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ABSTRACT: Plasmonic designs for mid-infrared extraordinary optical transmission (EOT), a direct route to tailored filtering with broad-
band out-of-band rejection, have long been constrained by a fundamental trade-off between high transmission efficiency and narrow
linewidths, a challenge rooted in the material properties of noble metals. Here, we theoretically propose and numerically demonstrate
a versatile design paradigm that resolves this challenge by functionally decoupling the tasks of light coupling and resonant filtering.
Our approach uses a dual-stacked noble metal-dielectric grating architecture to surpass the intrinsic limitations of single-layer structures.
This paradigm provides the flexibility to engineer devices for ultra-high spectral selectivity and transmission efficiency. We demonstrate
this with distinct designs: one at 10µm with a quality factor (Q-factor) > 2000 and > 91% transmission; a high-Q design at 4µm and
> 80% transmission; and a high-efficiency design at 4µmwith> 92% transmission over a uniquely broad spectral-angular range. These
generic designs produce solitary, narrow EOT peaks originating from a “triple-coupling” mechanism that mitigates reflection and ab-
sorption losses, with symmetry-broken configurations capable of exceeding Q-factors of 16,000 while maintaining a peak transmission
efficiency > 60%. Crucially, these compact two-layer designs exhibit exceptional robustness against fabrication variations, offering
a broadly applicable route to ultra-compact, low-cost infrared components, enabling advanced architectures such as angular sensing,
spectro-polarimetric imaging, and isotope-resolved gas diagnostics.

1. INTRODUCTION

The fundamental-vibrations resonances of many molecules,
and peaks of thermal radiation emission from many objects

with temperatures between −70◦ and +1100◦C, are located in
the 3µm ≤ λ ≤ 15µmwavelength range. This part of infrared
(IR) is subdivided due to the atmospheric windows into mid-
wave IR (MWIR) and long-wave IR (LWIR) ones, and these are
associatedwith hotter and colder objects, such as rocket engines
and biological species, respectively. As a result, optical sensing
and filtering in the MWIR and LWIR are highly demanded in
the fields of health, security and defense, geoscience, and com-
munication; and plasmonics has been claimed [1, 2] perspective
for these important applications.

1.1. The Challenge of High-Performance Plasmonics in the
Mid-Infrared
Translating the success of plasmonics from the visible and near-
infrared (NIR) [3, 4] to the mid-infrared has proven to be a
formidable challenge, requiring a fundamental distinction in
the physical mechanism. While the intrinsic surface plasmon
frequency (ωsp) of noble metals lies in the ultraviolet/visible
range, their utility in the mid-infrared is defined by their be-
havior as near-perfect conductors with minimal ohmic loss. In
this “Drude” regime, the resonances are not intrinsic material
transitions but rather geometric resonances arising from struc-
tural confinement. A key consequence is that the supported sur-
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face plasmon polaritons (SPPs) are less tightly confined to the
metal-dielectric interface and possess macroscopic propagation
lengths. Consequently, plasmonic devices in this regime often
face a debilitating trade-off: designs that achieve narrow spec-
tral linewidths, which are essential for high-resolution sensing,
typically suffer from low transmission or coupling efficiency
due to high reflection or absorption losses. Conversely, de-
signs that achieve high transmission often exhibit broad res-
onances, limiting their spectral selectivity (or sensitivity). The
common benchmark for the resonance spectral linewidth is the
quality factor: Q-factor (or Q for brevity), defined by the full
width at half maximum (FWHM) of the resonance peak as
Q = λres/FWHM.
Extraordinary optical transmission (EOT) through periodi-

cally sub-λ holed/stripped thin metal films [5–8] has emerged
as a promising avenue for creating compact optical filters and
sensors. Yet, even within the EOT framework, the fundamen-
tal mid-infrared plasmon trade-off persists. For single-layer
gratings, the narrow slits required to excite high-Q SPP-driven
resonances suffer from a significant impedance mismatch with
free-space radiation, leading to strong reflection and absorp-
tion, and consequently, poor transmission. In contrast, wider
slits that support high-transmission standing-wave modes typi-
cally produce broad, low-Q spectral features, rendering them
unsuitable for high-sensitivity applications. This persistent
challenge has hindered the development of integrated, high-
performance plasmonic components for the mid-infrared.

79doi:10.2528/PIER25091801 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIER25091801


Avrahamy et al.

1.2. State-of-the-Art in High-Q Metamaterials

A significant research effort has focused on overcoming the
intrinsic losses of plasmonic systems to achieve ultra-high-Q
resonances. A major breakthrough has been the exploitation
of collective diffractive coupling in periodic nanoparticle ar-
rays, giving rise to Surface Lattice Resonances (SLRs) [9, 10].
By suppressing radiative damping through the coherent inter-
action of all nanoparticles in the lattice, SLRs have enabled
plasmonic metasurfaces with record-breaking experimentalQ-
factors. Notably, [10] demonstrated a plasmonic metasurface
with a Q-factor of approximately 2340 in the telecommunica-
tion C-band (∼1.55µm). Such ultra-high-Q resonances are ac-
companied by intense local field enhancements, making them
highly attractive for nonlinear optics and sensing.
Most high-Q plasmonic designs in the mid-IR operate in re-

flection or absorption/emission modes, such as Tamm plasmon
absorbers [11] and emitters [12], or quasi-bound states in the
continuum (BIC) metasurfaces [13]. Recent theoretical works
have pushed predictedQ-factors far beyond current experimen-
tal realizations. For example, plasmonic quasi-BIC metasur-
faces have been modeled withQ ∼ 938 in the mid-IR [13], and
nonlocal coupling strategies suggest Q > 1000 [14]. While
these approaches achieve narrow linewidths, they do not pro-
vide high-Q transmission through an opaque metal film.
A significant body of research has explored alternative plas-

monic materials with more favorable properties in the infrared.
These include highly-doped semiconductors (e.g., InAs) [15],
transparent conducting oxides (e.g., ITO), transition metal ni-
trides (e.g., TiN), and graphene [16], which offer the abil-
ity to tune the plasma frequency into the mid-IR, providing
a more moderate dielectric response compared to noble met-
als [17, 18]. While the development of alternative materials
is a vital and promising research direction, the approach taken
here, using a conventional noble metal within a novel architec-
ture, has several advantages. The most prominent one being
fabrication maturity and reliability. Silver is a cornerstone ma-
terial in nanofabrication, with well-established and highly reli-
able deposition and patterning processes such as sputtering and
electron-beam lithography. In contrast, many alternative ma-
terials require more specialized and complex fabrication meth-
ods. For example, high-quality, heavily-doped semiconductors
often necessitate molecular beam epitaxy (MBE), a sophisti-
cated and less common technique. By adhering to a standard
material, the designs leverage decades of process knowledge,
making the path to realization more direct and predictable.
Another powerful approach is the use of all-dielectric meta-

surfaces [19, 20], which are free from metallic losses and can
achieve exceptionally high Q-factors by leveraging mecha-
nisms like guided-mode resonances (GMRs) [21] and, most no-
tably, BICs [22–24]. Indeed, recent advances in fabrication and
design, have pushed the experimentalQ-factors of all-dielectric
reflection-mode GMR and BIC metasurfaces to over a million
in the near Vis. (779 nm) [21] and 100,000 in the NIR [24],
respectively.
However, to replicate the EOT function—narrowband trans-

mission through an otherwise opaque screen, all-dielectric plat-
forms typically require a complex multilayer stack, typically a

Distributed Bragg Reflector (DBR), involving the precise de-
position of numerous alternating high- and low-index layers to
achieve the necessary broadband rejection. This complexity
makes them architecturally less compact than their plasmonic
counterparts. While all-dielectric metasurfaces can achieve ex-
ceptionally high Q-factors, often by leveraging BICs, these
resonant features are typically designed on top of, or within,
these complex foundational mirror structures. In contrast, our
dual-grating architecture delivers ultra-high-Q resonances in
EOT mode with near-unity transmission efficiency, addressing
a long-standing challenge in both mid-IR plasmonics and all-
dielectric platforms.

1.3. A Dual-Grating Approach for Decoupled Mode Engineering

This survey of the current landscape reveals a clear and critical
gap: there is no established plasmonic design paradigm that can
simultaneously deliver ultra-high Q-factors (> 2000), near-
unity transmission efficiency (> 90%), and high angular sensi-
tivity in the MWIR and LWIR spectral bands. In this work, we
address this critical gap by proposing and investigating a novel
metamaterial design concept based on a vertically stacked dual-
grating architecture. We hypothesize that the inherent perfor-
mance limitations of single-layer EOT structures can be over-
come by physically separating and optimizing the functions of
light in-coupling and resonant transmission. Our design con-
sists of two metallic gratings with highly disparate aperture ra-
tios: a wide-slit grating that acts as an efficient antenna to cou-
ple incident radiation to surface modes, and a narrow-slit grat-
ing that supports a high-Q resonant cavity mode.
By engineering the near-field coupling and spectral align-

ment of these distinct modes through careful optimization of
the geometric parameters, we achieve a synergistic coupling
between these two distinct functionalities. This paper reports
on the design and performance of this Optimized Generic De-
sign (OGD), which yields highly enhanced EOT peaks with un-
precedented Q-factors and near-perfect transmission, solitary
in the MWIR and LWIR bands. We numerically demonstrate
designs operating around 4µm and 10µm that exhibit excep-
tional angular sensitivity while maintaining stable peak trans-
mission. We then delve into a detailed near-field analysis to
elucidate the underlying physical mechanism, which we iden-
tify as a “triple-coupling” process involving SPPs, localized
corner-field radiators, and a confined standing-wave mode. Fi-
nally, we validate the practical viability of our designs through
a comprehensive fabrication tolerance analysis, which provides
compelling evidence for our proposed physical model of decou-
pled mode engineering. This work presents a new and robust
pathway for realizing ultra-compact, high-performance plas-
monic devices that can overcome long-standing challenges in
mid-infrared photonics.

