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ABSTRACT Nanostructured metals have received a significant amount of
attention in recent years due to their exciting plasmonic and photonic properties
enabling strong field localization, light concentration, and strong absorption and
scattering at their resonance frequencies. Resonant plasmonic and metamaterial
absorbers are of particular interest for applications in a wide variety of

technologies including photothermal therapy, thermophotovoltaics, heat-assisted

Absorptivity

magnetic recording, hot-electron collection, and biosensing. However, it is rather
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challenging to realize ultranarrow absorption bands using plasmonic materials due to large optical losses in metals that decrease the quality factor of

optical resonators. Here, we theoretically and experimentally demonstrate an ultranarrow band absorber based on the surface lattice resonances (SLRs) in

periodic nanowire and nanoring arrays on optically thick, reflecting metallic films. In experiments, we observed ultranarrow band resonant absorption

peaks with a bandwidth of 12 nm and absorption amplitude exceeding 90% at visible frequencies. We demonstrate that the resonance absorption

wavelength, amplitude of the absorption peak, and the bandwidth can be controlled by tuning the periodicity and the thickness of nanoring and nanowire

arrays. Unlike conventional plasmonic absorbers utilizing common metal —insulator—metal stacks, our narrow band absorber consists solely of metals,

facilitating stronger optical interaction between the SLR of periodic nanostructures and the highly reflective film. Moreover, by introducing asymmetry to

the nanoring/nanowire hybrid system, we observe the spectral evolution of resonance splitting enabled by strong coupling between two individual SLRs

arising from nanoring and nanowire arrays. Designing such all-metallic nanostructure arrays is a promising route for achieving ultranarrow band absorbers

which can be used as absorption filters, narrow band thermal emitters in thermophotovoltaics, and plasmonic biosensors.
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symmetry breaking

esonant plasmonic and metamaterial

structures allow many exciting optical

phenomena, from optical negative
refraction' and perfect lensing®* to optical
cloaking,®> and enable novel or enhanced
functionalities in various devices, such as
photonic modulators,®” optical filters2 bio-
sensors,” "2 and broad-band super ab-
sorbers.'*' Most of these applications
greatly benefit from unique properties of
metals supporting strong localized or pro-
pagating plasmon resonance modes that
can be controlled by the size, geometry,
and optical properties of the plasmonic ma-
terial and surrounding dielectric medium.
One of the criticisms for using metals in
optical applications has been the inherent
optical losses of metals. However, recently,
optical losses in plasmonic materials has
been utilized for enhancing light absorption
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through optical resonances that can find
use in photothermal therapy,'® thermo-
photovoltaics,” heat-assisted magnetic re-
cording,16 hot-electron collection,'” ther-
mal emission,'® biosensing applications,'®
and solar-steam generation.? Triple-layer
metal—insulator—metal (MIM) film stacks
have been a common and standard design
in previous plasmonic and metamaterial
absorber designs,'>?'?2 where the size
and the periodicity of top metal nanostruc-
tures and the dielectric spacer thickness
control both the localized and delocalized
surface plasmon resonance wavelengths.
Eventually, incident light gets absorbed
due to strong optical interaction around
the resonant wavelengths and converted
to heat in lossy metallic sections. The reso-
nance bandwidth of plasmonic absorbers is
relatively broad (>40 nm), and it is rather
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challenging to design ultranarrow plasmonic absor-
bers due to high optical losses in metals, which sig-
nificantly decrease the quality factor of plasmonic
resonators.

In this article, we propose and demonstrate ultra-
narrow band absorbers based on the surface lattice
resonances®> (SLRs) of nanoring and nanowire arrays
on optically thick metallic films. Here, we report the
results from our theoretical and experimental study, in
which we realized a narrow band absorber (NBA) with
an absorption bandwidth of 12 nm and absorptivity
exceeding 90%. Metal nanostructures fabricated on
metallic films not only excite sharp absorption reso-
nances®* but also facilitate much stronger electric field
localization at the top metal/air interface. The physical
mechanism behind our proposed all-metal narrow
band absorber is the SLR, which is essentially an
intricate combination of localized/delocalized surface
plasmon resonances on diffractive orders in periodic
arrays.

