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Dual Resonant Plasmonic Infrared Pixels for Selective

Optical Encoding

Goekalp Engin Akinoglu,* Leshy Patchett, Timothy Denis James, Paul Mulvaney,

and James Andell Hutchison*

Plasmonic metasurfaces allow the optical encoding of information based on
bright and non-fading colors with a resolution at the diffraction limit. The
optical information is encoded by varying the dimensional parameters of the
plasmonic nanostructures, which are then clustered into nanopixels that are
parallel and spectrally addressable. The storage density can be further
increased by employing asymmetric and polarization-dependent
nanostructures. However, further increases in storage density and security
capabilities are still vital for the successful implementation of plasmonic
metasurfaces as encoding and encryption solutions. Recent progress in
infrared hyperspectral imaging has opened up the possibility of covert image
encoding. Here, the optical properties of double resonant plasmonic

of electrons in the gold nanoparticles,
known as localized surface plasmons.[?!
Unlike dyes or pigments, plasmonic
nanoparticles are chemically and ther-
mally stable and incapable of photo-
bleaching. The color can be tuned by
adjusting the plasmon excitation energy,
which is influenced by the size, shape,
and arrangement of the nanoparticles.!?’

In recent years, advanced plasmonic
metasurfaces have been developed,
creating plasmonic mosaics consisting
of nanopixels with geometric dimen-
sions below the diffraction limit.3-

nanostructures are investigated in the mid-infrared. The structures consist of

plasmonic nano-antennas that are placed inside resonant plasmonic ring
cavities. The associated plasmonic resonances weakly interact, which causes
hybridization. However, it is shown that the plasmonic resonances can be
nearly independently tuned if the optimal geometry is used and discuss
selective and simultaneous optical encoding in mid-wavelength and

long-wavelength infrared regions.

1. Introduction

In ancient Rome, gold nanoparticles were utilized to color glass
and ceramics, resulting in artwork that has been preserved for
centuries.[!l Their color is based on the collective oscillations
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These plasmonic mosaics have sev-
eral promising applications in optical
data storage and security, whereby
the stored optical information can be
read out with high-resolution optical
microscopy.>*] Furthermore, nanopho-
tonic pixels have been utilized in appli-
cations such as sensing,!”) ultra-compact
camera pixels,®l and for hyperspectral
imaging.>1!1 Of note is the development
of multi-resonant pixels, which allow multiple layers of informa-
tion to be patterned onto the same target area, increasing the po-
tential information storage density and security via spectral filter-
ing. Recently, covertimaging was demonstrated using plasmonic
apertures with tunable resonances in the infrared.['>!3] Another
promising approach is the use of structures or assemblies which
exhibit tunable dual plasmon resonances. Polarization depen-
dent, dual resonant pixels have been developed using plasmonic
structures such as gold nanorods!' and coupled gold nanoparti-
cle oligomers.['>) However, in these cases, while readout may be
enabled through a combination of spectral and polarization fil-
ters, independent tuning of each resonance is often convoluted
and challenging. For example, in the case of nanorods, both the
transverse and longitudinal plasmon modes are shifted when the
rod’s aspect ratio is changed. The use of asymmetric cross-shaped
apertures offers a promising alternative, where each arm can be
addressed independently due to geometrically orthogonal plas-
mon modes.1*17] Alternatively, two or more uncoupled or weakly
coupled plasmonic structures may be incorporated into a sin-
gle diffraction limited pixel, which forms the basis for this work.
Here, we investigate IR, dual-resonant plasmonic pixels based on
antennas placed inside ring cavities.