1.4. Theoretical Background

The physical mechanism behind EOT is not straightforward.
Rather, it is a sophisticated interplay of several mechanisms,
clearly described for 1D-periodic slit arrays in [25], see also
the comprehensive reviews [26–30]. In detail, an incident elec-
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tromagnetic (EM) wave which, for a 1D grating, is necessarily
TM polarized, (magnetic field vector H is along the slits’ di-
rection), excites a surface mode (SM) at the film-superstrate
interface, from which an EM field portion is tunnelled through
the slits and excites another SM at the film-substrate inter-
face that may cause forward/backward EM radiation to the far-
field. Depending on λ, and the ratios such as aperture ratio
a/Λ (AR), a/λ, and h/λ, where Λ and h are the grating pitch
and depth, respectively, and a is the slit width, the transfer is
aided by either evanescent or Fabry-Perot-like standing-wave
(SW) modes. SM at each interface is composed of an SP mode
and a quasi-cylindrical waves (QCW) modal mixture, and rel-
ative weights of the SP and QCW components were assessed
with a simplified model supported by a rigorous EM analy-
sis [27, 31, 32]. More complicated EOT scenarios are realized
for 2D periodic hole arrays, for which the incidence polariza-
tion is not restricted [26–30].
The EOT effect is propelled or inhibited, depending on cou-

pling or decoupling, respectively, between the dominant com-
ponents of SMs at the opposite interfaces. In the visible and
NIR ranges, where in the complex refractive index (RI) of the
metal, nm + ikm, nm/km is not too small, the inhibition is
frequently due to SP resonant absorption [33]. In MWIR and
LWIR, where nm/km ≪ 1, and towards the perfect conductor
state, where this ratio vanishes, the SP is no longer resonant,
although persists with a decreased weight [27, 31, 32]. In these
ranges, the EOT inhibition is mostly due to reflection, although
a dominant absorption regime may be designed.
First, there is the sudden drop in transmittance, which corre-

sponds to the Rayleigh anomaly (RA), the geometric threshold
where the m-th diffraction order passes off at a grazing angle
of ±90◦. The Rayleigh wavelength corresponds to

λ±
R =

Λ

m
(ndiff ± ninc sin θinc) , (1)

where Λ is the grating period (pitch), m the integer diffraction
order (m = 1, 2, 3 . . . ), θinc the angle of incidence, and ninc
and ndiff are the refractive index of the incidence medium and
the medium into which the order diffracts, respectively. The
second phenomenon, occurring at a slightly longer wavelength
(lower energy) than the Rayleigh anomaly for the same order
m, is the Wood anomaly (WA). This is the physical resonance
where the light couples into an SPP mode:

λ±
Wood =

Λ

m
(ℜ{neff(λ)} ± ninc sin θinc) . (2)

For a metal-dielectric interface, replace the wavelength depen-
dent effective refractive index, neff, with the SPP dispersion
relation:

λ±
Wood =

Λ

m

(
ℜ

{√
εm(λ)εd(λ)

εm(λ) + εd(λ)

}
± ninc sin θinc

)
. (3)

where εm(λ) and εd(λ) are the complex permittivities of the
metal and dielectric, respectively, and ℜ{} denotes the real
part. The SPP can be launched on either the superstrate or sub-
strate if they are different.

The mathematical mechanism behind EOT is a constructive
synergy between SMs propagating at the patterned film inter-
face and the EM Bloch eigenmodes (BEMs) inside the film,
which are matched at the interfaces. Retaining just one BEM
is the essence of the model in [25, 27, 31, 32]. At the QCW-SP
coupling, the transmittance spectrumT (λ) is narrow around the
EOT peak and exhibits high sensitivity, which unfortunately is
accompanied by a severe peak amplitude (Tp) deterioration at
the cost of increasing absorption [33]. In the QCW-SP decou-
pling regime supported by SWs in the slits, the EOT peak is
wide, fairly insensitive to moderate changes in RI of the rele-
vant ambient and/or angular positioning, and highly robust with
regards to Tp [5, 34].

2. RESULTS
2.1. Design
We extensively examined numerous generalized designs
with structural variations, such as with different numbers
of smooth/grating layers. The study included both specific
simulations and general optimization flows, and hence we
achieved an optimized generic design (OGD), as shown in
Fig. 1. The structure consists of a dual-stacked grating system
fabricated on a low-refractive-index polymer or dielectric
substrate. The “back” grating (layer 1, facing the substrate) is a
metal film with wide slits, corresponding to a low metal filling
fraction and a large aperture ratio of a1/Λ = 0.5. The “front”
grating (layer 2, facing the ambient medium, typically air) is
a metal film with narrow slits, corresponding to a high metal
filling fraction and a small aperture ratio of a2/Λ = 0.1. Both
gratings share a common period, Λ. The slits in both gratings
and the space between them are filled with the same dielectric
material as the substrate. This stacked configuration, with its
engineered asymmetry in aperture ratios, is the cornerstone

FIGURE 1. Schematic of the proposed dual-grating EOT structure for
mid- and long-wave IR. The design consists of two vertically stacked
metallic gratings on a low-index substrate: a front grating with a nar-
row slit array (10% aperture ratio) and a back grating with a wide slit
array (50% aperture ratio). Both gratings share the same periodΛ, and
the slits and interlayer gap are filled with the same dielectric/polymer
material as the substrate. F/BSI — front/back side illumination. For a
detailed 2D cross-sectional schematic with labeled geometric param-
eters, see Supplementary Fig. S23.
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of the design, intended to decouple the functions of light
collection and resonant filtering.
Subject to the substrate constraint of the OGD, SPs propa-

gating either along the air-metal (AM) or the dielectric-metal
(DM) interface can be launched by the gratings with λ(AM)

SP ≳ Λ
or λ(DM)

SP ≳ Λnd, respectively. The lower bounds of the SP
wavelengths are the Rayleigh wavelengths of the appropri-
ate interface. For small-θ back-side illumination (BSI) at
λ
(AM)
SP < λ < λ

(DM)
SP , only 0-order transmission takes place,

whereas extra ±1 diffraction-orders may be reflected back to
the substrate. At λmoderately below λ

(AM)
SP , further diffraction

orders may emerge in the transmission, whereas at λ > λ
(DM)
SP

the radiation is reflected and transmitted only by the 0-order
waves. Upon mutual transmittance-to-reflectance interchange,
the above speculation fully applies to small-θ front-side illumi-
nation (FSI). Thus, SP at the AM-interface seems not to be an
appropriate candidate for propelling the 0-order EOT, a conjec-
ture that was verified using numerous optimization runs. Si-
multaneously, the DM-interface SP excitation wavelength is
within the diffractionless spectral regime, and it is this SP that,
with the OGD optimal parameters, proves to match and suc-
cessfully provide the superior EOT performance requirements.
The optimization strategy proceeded as follows: First, the

grating period Λ was chosen to be slightly smaller than the
Rayleigh anomaly threshold at the dielectric-metal (DM) inter-
face, i.e., Λ ≲ λ0/nd. This condition is known to be critical
for exciting SPP-mediated EOT. A compromise was made, as
moving Λ closer to the threshold increases the Q-factor at the
cost of slightly lower peak transmittance Tp. With the aperture
ratios fixed at 50% and 10% and Λ selected, the automated op-
timization routine was then used to find the optimal thicknesses
of the back and front gratings, h1 and h2, respectively, with the
objective function set to maximize the peak transmittance Tp

at the central design wavelength (CDW) λ0 under normal in-
cidence. This approach consistently yielded designs with the
highest achievable Q-factors as well.
To validate the design concept and achieve optimal perfor-

mance, we employed a comprehensive numerical modeling
and optimization framework, cross-validating our results with
two distinct computational methods. The primary design
and optimization were conducted using an in-house, custom-
developed implementation of the Rigorous Coupled-Wave
Analysis (RCWA) method. The final optimized designs
obtained from the RCWA framework were subsequently ver-
ified using the Wave Optics Module of the commercial finite
element method (FEM) software, COMSOL Multiphysics®.
The results from the FEM simulations showed good agreement
with the RCWA predictions, providing high confidence in the
simulated performance, see details in Section 4 and comparison
in Supplementary Fig. S9.
Following the optimization procedure, we investigated the

performance of three distinct OGD structures: two designed
for the MWIR at λ0 = 4µm (dubbedM1 andM2) and one for
the LWIR at λ0 = 10µm (dubbed L1). The M1 and L1 de-
signs were optimized for high sensitivity and selectivity under
normal BSI, while theM2 design was optimized for maximum

TABLE 1. Optimized geometric parameters of the three plasmonic
metamaterial designs. The refractive index nd of the dielectric ma-
terial (PDMS forM1,M2; CaF2 for L1) is given at the central design
wavelength, λ0.