RESULTS AND DISCUSSION

All-Metallic Nanowire and Nanoring Arrays. Our narrow
band absorber design is based on periodic arrays of
gold nanowires (Figure 1a), nanorings (Figure 1b), and
a combination of nanowires and nanorings (Figure 1¢)
that are fabricated on top of an optically thick gold film
using electron beam (E-beam) lithography. The thick-
ness of gold nanostructures is h =40 nm, and the lattice
constant is p = 700 nm. The width of the nanowire is
a = 100 nm, and the inner radius and width of the
nanoring is r = 100 nm and w = 140 nm. The gold film is
optically thick (100 nm); therefore, optical transmission
can be neglected. The dimensions of nanostructure
arrays are 300 x 300 um®. The propagation direction
and polarization of the illumination incident source
are, respectively, along the z-axis and x-axis, as indi-
cated in Figure 1a.

Scanning electron microscope (SEM) images of
the fabricated gold nanowire and nanoring arrays are
shown in Figure 2a,c. The spectral absorption (A) of
these all-metallic arrays is defined by 1 — T — R, where
T and R represent the transmission and reflection from
NBA samples. Optically thick (100 nm) gold film pre-
vents light transmission and reduces the absorption
to 1 — R. Optical measurements are performed using
an inverted optical microscope to obtain the reflection.
Figure 2b,d plots the measured absorption spectra
of the nanowire and nanoring arrays, which exhibit a
pronounced sharp resonance peak. For the nanowire
arrays, a narrow resonance peak is observed at 708 nm
with the maximum extinction value of 30%, whereas
for the nanorings, the maximum absorption is over 90%
measured at 755 nm. The full width at half-maximum
(fwhm) values of absorption resonances are measured
to be 9 nm for nanowire arrays and 12 nm for nanoring
arrays. The quality factors of these resonator arrays are

LI ET AL.

Figure 1. Schematic drawings of narrow band absorbers
based on all-metallic nanostructure arrays. (a) Nanowire
arrays deposited on gold film in the x—y plane. The width of
nanowire a is 100 nm with the lattice constant p = 700 nm.
The illumination source propagates along the z-direction
with E-field polarized along the x-axis, as illustrated in the
figure. (b) Nanoring arrays. The inner radius of the nanoring,
r, is 100 nm and its width, w, is 140 nm. The height of the
nanoring, h, is 40 nm. The period of array, p, is 700 nm.
(c) Nanoring/nanowire composite structure with the same
geometrical parameters.
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Figure 2. Narrow band absorber. (a) Scanning electron
microscope images of the fabricated gold nanowire and
(c) nanoring arrays on gold film. The inset scale bar is 1 um.
(b) Measured (red dots) and simulated (black curves)
absorption spectra for nanowire and (d) nanoring arrays
on gold film.

calculated to be 79 and 63, respectively, which is quite
high for resonators comprising lossy metals. Three-
dimensional finite-difference time-domain (FDTD) si-
mulations were also performed using commercial soft-
ware (Lumerical), and the corresponding absorption
spectra for both nanowire and nanoring arrays are
plotted in Figure 2b,d. In the simulations, complex op-
tical constants for Au are taken from Palik.>> Our
numerical simulations predict the resonance wave-
length of resonant absorbers; however, there is a slight
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Figure 3. Flexibility of resonance wavelength, peak amplitude, and line width tuning for nanowire/nanoring arrays.
(a) Absorption spectra plotted as a function of wavelength and period for nanowire and (b) nanoring arrays on a metallic
substrate. (c) Peak amplitude and fwhm of absorption resonance as a function of the period of nanowire and (d) nanoring

arrays.

mismatch in bandwidths and peak amplitudes that
can be associated with the imperfections and surface
roughness due to actual fabrication. Limited by the
finite array size of fabricated samples, the far-field
measurements can be performed over a finite accep-
tance angle, thus also broadening the NBA spectrum.