As an initial model system, we first consider concen-
tric disk-ring cavities (CDRCs). CDRCs have been thoroughly

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Scheme 1. Dual resonant plasmonic arrays formed by embedding gold disks, rings, or crosses within gold rings. For the concentric disk-ring cavities
(CDRCs), d; denotes the outer ring diameter, d, the inner ring diameter, and d; disk diameter. For concentric ring-ring configurations (CRRCs), d;, refers
to the inner central ring diameter, while d,,, represents the outer central ring diameter. For the concentric cross-ring cavities (CCRCs), d;, specifies the

cross length, and d
thicknesses by t.

out

investigated in the visible spectrum and their optical properties
are determined by the complex interplay between the individ-
ual responses and interactions of the rings and disks.'$1%] The
plasmonic excitation energies and their interactions are heavily
influenced by the geometrical parameters of the CDRCs. Typ-
ically, the plasmon resonance excitation energy experiences a
redshift with increasing size. However, for small inter-particle
distances, resonance hybridization produces bonding and anti-
bonding modes with shifted excitation energies.['*1°] Further-
more, in the case of CDRCs Fano resonances can be observed
due to the coupling of the bright dipolar resonance of the disks
to the dark multipolar resonances of the rings.['#1] The reduced
line shape of these Fano resonances enables a high refractive in-
dex sensitivity that has attracted intense interest as an approach
to biosensing.[?! However, both coupling mechanisms are gov-
erned by near-field interactions and this limits selective control
of the individual plasmon excitations associated with the respec-
tive disks and rings. In this study, we investigate the plasmon
resonances of different antenna designs placed within rings and
demonstrate that their plasmon excitation energies can be in-
dependently optimised and varied in a programmable and pre-
dictable fashion to meet the needs for ultra dense covert optical
encoding.
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defines the outer centric ring diameter. The widths of the rings and crosses are described by w,,, = wy,, the pitches by p and the

2. Results

We consider in our simulations the spectral range between 1000
and 7000 wavenumbers (1.4-10.0 micron wavelength), spanning
the near and mid-IR regions. The plasmonic antennas are placed
in a hexagonal arrangement to increase the overall density of
the plasmonic resonators. Our initial model system comprises
CDRCs, as illustrated in Scheme 1. The system features three
critical parameters that dictate its complex plasmonic response:
the radii of the disks d,, the inner radii of the rings d, and the
outer radii of the rings d;. We begin by exploring the effect of vary-
ing the rings’ outer radius while keeping the inner radii of the
rings and the radii of the disks constant (as shown in Figure 1A).
The CDRCs are represented by solid lines, while the reflectance
spectra of the isolated rings and disks are shown as dashed and
short-dashed lines, respectively. Across all parameters, we ob-
serve that the plasmon excitation for the rings occurs at around
2000 cm™!, while for the disks, it occurs at around 4500 cm™.
As the width of the individual rings increases, we note a rise in
the resonance broadening, which is also evident in the respective
CDRCs. Increasing the width of the plasmonic ring enhances
scattering losses as more material interacts with the electro-
magnetic field, leading to increased dispersion and energy loss.
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d, =700 nm

Reflection
Reflection

"d, = 450 nm

Ring d, = 650 nm ; d, = 600 nm
7000 6000 5000 4000 3000 2000 1000
Wavenumber [cm'1]

dy-d, = d,-d, = 100 nm

7000 6000 5000 4000 3000 2000 1000
Wavenumber [cm'1]

75 nm gap 50 nm gap

10

2
[E/E, 2 < 10

0

-500 0 500 -500 0

X [nm] x [nm]

500

Figure 1. Reflectance spectra of ring-disk resonators with different geometries. Solid lines: ring-disk resonators; short, dashed lines: spectra of the
isolated disks; long dashed lines: spectra of the isolated rings. Reflectance for different outer ring diameter A), different inner ring diameter B), disk
diameter C), and fixed radii relationship: w = r1 = r2 = r2 — r3 = 50 nm D). xy-electric near-field cross sections for different degrees of hybridization

between the disks and rings E).
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Simultaneously, the increased material volume enhances intrin-
siclosses, as more electron collisions (ohmic losses) occur within
the metal, absorbing more energy. These combined effects of sur-
face scattering and intrinsic losses dissipate energy more rapidly,
leading to broader resonance peaks and reduced sharpness in the
spectral response.

Further, as the ring plasmon resonance broadens, it over-
laps with that of the disks, resulting in the hybridization of the
plasmonic modes.!'81%21] The resonance widths of the bonding
modes, which are slightly red-shifted compared to their ring par-
ent modes, are also drastically reduced. Contrary to this, the reso-
nance widths of the anti-bonding modes, which are slightly blue-
shifted to the disk parent modes, are increased.