Parameter M1 M2 L1

Illumination BSI FSI BSI
λ0 4.0µm 4.0µm 10.0µm
Λ 2.8429µm 2.8392µm 7.6923µm

h1 (back grating) 0.2208µm 0.3051µm 0.7037µm
h2 (front grating) 0.1267µm 0.0427µm 0.2006µm

nd (λ0) 1.407 1.407 1.3

peak transmittance under normal FSI. The final geometric pa-
rameters for these structures are detailed in Table 1.
The choice of materials is guided by the target spectral range

and performance requirements. For operation in the MWIR
and LWIR, the metal must exhibit a strong plasmonic response,
characterized by the complex RI nm + ikm with the above-
noted extinction domination. Silver (Ag) offers superior per-
formance when dissipative losses can be effectively managed,
which is a central achievement of this design. The optical con-
stants for Ag were taken from [35]. The dielectric substrate
and filling material must be transparent in the target band with
a relatively low RI nd, typically 1 < nd < 2.5. For the
designs presented here, in the MWIR (around 4µm) we use
PDMS as the low-index fill/substrate (nd ≈ 1.40), which is
transparent across the near-to-mid IR. If a lower-index and low-
loss replacement for PDMS is desired at 4µm, we recommend
magnesium fluoride (MgF2), which provides n ≈ 1.36–1.38
with negligible k at 4µm [36, 37]; calcium fluoride (CaF2) with
n ≈ 1.39 at 4µm is also suitable [38]. As an optional polymeric
route to reduce the index further, Teflon AF (n ≈ 1.29–1.31)
can be considered when thermal/vacuum requirements permit,
noting the processing and stability caveats [39, 40]. These sub-
stitutions preserve the optical function while reducing Fresnel
reflections and maintaining low absorption at ∼ 4µm.
For the LWIR spectral range, material selection is critical due

to the onset of multiphonon absorption. To address this, we de-
fined and analyzed two distinct design configurations tailored
to the transparency windows of fluoride substrates:
1. Deep LWIR Design (L1): Targeted at λ0 = 10µm, this

design serves as a benchmark for high-EOT-Q filtering. While
CaF2 (nd ≈ 1.3 [38]) is often used in the IR, and its extinction
coefficient rises to k ≈ 3×10−4 at 10µm [41, 42]. Supplemen-
tary simulations revealed that using CaF2 for L1 deteriorates
the performance (see Supplementary Fig. S13). Consequently,
for this specific band, we identify Barium Fluoride (BaF2) as
the requisite substrate material (k ≈ 1× 10−5 [43, 44]), which
recovers the high efficiencies.
2. Optimal CaF2 Design (C1): To demonstrate the per-

formance ceiling within the optimal transparency window of
CaF2, we optimized a supplementary design centered at 8.2µm
(h1 = 0.517µm, h2 = 0.254µm, Λ = 6.094µm). Simula-
tions utilized vendor-measured wavelength-dependent optical
constants (k ≈ 3.3× 10−5 at 8.2µm [41]).
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(a) (b)

(c) (d)

(e) (f)

FIGURE 2. The spectral-angular optical responses from the designed meta-materials. M1 under BSI and at 3.92µm ≤ λ ≤ 4.08µm, 0◦ ≤ θ ≤ 1.4◦:
(a) transmittance, (b) absorptance; transmittance via M2 under FSI at (c) 3.94µm ≤ λ ≤ 4.06µm, 0◦ ≤ θ ≤ 0.9◦, and (d) 3µm ≤ λ ≤ 5µm,
1◦ ≤ θ ≤ 20◦; L1 under BSI and at 9.82µm ≤ λ ≤ 10.2µm, 0◦ ≤ θ ≤ 1.3◦: (e) transmittance, (f) reflectance. The θ sampling intervals
correspond to Supplementary Table S1.

To extend performance deeper into the LWIR (> 10µm),
cryolite (Na3AlF6, n ≈ 1.32–1.35 in thin films) that extends to
∼ 14–16µm, with negligible k in this band is recommended.
As an optional polymer alternative offering an even lower re-
fractive index, Teflon AF (amorphous perfluoropolymer) pro-
vides n ≃ 1.29–1.31 and manufacturer-reported high transmis-
sion from the infrared through the ultraviolet [39, 40]. We cau-
tion that (i) specific mid-IR vibrational bands can occur in flu-
oropolymers, and (ii) processing/environmental constraints ap-
ply (spin-coated films; use temperature ≲ 285◦C; decomposi-
tion > 360◦C) [40]. When used within these limits, Teflon AF
can serve as a low-index over or inter-layer for LWIR stacks,

but our primary recommendations for 10–12µm remain the
inorganic fluorides BaF2 and cryolite due to their established
LWIR performance [45, 46].

2.2. Far-Field Spectral-Angular Performance

A selection of the simulated spectral-angular optical responses
for the three designs is presented in Fig. 2. Comprehensive per-
formance metrics are plotted in Fig. 3 and highlighted for con-
venience in Supplementary Table S1. For compatibility with
experimental instrumentation, all reported angles, θ, are free-
space angles in both F/BSI.
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(a) (b)

(c) (d)

FIGURE 3. Comprehensive performance metrics of the optimized EOT designs as a function of the angle of incidence (θ). The plots compare
the performance of the M1 (blue), L1 (orange), and M2 (green) designs for both the lower (λ−, dashed lines, ‘o’ markers) and upper (λ+, solid
lines, ‘x’ markers) resonant modes. (a) Peak transmittance (Tp) for each mode. (b) Quality factor (Q-factor) plotted on a logarithmic scale to
accommodate the wide range of values. (c) The spectral split between the two resonant modes, ∆λ = |λ+ − λ−|. (d) The calculated Figure of
Merit: FOM = (Tp ·Q ·∆λ)/θ, also on a logarithmic scale, illustrating the angular sensing potential of each design. Note that the inflection points
observed in the dispersion curves (panels a, c) correspond to the spectral overlap of the onset diffraction order with λ−.

A striking feature across all designs is the presence of an
extremely sharp, high-amplitude transmission peak at the de-
sign wavelength for normal incidence (θ = 0◦). Crucially,
these peaks are solitary; our simulations confirm that there
are no other significant zero-order transmission peaks through-
out the entire MWIR and LWIR bands, a critical feature for
practical applications like filtering where side-band rejection is
paramount. To validate the rejection performance, we provide
extended broadband spectra in Supplementary Figs. S16–S21.
These analyses (log-scale transmission, absorption/reflection
balance, and diffraction order efficiency) confirm that the out-
of-band energy is predominantly reflected rather than absorbed,
and that parasitic diffraction orders remain negligible in the
spectral-spatial sensing window.
For any non-normal incidence angle (θ > 0◦), the single

peak splits into two distinct resonances, at wavelengths λ−
0 (θ)

and λ+
0 (θ), located to the left and right of the original peak,

respectively. The high T0(λ, θ) peak amplitudes, particularly
given the small 10% aperture ratio of the front grating, and
against other single grating configuration, are indicative of a
highly efficient, tailored, EOT process. The spectral positions,
λ−
0 (θ) and λ

+
0 (θ), and separations,∆λ of the split EOT peaks,

highlighted in Fig. 3(c), follow Eq. (3) (WA) with good ac-
curacy. Bearing in mind the RIs of the materials (and thus
neff) typically decreases slightly (normal dispersion) or changes
due to the SPP dispersion curve flattening. Thus, the λ+ (λ−)
peak doesn’t move exactly as far to the right (left) as the non-
dispersive formula predicts. This phenomenon is quantified by
the Group Index (ng) of the surface mode. The actual sensitiv-
ity is scaled by the group index:

∆λreal ≈
2Λ sin θ

ng
(4)

where ng = neff − λdneff
dλ .

WA is typical of the EOT propelled by the above-mentioned
SP excitation [26, 28–30]. Thus, we reasonably conclude that
the EOT phenomenon, in our case, is due to SPs at the substrate
(DM) interface, while high transmission due to SPs at the super-
strate (AM) interface is suppressed at the cost of high reflection
(not shown).
Figures 2(a) and 2(b) show T0(λ, θ) and A(λ, θ) of M1, re-

spectively, for 0◦ ≤ θ ≤ 1.4◦. In Fig. 2(a), Tp(0
◦) ≳ 80%,

from which one obtains Q = 1111; correspondingly, Fig. 2(b)
shows that there is a complementary low sharp peak ofA(λ, 0◦)
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with Ap(0
◦) ≳ 7.5%. As seen in Fig. 2(a), the amplitudes

of the split peaks, T−
p (θ) and T+

p (θ), are close but not equal.
At the lowest investigated θ, T∓

p (θ) instantly drop down to be
slightly less than 60%, but with further increase of θ steadily
rise to overshoot this level. The reasons for the drops below Tp

are different for T−
p (θ) and T+

p (θ). Namely, for the back-to-
substrate reflection, the grating, in addition to the ever-possible
zero-order wave, may support at λ ≲ λ0 both +1 and −1st or-
der diffracted waves, whereas at λ > λ0 only a −1st order one
may be supported. Let R1(λ, θ) be the reflection efficiencies
of the diffracted waves. Our analysis reveals that a concordant
change in theA(λ+

