THz
as the metal film thickness increases from 50, 100 to 200 nm,
respectively. Degiron et al. have studied the role of the aperture
depth on the transmission of light through sub-wavelength
holes in free-standing films.*? They found two transmission
regimes for sub-wavelength hole arrays depending on the
aperture depth. For an optically thin film, i.e., film thickness <
wavelength, SPs excited on the two surfaces couple via evanes-
cent waves leading to the resonant passage of light through the
array. They observed that the resonant peak shifts and broadens
with decreasing film thickness in this regime as noted in our
case.l23] For deeper holes, the SP modes of the two inter-
faces are uncoupled and the transmission falls exponentially as
the film gets thicker. The transition between the two regimes
occurs at a hole depth found to be roughly three times the effec-
tive skin depth of the metal film.

3. Conclusion

In summary, we introduced a simple method to independently
control the spectral position of both the super-radiant and
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Figure 5. Calculated reflectance spectra for the a) annular aperture array and b) rectangular aperture array in 50, 100, and 200 nm thick metal films with
the electric field polarized perpendicular to the length of the rectangular aperture. The inset plots show the electric field distribution in the individual

annular and rectangular apertures at the resonance dip.

sub-radiant plasmon modes of the Fano resonances excited in
the metal film perforated with a 2D square array of overlapping
annular and rectangular apertures. Our experimental and
numerical study shows that the spectral position of the Fano
resonance is extremely sensitive to the thickness of the metal
film and can be tuned over a wide spectral range without
influencing the spectral position of the fundamental plasmon
mode. We showed that the complete spectral control of Fano
resonances is enabled by proper choice of resonators that have
contrasting thickness-dependent optical responses. Our study
demonstrates a new method to tune the spectral position of
Fano resonance that can be used, for instance, to match the
specific molecular vibrational fingerprints for ultra-sensitive
single molecule detection.
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