Next, we investigate the effect of the inner ring radius while
keeping the outer ring radius and the diameter of the inner disk
fixed (Figure 1B). By varying the inner ring diameter and decreas-
ing the ring width, we observe a corresponding redshift of the
plasmon resonance excitation energy of the bonding mode and
its parent ring mode. We also observe a reduction in the broaden-
ing of the bonding and parent modes. Therefore, the value of the
inner ring diameter is critical for tuning the plasmon resonance
and maximizing its quality factor. Conversely, we notice only mi-
nor changes in the excitation energies of the anti-bonding modes.
For small inner ring diameters, where the plasmon resonances of
the ring and disk overlap, we observe changes in the resonance
width of both the bonding and anti-bonding modes, similar to
our previous results.

Furthermore, we investigate the impact of disk size on the dual
resonance of the CDRCs (Figure 1C). As we increase the disk
diameter, we observe a red-shift in the plasmon resonance of the
anti-bonding mode and its disk parent mode. However, we also
note a substantial broadening of their linewidths. The increase is
attributed to increased radiative losses and scattering.??! This is
undesirable, as high Q-factors are essential for optical encoding
and other applications, including refractive index sensing!?®! or
increased light-matter interactions.[?]

In Figure 1D, we investigated the reflectance of rings with fixed
ring widths and gap sizes between the inner disks and the outer
rings. We kept the ring width fixed at 50 nm since previous re-
sults have suggested that smaller ring widths can drastically in-
crease the quality factor of their resonances. With increasing size,
we observed a redshift in the plasmon excitation energies of both
the rings and disks, as well as their hybridized modes. Notably,
the resonance widths of the bonding modes and their parent ring
modes remained small even for larger ring diameters, confirm-
ing the hypothesis that rings are a suitable design choice for
dual resonant plasmonic templates. However, the anti-bonding
mode and its parent disk resonances exhibited a low quality factor
compared to the circumferential rings. The large disk resonance
width leads to increased spectral overlap with the plasmonic ring
modes and enhanced hybridization. It is worth noting that the
challenge for dual plasmonic resonators is to reduce this plas-
monic hybridization mediated by their electric near-field interac-
tions, as illustrated in Figure 1E. As a result, we conclude that
CDRCs are not an ideal platform for achieving selective dual res-
onance control due to the sizable energy dissipation of the plas-
monic disk cavities inside the rings.

Hence, we have explored two alternative geometries (see also
Scheme 1). Since the outer rings exhibit good quality factors for
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small widths, it is reasonable to hypothesize that replacing the
disks with inner rings could yield superior optical performance.
To investigate this, we measured the dual resonance excitation of
centric ring-ring cavities (CRRCs). For these measurements, we
fixed the outer mean ring diameters and varied the mean inner
ring diameters (Figure 2A). We observed that the excitation en-
ergy of the bonding mode remained relatively constant at 1483
cm~! + 51 cm™! for different mean inner ring diameters. Fur-
thermore, the rings displayed an excellent linear relationship be-
tween the mean ring diameter and the corresponding parameters
(see Figure 2A2).

Subsequently, we fixed the inner ring diameter and varied the
outer ring diameter (see Figure 2B). For gaps smaller than 100
nm between the outer and inner rings, the rings hybridized with
a corresponding shift in the bonding and anti-bonding modes.
However, for larger outer rings with gaps above 100 nm, we ob-
served a remarkably linear relationship between the excitation
energy and the mean diameter with a root mean square error
(RMSE) of 11 cm™! (see Figure 2B2). These findings indicate a
high degree of control over the plasmonic excitation energies of
the outer rings, while the inner rings exhibit a more considerable
margin of error. This limitation suggests that, in practical appli-
cations, the inner ring excitation energies cannot be too closely
spaced as they would become indistinguishable. Additionally, a
significant challenge is posed by the requirement of a relatively
large gap of over 100 nm between the rings in order to achieve
selective resonance control. This gap can be attributed, at least in
part, to the bilobate nature of the ring cavities, which results in a
relatively large interaction space for plasmonic hybridization.