0 (θ), θ) = A+
p (θ) peaks, see Fig. 2(b), and in

the R0(λ
+
0 (θ), θ) dips (not shown) has the effect of decreasing

T+
p (θ) at θ = 0.1◦ and maintains its small changes at higher

θ. Yet, not only A(λ−
0 (θ), θ) = A−

p (θ) and R0(λ
−
0 (θ), θ) con-

tribute to the initial downward jump of T−
p (θ), and further keep

it slowly varying, but also R−1(λ
−
0 (θ), θ). This explains why

the maxima of the T±
p (θ) peaks show very low deterioration

at θ > 0.1◦, despite notable asymmetry between angular-split
spectral maxima left,A−

p (θ), and right,A+
p (θ), to λ0 —as seen

in Fig. 2(b).
Figures 2(c) and 2(d) show the T0(λ, θ) curves of M2 under

FSI at small and higher incidence angles (0◦ ≤ θ ≤ 0.9◦ and
1◦ ≤ θ ≤ 20◦), respectively. As seen in Figs. 2(c), 2(d), 3(a),
and 3(b) and in accordance with its design targets, the M2

shows the highest Tp(0
◦) ≳ 92% and, relative to the other

two designs, lowest Q(0◦) = 166. In Fig. 2(c), the amplitudes
T±
p (θ) remain almost constant vs. θ, although with the step

∆θ = 0.1◦, the peaks spectrally overlap; for better resolution
∆θ = 0.2◦ should be used. Fig. 2(d), which embeds the spec-
tral range of Fig. 2(c), reveals quite peculiar spectral behavior
for θ ≥ 1◦. Namely, at 3.5µm < λ < 5µm a comb of the split
peaks appears with a clearly observable regular envelope that is
asymmetric with respect to λ0. In particular, at increasing θ the
amplitudesT+

p (θ) provemore stable thanT−
p (θ), withmaximal

Q+(12◦) = 1061, and show satisfactorily high performance up
to λ = 4.926µm with T+

p (20◦) > 40% and Q+(20◦) = 347
(see Fig. 2(d) and Figs. 3(a)–(b)). A sharp jump ofQ−(θ) at the
first angle step from θ = 0◦ to θ = 0.1◦ is followed by a further
monotonic decrease of bothQ−(θ) and T−

p (θ). T∓
p (θ) > 50%

ismaintained up to θ ≃ 11◦, which remains over a≳ 1µmwide
spectral range at 3.508µm < λ < 4.516µm. Note that similar
spectral-angular transmittance peak combs are found for two
other structures, but over a narrower angular range (Figs. 3(a)–
(b)). An interplay effect of the angular-split SPs at the AM and
DM interfaces is evident in the largely weakened and increased
Q-factor (still maintaining EOT), and the T0(λ, θ) peaks ob-
served in Fig. 2(d) at 3µm ≤ λ ≤ 3.5µm, θ ≥ 12◦, within the
diffraction range. Since the design parameters ofM2 were op-
timized for EOT overQ, they provide a greater and exceptional
spectral sensitivity range that covers almost the entire MWIR
range.
Figures 2(e) and 2(f) show the T0(λ, θ) andR0(λ, θ) curves,

respectively, of L1 under BSI in the same spectral-angular
range 9.82µm ≤ λ ≤ 10.2µm, 0◦ ≤ θ ≤ 1.3◦. As seen in
Supplementary Table S1 and Figs. 3(a)–(b), the designed EOT
peak Tp(0

◦) = T0(λ0, 0
◦) ≳ 91% is only 1% inferior to that

of M2, and notably surpasses that of M1. Moreover, for L1

the split peak decrease upon the increase of θ to 0.1◦ is notably
smaller than for M1, as can be seen from comparing Fig. 2(a)
to Fig. 2(e). Remarkably, see Supplementary Table S1 and
Figs. 3(a)–(b), T−

p (θ) is nearly constant at 0.13◦ ≤ θ ≤ 2.6◦,
oscillating within ±0.5%, and slowly monotonically decreases
in total by ∼ 0.9% over the next range, 2.6◦ ≤ θ ≤ 6.5◦. Sim-
ilarly, T+

p (θ) oscillates in the same range, but on a twice larger
scale, and decreases fast by ∼ 30% over the next θ range. In
the oscillation range Q−(θ) also oscillates, attaining values up
to 2852, while in the monotonically decreasing range it drops
down to much lower values. Concurrently, Q+(θ), remaining
high and quite stable over a wider range of 0.13◦ ≤ θ ≤ 6.5◦,
shows a lower scale of oscillation and a lower maximum. The
R(λ, θ) dips in Fig. 2(f) are nearly complementary to, and as
sharp as, the T (λ, θ) peaks in Fig. 2(e). Moreover, these dips
are remarkably stable and low at λ ≤ 10µm, and only slowly
increase above 10µm. Apart from the quantitative differences,
the A(λ, θ) spectrum of L1 (not shown) is similar to that of
M1 and, vice versa, the R(λ, θ) spectrum of M1 (not shown)
is similar to that of L1. Yet, since the T (λ, θ) peaks (Fig. 2(e))
and R(λ, θ) dips (Fig. 2(f)) are most predominantly high and
low, respectively, (which is not the case for M1), L1 may per-
form angular sensing well, both in transmission and in reflec-
tion modes. As shown in Supplementary Fig. S14, Design C1

shows comparably, to the L1, robust high-Q performance with
Tp > 80%.
Finally, the Figure of Merit: FOM = (Tp · Q · ∆λ)/θ in

Fig. 3(d) highlights the LWIR design’s superior angular sen-
sitivity at small tilts, while the MWIR design (M2) offers a
broad operational range with stable FOM across wide angles.
These trends underscore the versatility of the dual-grating ar-
chitecture: by adjusting geometric parameters, one can pri-
oritize ultra-narrowband filtering or wide-angle tunability for
application-specific requirements. This is evidently due to the
surplus synergy of the two gratings. Indeed, as discussed be-
low, the single slit-grating meta-structure with a narrow slit that
is the same as that of the front grating in the OGDs of the con-
sidered structure, does not perform in this way. This is further
confirmed in visualization of the EM fields (E, H) and power
flux density (Poynting vector S).
To underscore the necessity of the dual-grating architecture,

a comparison is made with that of a well-studied single-grating
EOT metamaterial. To this end, as is elaborated in [25], and
verified by simulations with our materials, a distinction is made
between symmetric and asymmetric scenarios. For the air-
dielectric substrate (asymmetric) case, such as the OGDs in-
vestigated herein, with similar irradiation conditions as those
for EOT-M1,2,−λ0 = 4µm ≃ λ

(DM)
SP , and a design constrained

at Λ not less than that of EOT-M2 (2.8392µm and a1/Λ ≤ 0.5,
a value of Tp(0

◦) ≈ 33.3% can be achieved, at best, with
Λ = 2.8392µm, a1/Λ = 0.5 and h1 = 2.1µm. Interestingly,
while this is the highest attainable Tp(0

◦) for any a1/Λ ≤ 0.5,
examining the spectrum for awide range ofh1 with a fixedwide
slit of a1/Λ = 0.5 reveals that, λ(DM)

SP ≲ λ0 is typically a local
minimum point of T0(λ, 0

◦), appearing in between two wide,
low-Q, transmission peaks. Moreover, given λ0, T0(λ0, 0

◦)
tends to zero at Λ → λ0/nd. These two numerical findings
indicate a negative role of SPs in the EOT buildup [33].
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In addition, we investigate the performance of optimized sin-
gle narrow-slit gratings (SNSGs) with a 10% aperture ratio, de-
tailed in Supplementary Fig. S1. Two cases are considered. In
Case 1, the grating period is set well below the Rayleigh limit
(Λ < λ0/nd). This design achieves high transmission (∼80%)
but produces a very broad, low-Q resonance characteristic of
a Fabry-Pérot mode, which is also insensitive to the angle of
incidence. In Case 2, the period is set near the Rayleigh limit
(Λ ≈ λ0/nd) to excite an SPP-mediated resonance. This yields
a narrower spectral feature, but the peak transmittance plum-
mets to just 22% due to a severe impedance mismatch, leading
to high reflection (∼47%) and absorption (∼31%).
For a single-grating structure in the symmetric case, e.g., pe-

riodically slit membrane in air, even with ARs as large as 50%,
λ
(AM)
SP ≃ Λ can be the point of a local maximumofT0(λ, 0

◦). In
this case, Tp(0◦) at optimal h1 = 2.2538µm reaches ≈ 81.8%
with a high Q(0◦) > 1000. As discussed in the Introduction
section, and proved in [25, 47], this sharp peak is due to the res-
onant coupling between the SP modes at similar AM interfaces,
which are degenerate in energy. An additional, much wider,
EOT peak appears visibly to the right of λ0 in the T0(λ, 0

◦)
spectrum, simulated after the optimization. Since this peak
strongly resembles the peaks that have been attributed to the
resonant SW modes effect in the analysis of [25, 47] for an-
other structure of the same type, and discussed above, we rea-
sonably draw the same conclusion in this case. As the slits are
made more narrow, the SP-derived EOT peak rapidly deteri-
orates because of complementary absorption/reflection losses,
whereas that due to the SW resonance withstands the narrow-
ing, despite displaying red shifts. Oblique incidence has quite
a similar effect: while the wide peak withstands it, the narrow
one vanishes just at a very small value of θ.
Examining the dual-grating OGD EOT structures investi-

gated in this study, and referring to the properties of the single-
gratings reported in the literature and discussed above, we may
state that stacking one more grating with a very different AR
onto themetamaterial may enable the highest EOT performance
of the former, combining the best aspects and suppressing the
performance of the latter found in both symmetric and asym-
metric cases, and with both wide and narrow slits. It appears
that the low Q-factor peaks typical of the effects of the SW
modes with the wide slits are inhibited by concurrent narrow-
to-wide gratings interlocking and decoupling due to the asym-
metry, whereas high absorption/reflection losses typical of the
effect of the SPmodes with the narrow slits are reduced in favor
of far-field radiating transmission via the wide slits. In this con-
text, it seems very probable that the comb of very narrow, sharp
peaks and its 1.5µm wide spectral envelope (seen in Fig. 2(d))
are the result of an overlap of the θ-insensitive SW excitation-
derived wide EOT band that peaks well to the right of λ(AM)

SP ;
further, the peaks due to SPs excited at the DM interface with
sharp spectral positions around λ0 ≃ λ

(DM)
SP strongly depend on

θ, as seen in Eq. (3). It is worth emphasizing that all of the above
single slit-grating EOT configurations, however optimized, fail
to perform as efficiently as our OGDs, whichmaintain high am-
plitude and Q-factor EOT spectral peaks over very wide θ and
λ ranges (see Fig. 3).