In order to better evaluate and understand the
effect of geometrical parameters on the resonance
absorption characteristics, we have performed addi-
tional FDTD simulations for nanowire and nanoring
arrays with different periodicities. Absorption spectra
for increasing periodicities are plotted in Figure 3a,b,
indicating that the high absorption peak position
strongly depends on the periodicity of the nanostruc-
ture arrays. Other geometric parameters of nanowire or
nanoring arrays, including width, radius, and thickness
of the nanostructures, are also investigated in simula-
tions (the results are plotted in Supporting Information
Figure S1). Our results indicate that the most significant
factor in determining the resonance wavelength is the
periodicity, while other parameters such as metal thick-
ness, width, and the size of the nanostructures provide
slight modification in the resonance wavelength.?®
However, these geometrical parameters could signifi-
cantly change the absorption intensity as discussed in
Supporting Information. SLRs can be identified for the
NBA resonance because periodic effect typically yields
narrow band resonance depending on the lattice
constant.” ~>° However, SLRs are essentially intricate
combinations of localized/delocalized surface plasmon
resonances on diffractive orders in periodic arrays, not
only determined by periodic effect but also influenced
by the plasmonic nature of metallic structures. For
nanowire arrays (Figure 3a), the resonance wavelength
follows the periodicity and increases linearly with
increased periodicity. On the other hand, the reso-
nance wavelength of nanoring arrays (Figure 3b)
deviates from the periodicity, and the resonance wave-
length is modified by the shape and size of the
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nanoring structure. Particularly, the deviation of reso-
nance wavelength from periodicity is far more con-
siderable for nanorings placed in smaller periodicity,
due to the stronger plasmonic coupling between
adjacent nanorings when the unit cells are physically
closer. Figure 3¢, d plotted the peak amplitude and
fwhm as a function of lattice constant of nanowire and
nanoring arrays, respectively. For practical applica-
tions, it is desirable to have an optical ideal absorber
with narrow band feature and high absorptivity ampli-
tude. For the case of NBA based on nanowire arrays, the
periodicity size of 700 nm is found to be an optimal
case with the highest absorption amplitude of 66%.
The fwhm is increasingly larger for smaller periodicities
due to stronger coupling and higher filling factors of
metal for each unit cell; however, by increasing the
periodicity, one can reduce the coupling and thus the
resonance bandwidth. For nanoring arrays, as periodi-
city is larger than 700 nm, the peak amplitude remains
unchanged with nearly ideal absorption exceeding
97% and fwhm at 900 nm is calculated to be 3 nm.
For larger lattice constants, nanoring arrays exhibit
higher absorbance with reduced narrow bandwidth,
therefore becoming more suitable for use in NBA
applications when compared to conventional metallic
stripes (nanowires). There is a wide range of parameter
space for designing narrow band absorbers in which
the resonance wavelength, the bandwidth, and the
peak amplitude can be controlled to address the needs
and specifications for desired applications.>'>2 Addi-
tionally, another obvious benefit of using nanoring
arrays over nanowire arrays is that the absorption
characteristics are polarization insensitive, whereas
nanowires exhibit polarization-dependent absorption
phenomena.

We have performed numerical three-dimensional
(3D) simulations to calculate the spatial distribution
of absorbed power inside NBA. Figure 4 displays the
2D/3D spatially absorbed power distribution for
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Figure 4. Absorbed power distribution maps in metal. (a)
Three-dimensional absorbed power distribution map for
the nanowire structure. (b) Two-dimensional absorbed
power map for the nanowire at the interface of the bottom
nanowire and metallic film at the resonance peak. (c) Two-
dimensional absorbed power map for the nanowire at the
top surface of the resonance peak. (d) Three-dimensional
absorbed power distribution map for the nanoring struc-
ture. (e) Two-dimensional absorbed power map for the
nanoring at the interface of the bottom nanoring and
metallic film at the resonance peak. (f) Two-dimensional
absorbed power map for the nanoring at the top surface of

the resonance peak. The maximum color scale for d, e, and f
is 2.5 times higher than that for a, b, and c.