Hence, we next investigate anisotropic-shaped structures and
incorporated crosses within the ring cavities. As shown in
Figure 2C, the use of inner crosses results in a reduction in both
the spatial electric field and spectral overlap, reducing plasmon
hybridization to the outer ring. We note further advantages of
a polarization-dependent optical response, where the resonance
energy of each polarization axis could be tailored by adjusting the
size of the corresponding aligned bars. As shown in Figure 2C,
the high energy resonances of the centrical cross-ring cavities
(CCRCs) can be excellently controlled by the size of the crosses
while keeping the center diameters of the outer rings fixed. The
RMSE of 127 cm™! is superior to that of CRRCs.

Finally, we explore the effect of the outer ring diameter on the
resonances (Figure 2D). Once again, an excellent linear relation-
ship between the outer ring excitation energy and the ring diam-
eter is observed. However, in contrast to CCRCs or CDRCs, the
inner cross cavities can be positioned approximately 50 nm from
the outer rings before plasmonic hybridization shifts the modes.
In our specific case, the spectral range between 3250 cm™! and
2250 cm™! acts as a stop zone, preventing the hybridization of
the plasmonic resonances. If the inner crosses are too large or
the outer rings are too small, the resonance is inside the stop
zone, leading to distortion of the plasmonic excitation energies.
Given the smaller RMSE of the outer rings compared to the in-
ner crosses, the ring resonances can be spaced more densely than
that of the inner cross antennas. As a result, the stop zone should
be asymmetrically placed towards lower energies to optimize
performance.

Overall, for both CCRCs and CRRCs, the outer ring excitation
energy can be more precisely and reliably controlled than that of

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 2. Reflectance spectra of Outer Ring - Inner ring/cross resonators for different geometries. Solid lines: Outer ring - Inner ring/cross resonators;
short, dashed lines: respective Inner rings/crosses alone; long dashed lines: respective outer rings alone. The widths of the rings are kept at 25 nm.
Reflectance spectra for varying mean inner ring diameters and fixed mean outer ring diameters A1) and linear fit of the inner ring excitation energies
A2). Reflectance spectra for fixed mean inner ring diameters and varying outer ring diameters B1) and linear fit of the outer ring excitation energy B2).
Reflectance spectra for varying cross lengths and fixed mean outer ring diameters C1) and linear fit of the cross-excitation energies C2). Reflectance
spectra for fixed cross lengths and varying outer ring diameters D1) and linear fit of the outer ring excitation energy D2). The inset in Figure B2 and D2
shows a typical electric near field cross sections of ring-ring and cross-ring resonators.

the inner structures, as indicated by the lower simulated RMSE
values (11 cm™ for the outer ring in CCRCs and 23 cm™" in CR-
RCs, compared to 182 cm™! for the inner cross and 127 cm~! for
the inner ring, respectively). This makes the outer ring resonance
the more robust component for deterministic spectral encoding.

For completeness, we extend our investigation to explore the
effects of pitch and film thickness. As shown in Figure 3A, the
resonance position remains unchanged as the feature pitch is in-
creased, confirming that the surface plasmon resonance is inde-

pendent of grating coupling or lattice resonance.?*l However, the
intensity of the reflection peak decreases as the pitch increases.
This reduction can be attributed to the decreased areal density of
plasmonic cavities with increasing pitch length, which weakens
the overall resonant response.