To demonstrate the flexibility of the proposed architecture,
we investigated both BSI and FSI. Due to the metallic losses,
the system is non-Hermitian, and strict Lorentz reciprocity does
not guarantee identical bidirectional responses for all observ-
ables [48–50]. In fact, while the transmission spectrum re-
mains reciprocal (i.e., TBSI(λ, θ) = TFSI(λ, θ) for correspond-
ing wavevectors), reflection and absorption generally differ
when flipping the illumination direction due to asymmetric
field penetration and loss distribution. This behavior is consis-
tent with prior analyses of lossy metasurfaces and asymmetric
gratings [48, 49]. Unlike active or time-modulated platforms
that break Lorentz reciprocity [51, 52], our structure remains
reciprocal in transmission but exhibits asymmetric reflection
and absorption due to loss and geometric asymmetry along the
z-axis (stacking direction). The ability to operate efficiently
under both BSI and FSI highlights the design’s versatility for
integration in diverse optical layouts.

2.3. Unveiling the Triple-Coupling Enhancement Mechanism
In Fig. 4, we display color maps of |E|2 = |Ex|2 + |Ez|2 and
|Hy|2 for normal incidence and CDW (θ = 0◦, λ = λ0) over
an x-z area, where 0 ≤ x ≤ Λ and z is over a depth range
that covers the structure plus some parts of its vicinity; ⟨Sz⟩x
and the cumulative absortptanceA(z), obtained by summing its
differentials in z, are plotted together vs. z in the same range.
In addition, the normal incidence transmittance and reflectance
at CDW can accurately be assessed with ⟨Sz⟩x values given by

⟨S⟩x =
1

Λ

∫ Λ

0

S (x, z) dx, (5)

at the corresponding ambient-structure interfaces.
As established with the SNSG benchmark, a single narrow

slit fails because energy coupled to the DM-interface SPP is
inefficiently funneled through the slit and is instead mostly re-
flected or absorbed. The dual-grating structure solves this prob-
lem through a three-stage process we term “triple-coupling”:

• SPP Excitation (In-Coupling): For BSI (M1, L1), incident
light efficiently excites a propagating SPP mode on the
DM interface of the wide-slit back grating. This layer acts
as an effective antenna, overcoming the impedance mis-
match that hinders direct excitation of narrow slits.

• Localized Corner-Field Radiation (Energy Funneling):
The near-field plots (Figs. 4(a), (c), (e)) reveal intense
electric field enhancement (|E|2) localized at the sharp
metal corners of the wide back-grating slits. These cor-
ners act as highly efficient secondary radiators, collecting
energy from the propagating SPP and funneling it directly
towards the aperture of the front grating.

• Standing-Wave Resonance (High-Q Filtering): The en-
ergy injected from the back grating excites a high-Q,
standing-wave-like mode within the narrow front-grating
slit. This mode is characterized by a strong, uniform elec-
tric field, similar to a parallel-plate capacitor, which then
radiates efficiently into the far-field.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIGURE 4. Near-field analysis at resonance (θ = 0◦, λ = λ0) for designs (a)–(c)M1, (d)–(f)M2, and (g)–(i) L1. The left and center columns show
squared amplitudes of the electric (|E|2) and magnetic (|Hy|2) fields, respectively. The right column plots the period-averaged Poynting vector
component ⟨Sz⟩x (black dash-dot line, bottom axis) and cumulative absorptance A(z) (red solid line, top axis) versus depth z. The plots reveal
intense field localization at the back-grating corners, which is central to the triple-coupling mechanism.

This mechanism effectively decouples the functions: the
back grating handles efficient energy collection, while the front
grating provides high-Q resonant filtering. To visually con-
firm this energy pathway, we performed a detailed Poynting
vector analysis. Supplementary Fig. S10 presents the vector
quiver plots for BSI, showing power flux lines converging at
the back-grating corners. Furthermore, to validate the mech-
anism’s reciprocity, we calculated the energy streamlines un-
der FSI conditions (Supplementary Fig. S11). These stream-
lines explicitly reveal energy being captured by the front slit

and funneled back to converge at the same corners. This bi-
directional confirmation identifies the corners as critical radia-
tive elements facilitating coupling between the high-Q cavity
and the propagating surface plasmons. It is pertinent to clas-
sify the resonant mechanism in the context of itinerant versus
localized modes [53, 54]. While the optical fields are confined
within the sub-wavelength slits and at the corners, this localiza-
tion is distinct from the quasi-static Localized Surface Plasmon
Resonances (LSPRs) where frequency is pinned to the plasma
frequency (ω ∝ ωp). Instead, the confinement here represents
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a geometric cavity mode formed by gap-plasmons (a Fabry-
Perot-like standing wave). The macroscopic optical response
is thus governed by the coupling between these geometrically
localized modes and the itinerant (running) SPPs propagating
along the metal-dielectric interfaces.
To quantify the underlying physics of the “triple-coupling”

mechanism, we applied Temporal Coupled-Mode Theory
(TCMT) to decompose the total quality factor (Qtot) into its
radiative (Qrad) and absorptive (Qabs) components. Instead
of relying solely on spectral fitting, we calculated these factors
directly from the electromagnetic field integrals. For the L1

design at the transmission peak (λ = 10.00µm), we extracted
Qabs ≈ 4.8 × 104 and Qrad ≈ 3.4 × 103. Furthermore, at
the intrinsic physical resonance frequency (λ ≈ 9.999µm),
where the stored energy is maximal, the absorptive quality
factor reaches an exceptional value of Qabs ≈ 2.1 × 105.
This ratio (Qabs ≫ Qrad) quantitatively confirms that the
resonance is dominated by radiative coupling to the external
environment rather than ohmic dissipation. This suppression
of intrinsic loss is a key factor enabling the simultaneous
achievement of high-Q and near-unity transmission. It is
noteworthy that the intrinsic Q-values derived from energy
dynamics are significantly higher than those extracted from
the spectral linewidth (FWHM); this difference arises from the
asymmetric Fano lineshape of the dual-grating interference,
which spectrally broadens the transmission profile despite
the high internal mode confinement. The full analysis of the
energy dynamics for all designs is detailed in Supplementary
Fig. S18.
The mechanism behind the remarkable angular performance

of OGDs discussed in Subsection 2.2 is analyzed here using the
field and S visualizations in Fig. 5. To this end, we choose the
M1 structure and θ = 0.5◦. At θ > 0◦ the right and left propa-
gating SPs are non-degenerate in energy since λ+

0 (θ) ̸= λ−
0 (θ),

and they have opposite predominant propagation directions.
Following the above analysis for normal incidence, it is not
surprising that the fields inside the substrate and back grating
are highly affected by varying θ. Most notable are the highly
localized peak of |E|2 at z = 0.421µm, which is magnified
either at the left corner, x = 0.45Λ, for λ−

0 (θ) or at the right
one, x = 0.55, for λ+

0 (θ), and, correspondingly, the peaked
plasmonic |Hy|2 patterns located either at x = 0.25Λ or at
x = 0.75Λ. The low amplitudes of |Hy|2 within the lateral area
around the narrow slit 0.45 < x/Λ < 0.55 appear as domes that
begin inside the back grating at z = 0.421µm and stretch up
with a diagonal tilt towards z = 0µm. These domes, which
are a visualization of the θ tilt, are straightened inside the front
grating due to the SW mechanism, and inside the air there is
no clear evidence of the tilt. As reported in the literature and
noted above, an SW-based EOT has a very low tilt sensitiv-
ity, and the field patterns are similar to those shown here for
0.421µm < z < 0.748µm. The spectral-angular EOT per-
formance at θ > 0◦ of the alternative plasmonic configuration
with a single grating in a symmetric ambiance, fails due to plas-
mons launched at the metamaterial interfaces with input and
output mediums, which annihilate the effect of each other in-
side the opening. As discussed in Subsection 2.2, the back and
front gratings of OGDs, separately placed in a non-symmetric

configuration show poor EOT angular performance. The con-
structive SW-SP mode synergies of OGDs provide the record
broadband EOT angular performance envelope with excellent
IR plasmonic sensing capabilities and particularly ultrahighQ.
The quiver plot visualization of S with θ = 0.7◦ at λ−

0 (θ)
and λ+

0 (θ) in Figs. 5(e) and (f), respectively, provide additional
details regarding the OGD angular performance mechanism.
Since the field magnitudes are shown in Figs. 5(a), (b), (c),
and (d), for clarity, the magnitude of the quiver arrows is nor-
malized separately for each of the three lateral sections dividing
the sub-figures (e), (f). Thus, comparison should be in terms of
the flow direction, and the magnitudes should be treated in ac-
cordance. The flow directions at λ−

0 (θ) and λ+
0 (θ) display re-

markable mirror-like symmetry in all sections. Inside the sub-
strate, the S flow is predominantly lateral and, similarly to the
normal incidence case (but less strongly), bends towards and
concentrates at the corners. In these cases, the stronger corner
transfers, while the weaker reverses the flow, a tendency which
is also found inside the back grating, where the lateral flow still
prevails, propelled by SP flow at the DM interface. Inside the
front grating, however, the lateral flow changes to a vertical
one. Spatially, the alteration originates in the dome-like pat-
terns of |Hy|2 above and below the narrow slit and proceeds
into it. As seen in Figs. 5(c), (d), oblique incidence stretches
the domes, and this phenomenon is assisted by an enhanced
corner. Following the direction alteration inside the front grat-
ing, the flow towards the ambient air is predominantly vertical
and concentrated near the front-grating slits; this, again, is sim-
ilar to the case of SW-supported EOT via the single-slit grating
structure.