0

nanowire/nanoring NBA structures. The appearance of
the sharp spectral feature indicates that the metallic
layer enables much stronger radiant coupling with the
SLR,**73° as shown in Figure 4. Figure 4a,d plots 3D
absorbed power contours for a single unit cell of
nanowire and nanoring arrays. The highest absorbed
power intensity is located around the nanostructures
due to strong diffractive and plasmonic interactions at
resonance wavelength, although the exact positions of
the hotspots differ for both NBA designs. In order to
clearly visualize the spatially absorbed power distribu-
tion, we plotted the 2D absorbed power contour at the
interface of the metallic substrate and the bottom
surface of the nanostructures (Figure 4b,e), as well as
the interface of the top surface of nanostructures and
air (Figure 4c,f). The maximum absorbed power for
nanowires is located at the two sides of gratings and
the interface between the bottom surface of nanowires
and metallic film (Figure 4b), whereas the highest
absorbed power for the nanoring arrays is located at
the inner parts of rings and top surfaces (Figure 4f).
Such distinctive absorption schemes for nanorings and
nanowires are attributed to different SLR spectra in
terms of NBA bandwidth and amplitude.
Nanostructures fabricated on metallic substrates
have significant advantages over their counterparts
fabricated on dielectric substrates. High reflective sub-
strates underneath the nanostructures provide strong
optical interaction and scatter light back into the air or
the surface wave rather than forward into a dielectric
medium. By eliminating such forward scattering, radia-
tive losses are significantly reduced, contributing to
the narrower absorption band observed in the experi-
ments. All-metallic absorbers drive the electromag-
netic (EM) field resonance away from substrate
interface to the top surfaces of the nanostructure.
The excited mode from the top surfaces could boost
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the local field enhancement to over three times higher
than counterparts on dielectric medium (detailed
discussions are provided in the Supporting Information
Figure 54).3¢ Overall, the highly excited SLR mode faci-
litated by the underneath metallic substrate contri-
butes to sharp absorptivity and a much higher quality
factor nanocavity, rather than a leaky mode cavity
based on transparent substrate or MIM-type cavity.

The top surface field concentration and extension
into surrounding medium for the all-metallic NBA is
quite desirable for biosensing application due to the
easy accessibility of the field.” The numerical simula-
tions indicate that the sensitivity (S = dA/dn) and figure
of merit (FoM = (dA/dn)/AX) for a plasmonic sensor to
index variation could reach as high as ~900 and ~200,
respectively. Such high FoM for sensing is due to
ultranarrow bandwidth resonance and highly concen-
trated local field near the nanorings/nanowires. In
addition to biosensing, spectrally ultrasharp band-
width with nearly ideal absorptivity could have signi-
ficant impact on applications including thermo-
photovoltaics and absorption filters.