In contrast, the film thickness significantly influences the sur-
face plasmon resonance energy. As seen in Figure 3B, increas-
ing the film thickness leads to a noticeable redshift in the sur-
face plasmon resonance peak wavelength.[?’! This shift arises

A B C  as00
0.2 =
I 5400(’ ~e- <
p =1100 nm Q il T
- t=70 nm © 3500 T —a
8 p =1050 nm 8 5 Cross resonance ~
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Figure 3. Reflectance spectra of the CCRCs for different pitches for varying pitch size p A) and varying metal thickness t B). The cross length was fixed
at 350 nm, the ring diameter was fixed at 625 nm and the width of the plasmonic cavities was fixed at 50 nm.
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Figure 4. Experimental results on ring/cross resonators with a constant mean ring diameter of 610 nm. SEM images with cross arm lengths of 380
nm A), 320 nm B), 260 nm C), 235 nm D), 190 nm E). The experimental IR reflectance spectra is shown in F), with corresponding linear fit for cross
resonance energy G), quality factor of the cross H) and quality factor of the ring I).

from changes in the vertical confinement of the plasmonic mode:
as the metal becomes thicker, the electromagnetic fields extend
deeper into the structure, reducing their confinement near the
metal-dielectric interface. This broader field distribution lowers
the restoring force acting on the oscillating surface charges, re-
sulting in a reduced resonance energy and a shift to longer wave-
lengths. In our configuration, where the metal slabs are placed in
air on top of a high-index silicon substrate, the asymmetry of the
surrounding dielectric environment further influences the res-
onance behavior, but the redshift is primarily driven by the in-
creased thickness of the metal.

In Figure 3C, both the cross- and ring-resonances show a
nearly linear dependence on film thickness. However, the cross-
resonance exhibits a ~35% larger shift, indicating greater sensi-
tivity to vertical geometry changes. This enhanced response re-
sults from its smaller overall size and more confined field distri-
bution, which make it more responsive to variations in the ver-
tical mode profile. This suggests that while both resonances re-
spond predictably to changes, the cross-resonance is more sensi-
tive to variations in film thickness. This strong thickness depen-
dence makes simple analytical solutions challenging, although
the dispersion of surface plasmon resonances in the infrared
can follow the light line, and simple mathematical descriptions
have been demonstrated to be precise for plasmonic whispering
gallery modes in the infrared.[?*2¢]

The stronger thickness dependence of the cross-resonance al-
lows an additional degree of tunability, which may be useful for
spectral adjustment. However, this also means that small vari-
ations in film thickness during fabrication can lead to slightly
larger shifts in the cross-resonance compared to the ring, which
may be relevant for applications requiring high spectral stability.
Nonetheless, within the typical fabrication range of 20-100 nm,
these variations remain limited, and the lateral dimensions of the
structures remain the dominant factor in determining the opti-
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cal response. Film thickness thus serves primarily as a secondary
tuning parameter for fine control.

Finally, we experimentally validated the computational results.
CCRC cavities were fabricated using electron beam lithography
on undoped silicon, with each configuration patterned over a 150
% 150 pm area. We maintained a constant outer ring diameter in
the first series while varying the cross diameter (Figure 4A-E).
The reflectance spectra revealed two distinct reflection maxima,
corresponding to the cross resonance and the ring resonance. Ad-
ditionally, water vapor absorption peaks were observed around
3700-3100 cm™!, corresponding to the O-H stretching mode, and
around 1900-1500 cm™, corresponding to the H-O-H bending
vibration. Moreover, the Fuchs-Kliewer surface phonon modes of
the native SiO, layer appeared in the wavenumber range of 1100
to 1300 cm ™!, corresponding to the Si-O stretching vibrations.

The experimental and computational results agree strongly
(Figure 4F). The computational results were normalized to facil-
itate a more accurate comparison. Both the ring resonance exci-
tation energy and peak width show excellent agreement between
experimental measurements and FDTD simulations.

However, the comparisons between experiment and simula-
tion for the cross resonance are less precise. We note a marked
broadening and lower intensity observed in the experimental re-
sults. Simulations were performed with polarized light; depend-
ing on whether it’s aligned with the arms of the cross (either
along the horizontal or vertical axes), the electric field couples
more effectively to the plasmonic modes. This can enhance or
suppress the plasmonic resonance, leading to more efficient light
absorption and, thus, lower reflectance peaks. However, experi-
mental results were performed with unpolarized light. Likewise,
Figure 3B suggests that the cross resonance is extremely sensitive
to small variations in metal thickness. Hence minor anisotropy
during metal deposition could potentially contribute to the exper-
imentally observed broadening effect.
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Figure 5. Experimental results for ring/cross resonators where the cross length is kept constant. SEM images of crosses with lengths of 610 nm A), 560
nm B), 510 nm C), 460 nm D), 410 nm E). The experimental IR reflectance spectra are shown in F), with corresponding linear fits for the ring resonance

energy G), quality factor of the ring H), and quality factor of the cross I).