2.4. Robustness and Practical Viability: A Fabrication Toler-
ance Analysis

To assess the practical viability of the proposed designs, a com-
prehensive fabrication tolerance analysis was conducted. We
systematically evaluated the sensitivity of the key performance
metrics: λ0, Q factor, and Tp to variations in the critical geo-
metric parameters. The thicknesses (h1, h2) and the widths of
the slits (a1, a2) were varied by ±5% from their nominal val-
ues, while the impact of corner rounding, a common fabrica-
tion artifact, was modeled by varying the corner radii (r1,2,3)
of a perfectly sharp corner up to 100 nm. A summary of this
analysis is presented in Fig. 6, with detailed plots available in
the Supplementary Figs. S2–S8.
The analysis reveals a powerful and counterintuitive insight

that strongly validates our proposed physical model of decou-
pled functions. Across all three designs, the device perfor-
mance is critically more sensitive to the wide, back-grating di-
mensions (a1, h1) but is remarkably robust to variations in the
narrow, front-slit dimensions (a2, h2). For instance, in the L1

(M1) design, a 5% negative deviation in a1 causes theQ-factor
to decrease by∼15% (27%), whereas a similar change in a2 re-
sults in a negligible variation of less than 1.3% (8.9). This dis-
parity provides compelling evidence that the back grating acts
as a precision-tuned coupler or antenna, where the geometry
must be exact to efficiently match the incident radiation to the
propagating SPP mode. In contrast, the front grating functions
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(a) (b)

(c) (d)

(e) (f)

FIGURE 5. Color maps of (a), (b) |E|2 and (c), (d) |Hy|2, and (e), (f) S quiver plots for M1 at slightly oblique incidence under θ = 0.7◦ at two
wavelengths corresponding to the split angular EOT peaks: (a), (c), (e) λ = λ−

0 (0.7
◦) = 3.968µm; and (b), (d), (f) λ = λ+

0 (0.7
◦) = 4.0346µm.

The quiver plot sub-figures (e) and (f) are virtually subdivided into three lateral sections: a part of (i) dielectric/polymer + back grating; (ii) front
grating; and (iii) ambient air. For the best visibility, the S arrows presentation is separate per each section and independent of the others; |S| is largest
in the upper section, and regularly decreases down to the lower one, as can be inferred from the |E|2 and |Hy|2 color maps.

as a robust standing-wave resonator, whose performance is not
critically dependent on the precise aperture dimension once the
energy has been efficiently injected.

This physical picture is further supported by the analysis of
the corner radii (Supplementary Fig. S4). To rigorously differ-
entiate between correlative and causative structural factors, we
performed a site-specific corner rounding analysis under FSI.
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(a) (b)

(c)

(d)

FIGURE 6. Summary of fabrication-tolerance analysis for the optimized dual-grating designs: (a) M1, (b) M2, and (c) L1. Each chart shows the
sensitivity of resonant wavelength (top), Q-factor (middle), and peak transmittance (bottom) to a 1% variation in key geometric parameters: slit
widths, grating thicknesses, and corner radii (in the Supplementary). (d) Robustness of M2 to lateral misalignment between the front and back
gratings (∆x up to 50 nm), evaluated at normal incidence (θ = 0◦, upper plot) and at a slightly oblique incidence (θ = 0.5◦, lower plot).

We subjected the M1 design to an exaggerated “stress test,”
independently sweeping the corner radii (r) for three distinct
sites: the light-entry corners (r3, front-air), the cavity internal
corners (r2, front-spacer), and the distal substrate interface (r1,
back-substrate). The quantitative results reveal that the device

is remarkably robust against massive deformations of the in-
put and cavity corners (r3 and r2); even with 100 nm rounding,
the transmission remains high (> 67%) and the resonant mode
remains strongly excited. In stark contrast, the performance
is exquisitely sensitive to the distal back-grating corner (r1).
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Rounding this interface causes a severe penalty in peak trans-
mission (∆T ≈ 40%) and a suppression of the internal field.
This confirms that the sharp discontinuity at the substrate-metal
interface (r1) is a primary active element mediating the criti-
cal matching, driving the resonance even when the device is
illuminated from the front. Importantly, small corner radii cor-
responding to realistic fabrication imperfections (r < 20 nm)
do not substantially affect performance, ensuring high yield.
Moreover, this hierarchy provides a clear fabrication strategy:
process control should be focused on the first, simpler lithog-
raphy step that defines the back grating (r1), while the relaxed
tolerance of the second layer de-risks the overall alignment and
patterning process.
We further quantify robustness to possibly what one may

consider the most challenging aspect of the fabrication process,
the lithography overlay alignment errors by laterally shifting
the front grating relative to the back by∆x ∈ [0, 50] nm (steps
of 5 and 10 nm). Fig. 6(d) highlights the impact of lateral mis-
alignment on M2 for two incidence conditions. At normal in-
cidence (θ = 0◦), even small shifts between the gratings intro-
duce a strong coupling asymmetry, which appears as an ultra-
narrow dip in the transmission spectrum, effectively splitting
the original peak into two closely spaced resonances. This be-
havior is attributed to enhanced absorption caused by imperfect
mode matching when the gratings are misaligned. In contrast,
at oblique incidence, the primary regime for angular sensing
applications, the optical symmetry is already broken by the in-
cident wavevector (kx ̸= 0) and the angular splitting inherent
to the design dominates the response. Here, misalignment pri-
marily reduces the amplitude of the shorter-wavelength branch,
while the longer-wavelength branch remains almost unaffected.
Overall, for theM2, the degradation remains modest: Tpeak de-
creases by less than 10% and Q by less than 15%, confirming
that the dual-grating architecture maintains high performance
under realistic overlay errors for both normal and oblique il-
lumination. For the M1 design at oblique incidence, the lat-
eral misalignment even enhances the longer wavelength branch
while damping shorter branch without altering the fundamen-
tal, high-Q EOT performance or the angular sensitivity. At nor-
mal incidence, the M1 design exhibits a distinct peak splitting
(Supplementary Fig. S15). While this could be considered a de-
terioration of the single-mode performance, the misalignment
demands to avoid this are well within the “safe zone” of estab-
lished nanofabrication protocols (discussed below).
Furthermore, we identify that this structural sensitivity at

normal incidence can be strategically exploited. By introduc-
ing a prescribed lateral offset (symmetry breaking) between the
gratings and reducing the front aperture ratio to 5%, the sec-
ondary spectral branch at oblique incidence can be suppressed.
We propose a an optimized asymmetric MWIR configuration
with period Λ = 2.843µm, grating thicknesses h1 = 125 nm
and h2 = 44 nm. A lateral offset of 10% (∼ 284 nm) was
introduced to break symmetry and suppress the secondary res-
onance branch. The transmission spectrum was calculated at
an incidence angle of θ = 1.5◦. As detailed in Supplemen-
tary Fig. S17, this configuration achieves a solitary resonant
peak (suppression of the secondary branch) with an improved
average background floor (< 2.5%) and dip (< 0.5%). This

corresponds to an average out-of-band rejection ratio (OBRR)
floor of > 14 dB and peak-to-valley rejection ratio (PVRR)
of > 22 dB. The > 60% transmission resonance, shows a
linewidth of FWHM ≈ 0.24 nm (Q > 17, 000). This confirms
that intentional asymmetry is a viable route to achieving robust,
high-contrast filtering suitable for isotope spectroscopy.
Finally, when comparing the overall robustness of the three

structures, theM2 design emerges as the most promising candi-
date if high transmission is the focal requirement. It exhibits the
lowest transmission magnitude sensitivity to variations in all
critical parameters. The other two designs offer very good ro-
bustness of their transmission peak wavelength, with very low
wavelength sensitivity to all critical parameters. These prop-
erties align well with the design considerations of high-Q vs.
high transmission of the three designs. This detailed analysis of
fabrication tolerance is crucial to bridge the gap between theo-
retical design and practical implementation, a step often over-
looked but essential for realization.
The proposed dual-grating architecture relies on established

nanofabrication protocols involving sequential lithography and
thin-film deposition, a methodology widely validated for com-
plex multi-layer metasurfaces [55, 56]. To satisfy the refractive
index matching required for the high-Q resonance, the metal-
lic slits in both the bottom and top gratings must be filled with
the dielectric material. This is achieved through a planarized
backfill process, analogous to the Damascene techniques used
in microelectronics. For the first layer, the back metal grating
is patterned on the substrate (CaF2/BaF2) using lift-off. High-
contrast fiducial alignment markers are fabricated on the wafer
periphery during this step. The metallic voids are then back-
filled with the dielectric spacer material. For polymeric spacers
(e.g., PDMS), spin-coating naturally fills the trenches and pla-
narizes the surface. For solid dielectrics, deposition is followed
by Chemical Mechanical Polishing (CMP) or a flowable pla-
narization step to expose the metal surface and establish a flat
foundation for the subsequent layer [56]. Following the align-
ment and patterning of the top grating, a second deposition step
fills the narrow top slits. To avoid a thick overcladding layer, a
controlled etch-back process (e.g., Reactive Ion Etching) is em-
ployed to remove excess dielectric from the top surface, halting
at the metal interface. Finally, a nanometric passivation layer
(e.g., < 5 nm Al2O3 via ALD) can be applied to prevent silver
tarnishing without optically affecting the resonant mode.
From a manufacturing perspective, the design is highly com-