Nanoring/Nanowire Hybrid System. We also investigate
the hybrid system that consists of nanoring arrays
incorporated with nanowires, as schematically illu-
strated in Figure 5a. Corresponding SEM images are
shown in Figure 5d. The geometric parameters and
the periodicity for the nanoring and nanowire arrays
are kept the same as individual arrays discussed in the
previous section. Here, we introduce structural asym-
metry to the nanowire—nanoring composite structure,
where the asymmetric extent is characterized by Ax,
the displacement of the nanowire with respect to the
center of the nanoring along the x-axis. The plasmonic
couplings between the nanoring and nanowire change
with Ax, due to hybridization between the two absorp-
tion resonances from the nanoring and nanowire
arrays separately. As shown in Figure 5b,c, both mea-
sured and simulated data illustrate the appearance of
resonance splitting due to symmetry breaking.>*”®
For a symmetric ring/wire system with Ax =0 nm, only
one pronounced resonance is located at 737 nm in
the measured spectrum. Shifting the wire to Ax =
~200 nm, where the nanowires overlapped with nano-
rings, we experimentally observe the resonances are
splitinto two coupled narrow band resonances located
at 709 and 765 nm, respectively. For the ring/wire
system with Ax = ~270 nm offset, where the nanoring
and nanowire are conductively touching,*® the two
individual resonances slightly red shift in spectral
response. Eventually, when the nanowires are shifted
to the middle of adjacent nanorings (i.e., Ax = 350 nm),
the hybrid system is reverted to symmetry and the
two split resonances are reduced to the original
single peak. The simulated FDTD results could repro-
duce the same spectral evolution trends (Figure 5b)
and have good agreement with measured spectra
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Figure 5. Spectral hybridization for nanoring/nanowire arrays. (a) Schematic configuration and (d) scanning electron
microscope images for a top-view nanoring/nanowire hybrid system with different displacement of Ax = 0, 200, 270, and
350 nm. Scale bar is 2 um. (b) Simulated and (c) measured absorptivity spectra for the nanoring/nanowire hybrid system with

corresponding varied displacement Ax.

(Figure 5¢). Reduced amplitude and broadening effect
in experimental spectra are mainly attributed to surface
roughness and deviation of fabricated structures from
the ideal parameters.

To gain more insight on the resonance splitting
effect from introducing asymmetric hybridization be-
tween nanorings and nanowires, complete spectral
evolution as a function of asymmetric displacement
Ax is numerically calculated. As illustrated in Figure 6a,
two narrower absorption peaks arise from the original
single absorption peak once symmetry breaking and
more EM energy absorption is intensively concen-
trated in the resonance of longer wavelength due to
larger absorptivity amplitude. Interestingly, we ob-
serve a drastic EM energy absorption peak transition
region from 760 to 730 nm when the asymmetric
ring/wire system with Ax = 290—320 nm is offset. It is
worth noting that, within the specific displacement
region, the nanoring and nanowire are nearly touch-
ing, which induces plasmonic capacitive coupling be-
tween their SLR modes.*° For further displacement of
Ax = 320—350 nm, increasingly higher EM energy
absorbance is located in the shorter wavelength reso-
nance, whereas the longer wavelength peak gradually
disappears, eventually resulting in a single absorption
peak.

We calculated the local electric field (E-field) inten-
sity to understand the underlying physical mechanism
of resonance coupling in the absorptivity spectra.
Figure 6b presents the E-field profiles in the x—y plane
across the center of the nanoring/nanowire structures
for both individual nanostructured arrays as well as
their hybrid system with different displacement of
Ax at respective resonance peak. For the individual
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Figure 6. Absorption evolutions with displacement Ax
variation and near E-field profile for the nanoring/nanowire
hybrid system. (a) Absorptivity spectral evolution as a func-
tion of wavelength and displacement Ax in the nanowire—
nanoring hybrid structure. (b) Normalized 2D E-field inten-
sity distribution for the individual systems and hybrid
system when Ax = 0, 200, 270, and 350 nm. The field
monitor is located at the x—y plane across the center of
the nanoring/nanowire structures at respective peak
wavelengths.

systems (the bottom row of Figure 6b), both of the
nanoring and nanowire exhibit a strong symmetric
pattern of E-field intensity near the metallic structures.
Similarly, for the hybrid system with Ax = 0 nm dis-
placement, only one single resonance peak arises due
to the symmetric mutual coupling, where the E-field
distribution profile of the nanoring resonance domi-
nates and overrides the contribution of the nanowire.
For Ax = 200 nm, two resonance peaks at shorter
wavelength 4; and longer wavelength 4, are induced
by resonant coupling due to asymmetry, and higher
E-field intensity at resonance 1, confirms that more EM
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energy absorption is concentrated there. The E-field
distribution pattern for Ax = 200 nm is not only domi-
nated by the nanoring but also attributed to hybridiza-
tion of the nanoring and nanowire since the field near
the nanowire structures has high intensity. Similarly,
for the nearly touching case of Ax =270 nm, enhanced
near-field density surrounds both the nanoring and the
nanowire. However, the field pattern is different from
the case of Ax = 200 nm in terms of field profile of
shorter wavelength 4, which indicates drastic varia-
tion of the coupling mechanism due to the relative
position change. Eventually, for Ax=350 nm, when the
nanoring is apart from the nanowire, the hybrid system
returns to a symmetric pattern and there is minimal
mutual coupling. The nanoring again dominates the
surrounding field distribution and leads to the degen-
eration from two coupled resonances to a single
absorption peak.