The experimental results demonstrate a clear linear trend be-
tween the cross-arm length and its resonance excitation energy.
However, the root mean square error (RMSE) is relatively high
at 161 cm™!, indicating significant measurement variability. In
contrast, the ring resonance exhibits much less fluctuation, with
a relative standard deviation of only 18 cm™, suggesting a more
stable and reproducible resonance behavior.

The quality factor (Q-factor) increases with larger cross struc-
tures, indicating improved resonance sharpness and reduced en-
ergy dissipation. For the smallest cross, however, we were unable
to clearly identify the resonance peak, likely due to the weak cou-
pling of the plasmonic modes or broader spectral features that
obscure the peak (Figure 4H). In comparison, the quality factor
of the ring resonance is consistently lower than that of the crosses
(Figure 4I), which may be attributed to the different geometrical
confinement and plasmonic mode coupling in the ring structure
but also by the lower excitation energy.

In the second series of experiments, we kept the cross diame-
ter constant while varying the outer ring diameter (Figure 5A-E).
Similar to the first series, two primary reflection maxima were
observed in the reflectance spectra, corresponding to the cross
resonance and the ring resonance (Figure 5F).

As expected from the computational models, increasing the
ring diameter resulted in a redshift of the ring resonance, with
the resonance energy shifting to lower values. Moreover, a clear
linear correlation was observed between the ring diameter and
the resonance excitation energy (Figure 5G). This behavior fur-
ther validates the predictive accuracy of the computational mod-
els for both the cross and ring resonances.

The second series demonstrated a significant improvement in
RMSE, leading to a more accurate determination of the cross and
ring resonances than the first series. Notably, the determination
of the outer ring resonance proved much more precise than the
cross resonance, further highlighting the robustness of the ring’s
plasmonic behavior.

Adv. Mater. Technol. 2025, 10, €00035 €00035 (6 of 8)

As shown in Figure 5H, the experimental Q-factor of the ring
resonance decreases with increasing ring diameter, even though
the full width at half maximum (FWHM) remains nearly con-
stant. This behavior can be understood by recalling that the Q-
factor is defined as Q = ¥,/ AV, where ¥ is the resonance wave-
length and AV is the FWHM. Since the resonance wavelength
redshifts with increasing ring size, while the FWHM does not
change significantly, the Q-factor naturally decreases. This sug-
gests that energy dissipation is more prominent in larger rings
despite the consistent spectral width of the resonance peak.

On the other hand, the cross-resonance Q-factor remained rel-
atively stable and showed little dependence on the ring diameter,
reflecting the weaker coupling of the cross structure’s plasmonic
modes to external fields in this configuration (Figure 5I). This
stability underscores the robustness of the cross resonance, but
also its limitation in terms of fine-tuning compared to the ring
resonance.

3. Discussion

Modern hyperspectral infrared cameras cover a much narrower
spectral range than traditional FTIR systems but enable paral-
lel data acquisition across entire scenes, significantly improving
imaging speed and throughput. For instance, the Telops (Que-
bec City, Canada) hyperspectral camera series offers capabilities
in the short-wavelength infrared (SWIR) to mid-wavelength in-
frared (MWIR) regions, with a spectral range from 1.5 um (6,666
cm™') to 5.4 um (1,851 cm™1). It also offers long-wavelength in-
frared (LWIR) capabilities, covering the range from 7.4 um (1,351
cm™') to 12.5 pm (800 cm™1).

The spectral region between 5.4 ym and 7.4 um, often referred
to as the “non-atmospheric window,” is typically blocked due to
the strong absorption and emission by water vapor, which can
oversaturate the cameras. As a result, the infrared spectrum is
divided into two distinct regions.