patible with mass production. The smallest critical dimen-
sion (CD) in our optimized asymmetric design corresponds to
the narrow front-grating slit. For the MWIR design (Λ ≈
2.8µm with 5% aperture), the CD is approximately 140 nm.
This dimension is well within the resolution limits of modern
Deep-UV (DUV, 193 nm) photolithography, which routinely
achieves overlay accuracies better than 5 nm [57], far supe-
rior to the ∼20 nm tolerance required for our device. Alterna-
tively, for cost-effective large-area sensor fabrication, Nanoim-
print Lithography (NIL) presents a compelling route, demon-
strating both the required resolution and overlay alignment ca-
pabilities to replicate such dual-layer nanostructures at high
throughput [58–61].
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TABLE 2. Mid-IR plasmonic designs with high Q-factors (2015–2025), including experimental demonstrations and theoretical proposals. Mode:
EOT — Transmission, Refl. = Reflection, Abso./Emis. = Absorption/Emission. Type: Exp. = Experimental, Th. = Theoretical.

Reference (Year) Platform/Mechanism Q λ Mode Type

This Work (L1) Dual-grating plasmonic EOT > 2000 10µm EOT Sim./Th.
This Work (M2) Dual-grating plasmonic EOT > 1000 4µm EOT Sim./Th.

This Work (Asym. M2) Fig. S17 Dual-grating (Symmetry-broken) > 17, 000 ∼4µm EOT Sim./Th.
Xu et al., JMCC (2025) [62] 3D Au MIM metasurface (quasi-BIC) ∼125 4.9µm Refl. Exp.
Liu et al., APL (2020) [63] MIM metasurface (hybridized dipoles) 60.2 3.63µm Refl. Exp.

Xing et al., Plasmonics (2024) [64] Split-ring metasurface (anapole) 35 (exp.), 88 (th.) 7.9µm Refl. Exp./Th.
Ou et al., AIP Adv. (2022) [11] Tamm plasmon absorber 144 2.73µm Abso. Exp.
Xi et al., Opt. Lett. (2021) [12] Tamm plasmon emitter 508 4.225µm Emis. Th.
Dayal et al., JAP (2017) [65] MIM cavity absorber High-Q mid-IR Abso. Exp.

Biswas et al., Nanophotonics (2024) [13] Plasmonic quasi-BIC metasurface ∼938 mid-IR Refl. Th.
Liang et al., PRL (2024) [14] Nonlocal plasmonic metasurface > 1000 s generalized Refl. Th.

3. DISCUSSION
To place our achievements in the context of the current state-of-
the-art, we provide a quantitative comparison in Table 2. This
table benchmarks our OGDs against the highest-performing
high-Q-factor plasmonic designs reported in the literature over
the recent years. For an exhaustive survey of recent all-
dielectric platforms, please refer to the comprehensive tables
provided by [21, 24].
The designs summarized in Table 2 highlight a critical dis-

tinction: nearly all high-Q plasmonic metasurfaces reported in
the mid-IR operate in reflection or absorption/emissionmodes,
such as Tamm plasmon absorbers and emitters or quasi-BIC
metasurfaces. These platforms achieve narrow linewidths but
do not provide high transmission through an opaque metal
film. In contrast, our dual-grating architecture uniquely de-
livers ultra-high-Q resonances in EOT mode with near-unity
throughput. This capability addresses a long-standing chal-
lenge in mid-IR plasmonics: combining high spectral selectiv-
ity (large Q) with efficient transmission, and full side-peak in-
hibition, which are all kept stable for remarkably wide θ and λ
ranges. These are essential for integrated filtering, sensing, and
free-space optical systems.
Furthermore, the Q factors of more than 2 k achieved by our

L1 design and over 16 k of the asymmetrical design are not
only, to the best of our knowledge, among the highestQ-factors
reported for MWIR/LWIR EOT through metal films, but also
comparable with the record breaking Q factors of Mid-IR pla-
monics in absorption and reflection platforms. In this regard
our work successfully translates the high-performance charac-
teristics to the technologically vital but physically challeng-
ing MWIR and LWIR bands. The triple-coupling mechanism,
enabled by the dual-grating architecture, provides a new and
robust design paradigm to overcome the material limitations
that have historically hindered plasmonic device performance
at these longer wavelengths.
An all-dielectric counterpart would require a substantially

thicker and more complex architecture to first establish the
broadband mirror before a resonant transmission feature could

be engineered. While hybridizing our dual-grating topology
with dielectric resonators could theoretically enhance Q fur-
ther, our plasmonic metamaterial presents a more compact and
architecturally efficient solution for creating high-performance
EOT-based filters. This highlights the fundamental elegance
and efficiency of our plasmonic approach, yielding the desired
broadband rejection and narrow-band transmission within a to-
tal thickness of a few hundred nanometers.
The unique optical characteristics of the investigated OGDs

enable their integration into diverse functional setups, as illus-
trated in Figs. 7–8. For instance, under monochromatic illu-
mination with finite angular divergence (∆θin), the structure
facilitates high-precision angular sensing or collimation filter-
ing (Fig. 7). Alternatively, for broadband radiation, the device
functions as a highly tunable spectral filter, where the resonant
wavelength λ0 is dynamically selected by altering the angle of
incidence θin (or tilting the device). Furthermore, the strong
angular dispersion allows the design to operate as a prism-like
spatial-spectral beam comb, transmitting separate beams with
corresponding pairs of directions and wavelengths (θi, λi), see
Fig. 8.

(a) (b)

FIGURE 7. Two representative OGD-based configurations for spectra-
angular functionality: (a) monochromatic illumination with a finite
angular spread, enabling angular discrimination or collimation filter-
ing; (b) polychromatic illumination at a fixed incidence angle θin for
narrowband spectral selection.
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(a) (b)

FIGURE 8. Proposed OGD-integrated instrumentation for polychro-
matic, multi-angular spectral-angular sensing: (a) configuration using
a diverging beam emitted from an optical fiber; (b) configuration after
beam conditioning with focusing optics for controlled angular distri-
bution.

A primary motivation of this research was to translate the
rich sensing capabilities of plasmonic EOT, well-established in
the visible and near-infrared, deep into the mid- and far-infrared
regimes. Consequently, the specific use-cases highlighted be-
low represent only a subset of the potential utility. We antici-
pate that with appropriate optical instrumentation, this platform
will unlock further novel sensing and control modalities. Here,
by manipulating the upgraded trade-off between T and Q, and
exploiting the symmetry-dependent mode splitting, we detail a
few distinct exemplary applications.
Precision Direction-of-Arrival (DoA) Sensing: The strong

angular dispersion, robust over a significantλ-θ range (see Sup-
plementary Fig. S16 and Table S1), of the OGD highly bene-
fit application in angular sensing and Laser Warning Receivers
(LWR). Unlike dielectric interference filters where the wave-
length shift scales quadratically with angle (∆λ ∝ θ2/n2), re-
sulting in negligible sensitivity at normal incidence (S ≈ 0),
the OGD follows the linear Wood’s anomaly condition: λ± ≈
Λ(neff± sin θ). The angular sensitivity (S) at normal incidence
can be explicitly calculated as the derivative of the resonant
wavelength with respect to the incidence angle. For the L1 de-
sign for example, (Λ = 7.692µm), operating in air (n = 1):

S =

∣∣∣∣dλdθ
∣∣∣∣
θ=0

≈ Λ cos(0) · π

180◦

≈ 7692 nm× 0.01745 rad/◦ ≈ 134 nm/◦. (6)

This linear sensitivity is over two orders of magnitude higher
than that of standard interference filters. While standard imag-
ing systems rely on bulky optics to map angle to position, re-
cent works have demonstrated the concept of “Angle-Sensitive
Pixels” (ASPs) using nanostructured arrays to encode angu-

lar information directly into the detector’s response [66, 67].
Similarly, on-chip spectral reconstruction has been achieved
using mosaic arrays of photonic crystals [68]. Building on
these concepts, our symmetric dual-grating design offers a
promising platform for mid-infrared DoA sensing. By uti-
lizing a “super-pixel” architecture composed of spectrally de-
tuned OGD elements, the system can decouple the spectral
content from incidence angle without refractive optics. Cru-
cially, our design leverages the intrinsic symmetry of the struc-
ture: oblique incidence splits the resonance into two branches
(λ+ and λ−). Tracking ∆λ (see Eq. (4) and Figs. S16–S17)
between these branches provides a differential measurement
with doubled sensitivity (Sdiff ≈ 268 nm/◦) that encodes the
angle of arrival. Simultaneously, the unknown source wave-
length is retrieved via the spectral centroid (λc ≈ (λ+ +
λ−)/2). By independently monitoring both the separation (an-
gle) and the average spectral position (wavelength) across the
graded array, the system can resolve the two unknown vari-
ables of the source. This differential scheme is inherently self-
referencing; since environmental temperature fluctuations in-
duce a common-mode spectral shift in both branches due to the
thermo-optic effect, measuring the difference ∆λ effectively
cancels out thermal drift. This enables robust, high-precision
angular tracking LWR and situational awareness systems with
a small form factor, overcoming the thermal instability limita-
tions of conventional narrowband filters.
Furthermore, the differential measurement scheme inher-