CONCLUSION

Narrow band absorbers are realized using periodic
nanoring and nanowire arrays that are directly

METHODS

Fabrication. Cr/Au layers (5/100 nm thick) were first coated
on silicon substrates using electron beam (E-beam) deposition.
We used PMMA 990 A4 as the E-beam resist and spun it at
4000 rpm for 40 s. Consequently, the sample was baked at
180 °C for 90 s on a hot plate. E-beam lithography was
conducted to define the patterns. The sample was developed
in 1:3 methyl isobutyl ketone/isopropyl alcohol (IPA) solution
followed by rinsing in IPA. Then 40 nm Au layers were deposited
on the patterned substrates by E-beam evaporation. A lift-off
process was performed by dipping the sample in acetone for
2 min, followed by a 10 s sonication process.

Optical Measurements. An inverted microscope equipped with
a spectrometer consisting of a 303 mm focal length monochro-
mator and Andor Newton electron multiplication charge-
coupled device (EM-CCD) camera was utilized for optical mea-
surements. A broad-band halogen lamp was used to generate a
broad-band illumination, and a linear polarizer was inserted into
the light pathway to polarize the incident light. Reflected light
was collected from a 50 x 50 um? area using a 2x Nikon
microscope objective with a numerical aperture of 0.06. For
calibration of reflection, we first measured the reflection from a
broad-band dielectric mirror (Edmund Optics #64-114) with an
average reflection of 99% between 350 and 1100 nm. Measured
reflection from nanostructures was then calibrated using the
reflection spectra of the dielectric mirror.

FDTD Simulations. Full-field electromagnetic wave calcula-
tions were performed using Lumerical, a commercially avail-
able FDTD simulation software package. A unit cell of the
investigated structure was simulated using periodic boundary
conditions along the x- and y-axes and perfectly matched
layers along the propagation of electromagnetic waves
(z-axis). Plane waves were launched incident to the unit cell
along the +z direction, and reflection was collected with a
power monitor placed behind the radiation source; transmis-
sion was collected with a power monitor placed behind the
structure. Electric and magnetic field distribution were
detected within the 3D field profile monitors. All of the
simulations reported in this paper were performed in 3D
layouts. In the simulations, we used Au Palik data for the
complex refractive indices.?®
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deposited on reflective metallic films. We observed
ultrasharp absorption resonances with fwhm as narrow
as 12 nm and absorption peak amplitude exceeding
90%. The narrow line width is obtained via surface
lattice plasmon resonances. Therefore, the wavelength
and the line width of absorption bands can be acces-
sibly controlled with the periodicity and the shape of
the nanostructures. We demonstrate that all-metallic
resonant absorbers enable stronger light—matter in-
teractions, as opposed to widely studied MIM absor-
bers, and exhibit higher E-field enhancement con-
centrated near the nanostructures. Realization of such
resonant absorbers with ultranarrow bandwidth
(~10 nm) and nearly ideal absorptivity (>90%) has
been challenging in the field of plasmonics. The NBA
design is a promising scheme for achieving ultrasharp
perfect absorption based on optical systems conven-
tionally known to be very lossy. Such ultranarrow band
resonant absorbers could easily find applications in
thermophotovoltaics, optical filters, nonlinear optics,
and biosensors, where spectrally ultranarrow optical
resonances and large signals are desired.
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