© 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

a ‘8T 'G20Z X60.S9EC

sdny wouy

35UBD1 7 SUOWILLOD dAERID 3|qedt|dde au Aq pausenof are sajolkke YO ‘3N Jo Sajn. oy Akeid 1T auluQ AS|IA UO (SUO R IPUOD-PUE-SWBIW0D B | IM A ReIq 1B UO//SANY) SUOIIPUOD pUe SWS | 8U)88S *[5202/TT/L2] U0 ARigiTauljuQ A3|IAN ‘|10UNOD Uo1easay [eIIPS N PUY YIfeaH feuoileN Ag Se000S202 IWPe/Z00T OT/I0p/wod A8 | Im A Re.d 1 Ul |uo’


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

Our optical plasmonic design leverages this limitation by en-
abling simultaneous optical encoding across the combined SWIR
and MWIR regions, as well as the LWIR region. Interestingly,
the inaccessible portion of the non-atmospheric window can co-
incide with the plasmon hybridization stop zone, which spans
about 1,000 wavenumbers. From the experimental data of the
CRCCs, we determined that the standard error for the outer ring
resonance spanning the LWIR is 18 wavenumbers. As a result,
for a spectral region spanning 550 wavenumbers, we can encode
approximately 15 distinguishable data points.

In the combined SWIR and MWIR region, with a selected
range from 6,666 cm™! to 2,350 cm™!, the experimental error
margin is broader at 161 wavenumbers. Despite the more con-
siderable uncertainty, this more extensive range enables us to en-
code around 13 distinct data points across this spectral span.

Therefore, we could potentially have a total of 195 points,
which is nearly equivalent to 8-bit data—the standard used for
storing grayscale images in modern visual displays. However, the
data storage capacity can be further increased, potentially dou-
bled or quadrupled, by incorporating polarization-sensitive ele-
ments, such as asymmetric crosses for the combined SWIR and
MWIR region or polarization-sensitive split-ring resonators de-
signed for the LWIR resonance.

Plasmonic meta-pixels can be fabricated at scales below the
diffraction limit, and our results demonstrate that the resonances
in CDRCs are highly localized, with negligible influence from far-
field diffraction or lattice couplings. As a result, in an ideal sce-
nario with diffraction-limited readout, the minimum achievable
pixel size would be 12.5 ym X 12.5 um, yielding 124.8 million
data points. This number could be further amplified by leverag-
ing polarization-sensitive plasmonic designs (see Figure S1, Sup-
porting Information).['”] However, the primary constraint on res-
olution remains the optical readout system. A typical LWIR hy-
perspectral camera’s pixel pitch size is 30 ym, which is close to
the maximum wavelength it is designed to detect. Despite having
lower storage capacity than current optical storage technology,
covert optical encoding and selective manipulation of infrared
light is particular promising for multispectral solutions for se-
curity, defence and beyond.!?’]

4, Conclusion

The dual resonance behavior of plasmonic structures, including
disks, rings, and cross-shaped elements, was explored. A key as-
pect of achieving selective control of the plasmon excitation res-
onance was to reduce the plasmonic coupling governed by near-
field interactions. We found that CDRCs are unsuitable due to
the broad resonance of the inner disk cavities, especially as their
diameter increases, which leads to significant hybridization with
the outer ring modes. CRRCs with small ring widths showed sat-
isfactory performance and already evinced selective resonance
tunability. We demonstrated a linear relationship between the
size of the inner and outer disks and their two resonances for
an appropriate range of geometrical parameters. However, the
bilobate nature of CRRCs and extensive near-field interaction re-
quires a large gap between the rings. The best performance was
achieved with CCRCs. Overall, our study demonstrates the suc-
cessful design of dual resonant plasmonic pixels with selective
resonances in the mid-infrared range optimized and varied in a
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programmable and predictable fashion to meet the needs for si-
multaneous and selective ultra-dense covert optical encoding for
both the combined SWIR and MWIR, as well as the LWIR region.

5. Experimental Section

Experimental:  Undoped silicon substrates were thoroughly cleaned by
soaking in acetone for 5 minutes, followed by isopropanol (IPA) and de-
ionized (DI) water each for 15 seconds. The substrates were immediately
dried, baked at 180°C for 20 minutes to remove excess water, and allowed
to cool to room temperature. For the exposure, a bilayer resist process
was used. First, a sacrificial 495 k molecular weight A3 (3% in anisole)
poly-methyl-methacrylate (PMMA) layer was spin coated in a two-step pro-
cess, consisting of a 5 second pre-spin step at 500 revolutions per minute
(RPM), with an acceleration rate of 500 RPM s~ ', followed by a second spin
step at 2500 RPM at an acceleration rate of 2000 RPM s, again baked for
15 minutes at 180 °C and allowed to cool to room temperature. Following
the same procedure a 950 k molecular weight AT (1% in anisole) PMMA
solution was coated with a 5000 RPM spin step, baked for 3 minutes and
allowed to cool. Immediately before electron beam lithography (EBL) ex-
posure, the substrate was spin coated with a proprietary conducting layer
[DisCharge, DisChemlnc] to mitigate against charge accumulation using
the same procedure at 5000 RPM.

Electron beam exposure was performed with a Vistec EBPG 5000 at
100 kV accelerating voltage. To ensure shape fidelity of the ring-shaped
patterns, a curved fracturing mode was used. The patterns were exposed
at a 1400 uC cm~2 dose rate with a 3 nA current and a 300-micron aperture
(approximately 6 nm spot size), along with a 4 nm beam step size. After
exposure, the conducting polymer was removed by rinsing the substrate
in DI water for 15 seconds, followed by immediate development for 90
seconds at 4 °C in chilled 4:1 ethanol:DI, during which the substrate was
sonicated for 10 seconds.

Metal deposition was performed with an IntlVAC e-beam evaporator.
First, a 2 nm chromium adhesion layer was deposited at a rate of 0.5 A
per second, followed by a 30 nm Au layer deposited at a rate of 0.1 A per
second at a pressure around 1076 T.

The resist was removed by soaking the substrate overnight in acetone.
The substrate was then cleaned in IPA, DI water and immediately dried
with nitrogen gas.

FTIR measurements were conducted using a Bruker Lumos FTIR micro-
scope, equipped with a liquid nitrogen-cooled mercury cadmium telluride
(MCT) detector. Each spectrum was obtained by averaging 32 accumu-
lations at a spectral resolution of 2 cm™'. An aperture was employed to
confine the measurement area to 120 um X 120 pum, optimizing spatial
resolution and focusing on the target region. The reflectance spectra were
normalized against a gold reference, and atmospheric corrections were
applied to account for the absorption of water vapor and CO,.

To determine the resonance positions and quality factors (Q-factors),
the reflectance dips were fitted with a Lorentzian line shape combined with
a constant background. The Lorentzian function was defined as L (V) =

1, where ¥, was the center frequency and y was the half-width

H(0)
at ha/lf-maximum (HWHM). The FWHM was obtained as 2y, and the Q-
factor was subsequently calculated as Q =¥, /FWHM.

Computational Details: The reflectance spectra were obtained through
simulations using the MEEP software package.[?8] The plasmonic arrays
were arranged in a hexagonal pattern with a fixed pitch of 1000 nm for all
simulations, except for the study shown in Figure 3A, where the pitch was
varied between 800 nm and 1100 nm. The gold thickness of the plasmonic
structures was kept constant at 50 nm. The dielectric function of gold was
described with a Lorentz-Drude model with experimental data obtained
from Raki¢ et al.,[?° which exhibit relatively higher intrinsic damping to
other data sets and thus partially account for additional losses introduced
by the Cr adhesion layer used in the experiments.[3931] The dielectric func-
tion of silicon was set dispersionless with a value of e5; = 11.39. A periodic
boundary condition was used in all directions with an artificial absorber
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layer at the end of the computational cell that was perpendicular to the
plane of incidence of the incoming light and that blocked unwanted back
reflections. Reflection spectra were normalized to a bare silicon surface.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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