ently mitigates the limitation of the Fano resonance lineshape
(i.e., the non-zero background continuum). Since the back-
ground leakage is spectrally broadband and affects both res-
onant branches symmetrically, it acts as a common-mode sig-
nal. By tracking ∆λ or the differential intensity ratio rather
than absolute radiometric power, the system effectively fil-
ters out this broadband background. This converts the sens-
ing mechanism from an intensity-based measurement, suscep-
tible to background noise, to a spectral-position measurement,
thereby achieving high Signal-to-Noise Ratio (SNR), even in
the presence of the characteristic Fano continuum [69].
Spatio-Spectral Imaging via Angular Dispersion: A com-

plementary application leverages this same physical mecha-
nism to solve the inverse problem: determining the spectral
composition of a scene using defined optics. This is partic-
ularly relevant for the “broadband” M2 design in the MWIR
(3–5µm). While standard imaging strives for spectral uni-
formity, here we exploit the strong angular dispersion to en-
able Spatio-Spectral Encoding. By coupling the sensor array
with a standard wide-angle lens, e.g., Fig. 8, which maps inci-
dence angles to spatial pixel positions, the resonant wavelength
is deterministically coupled to the field angle. As demon-
strated in the broadband spectral analysis (Fig. 2 and Supple-
mentary Fig. S16(a)), the resonant splitting into upper (λ+)
and lower (λ−) branches effectively “sweeps” across the en-
tire MWIR band (3–5µm) over an angular range of ±10◦ if
oriented off-axis, allowing different pixels to sample different
spectral bands simultaneously. Crucially, the dual-peak reso-
nance inherent to the symmetric design plays a vital role in
noise rejection by creating a unique spatial signature. Since
the filter exhibits two transmission branches (λ+ and λ−), a
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monochromatic target signal (e.g., a gas emission line) will
be registered at two distinct radial positions on the sensor ar-
ray, corresponding to the specific angles where each branch
matches the target wavelength. This creates a built-in valida-
tion mechanism: true spectral signals must appear as correlated
pairs (e.g., concentric rings), whereas broadband thermal back-
ground (clutter) affects all pixels continuously. Furthermore,
since the thermal background varies slowly across the angu-
lar domain, adjacent pixels, which sample wavelengths slightly
detuned from the target line, serve as intrinsic reference chan-
nels. By subtracting this common-mode baseline measured by
neighboring elements, the mechanism inherently filters out the
broadband noise floor, enhancing the Signal-to-Clutter Ratio
(SCR) for identifying specific material signatures within a com-
plex thermal scene.
Compact Isotope-Resolved Gas Sensing: While broad

spectral features characterize solids and liquids, gas-phase
sensing often requires resolving fine rotational-vibrational
structures. A particularly challenging frontier is isotope-
resolved sensing. These isotopic signatures are separated
by small spectral shifts (typically < 1 nm), rendering them
indistinguishable to standard sensors equipped with broad
interference filters. For example, distinguishing the P-branch
rotational lines of 13CO2 (centered near 4.38µm) from the
dominant 12CO2 background,for medical breath diagnostics
or environmental tracing, requires resolving spectral shifts
often smaller than 1–2 nm. Our symmetry-broken mode can
potentially disrupt this paradigm. By achieving a single-mode
resonance with a theoretical scientific-grade Q-factor of
> 16, 000 (FWHM ≈ 0.24 nm), as demonstrated in Supple-
mentary Fig. S17, the device offers sufficient resolution to
isolate specific isotopic absorption lines. The engineered asym-
metry suppresses the secondary spectral branch, preventing the
spectral-crosstalk from the abundant isotope. Combined with
the high PVRR (> 22 dB), this architecture potentially enables
the realization of miniaturized, low-cost sensors capable of
quantitative isotope ratio analysis, a capability previously
restricted to bench-top spectrometers.
Secure, Noise-Resilient Free-Space Optics (FSO): For

Mid-IR optical communication links, the OGD offers a dual ad-
vantage of high throughput and spatial-spectral filtering. First,
the > 80% transmission efficiency minimizes insertion loss,
which is critical for long-range links limited by atmospheric at-
tenuation. Second, the device’s strong angular dispersion can
be exploited to enhance SNR. Unlike standard interference fil-
ters that accept all incident light within the spectral passband
regardless of angle, the OGD imposes a strict angular-spectral
condition: light is transmitted only if it satisfies the specific
(λ, θ) coupling resonance (see Figs. 7–8). Consequently, while
the collimated laser signal (aligned to the resonance angle) is
transmitted efficiently, broadband background radiation (e.g.,
solar or thermal clutter) incident from off-axis angles is rejected
— even if it spectrally overlaps with the laser wavelength. This
effectively acts as a passive spatial filter, improving the link
margin. Furthermore, the symmetric mode’s spectral splitting
sensitivity (∆λ ∝ θ) can serve as an integrated alignment error
sensor, allowing the receiver to detect micron-scale beam wan-

der or vibrations by monitoring the spectral line shape, thereby
facilitating active beam stabilization.
Material Versatility and Lab-on-Chip Integration: Fi-

nally, we highlight a structural advantage relevant to biochem-
ical sensing. The refractive index of the substrates employed
in this work (n ≈ 1.3–1.45) closely matches that of common
optical polymers (e.g., PDMS, PMMA) and various biological
fluids. Since the high-Q resonance is tightly confined within
the dielectric spacer layer, this index compatibility suggests that
the solid spacer could be substituted with a matched microflu-
idic channel without disrupting the optical impedance match-
ing. This opens a pathway for transforming the dual-grating ar-
chitecture into a flow-through refractive index sensor, enabling
real-time, label-free monitoring of analytes in a Lab-on-Chip
platform compatible with standard soft-lithography processes.
While the presented dual-grating designs achieve competi-

tive rejection ratios with a compact architecture, specific high-
performance applications may require greater optical density
(OD). The proposed platform is potentially scalable to cascaded
architectures, where two OGD units are stacked in series (sepa-
rated by a dielectric buffer). Due to the multiplicative nature of
optical transmission, a double-stack configuration would the-
oretically double the rejection ratio while maintaining a high
peak transmission (∼ 0.92 ≈ 81%). This scalability is particu-
larly relevant for cooled radiometric imaging and Mid-IR FSO
communications, where steep spectral roll-offs and background
suppression are prerequisites for minimizing channel crosstalk
and detector saturation.
A fundamental characteristic of the proposed 1D dual-

grating architecture is its dependence on polarization. Conse-
quently, the device functions as an integrated linear polarizer,
limiting the theoretical maximum system efficiency to 50%
for unpolarized thermal sources, see s-polarization reflection
spectra in Fig. S19. While this flux reduction is a trade-off,
it enables the capability for polarimetric thermography,
enhancing the contrast of man-made targets against natural
backgrounds. For applications where polarization indepen-
dence is paramount, the proposed topology can theoretically
be generalized to a 2D cross-grating structure (e.g., a fishnet
or hole array). However, the design and rigorous optimization
of such geometries require fully three-dimensional full-wave
simulations, which for Mid-IR plasmonic designs, entail a
computational complexity orders of magnitude higher than
the 2D invariant models employed here. Consequently, the
translation of the “triple-coupling” mechanism to polarization-
independent 3D architectures remains a challenging and
exciting avenue for future development.
In conclusion, a broadly applicable concept for designing

high-performance mid-infrared plasmonic devices is intro-
duced. The dual-grating architecture, guided by the principle
of decoupled mode engineering, provides an integrated so-
lution to the challenges of EOT, delivering unprecedented
Q-factors and transmission efficiencies. The designs are based
on simple geometries and conventional materials, making
them compatible with established nanofabrication techniques
and paving the way for a new generation of ultra-compact,
high-performance infrared photonic components, effectively
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translating the versatility of visible-range plasmonic EOT to
the thermal infrared regime.

4. METHODS
The eigenvalue problems for EM BEMs in the grating regions
due to [70–72] and the search for the eigenvalue confluences
were solved with built-in fzero and fsolve MATLAB codes.
The far-field response, EM fields, and power density sim-

ulations, as well as computer-aided design, were done with
an in-house improved version of the rigorous coupled wave
analysis (RCWA) code. This code is enhanced for modeling
metallic structures, which are notoriously challenging for stan-
dard RCWA implementations. This includes: (i) an in-layer
S-matrix propagation algorithm [73], which furnishes uncondi-
tional numerical stability; (ii) Fourier-factorization rules recast
to achieve convergence with increasing truncation order, due
to line and zigzag inverse Laurent rules [73–77] and [77, 78],
respectively, and to the normal-vector method [79–81]. These
codes are integrated with trial-and-error automated multi-start
optimization routines [82, 83] implemented in the MATLAB
Optimization Toolbox [84], while our GUI drives the entire
software package, managing the input/output. This integrated
approach enables performing the computer-aided design of the
multi-layered grating structures with a predefined optimal far-
field response. Although RCWA has frequently been reported
to display very slow convergence for structures merging metal
gratings with TM-polarized irradiation, a symbiosis of an im-
proved version and tailored implementation ofMATLAB codes
made our computer-aided design process highly efficient. To
demonstrate the stability of the high-Q results, we performed a
convergence test varying the truncation order (N) of the Fourier
harmonics shown in the Supplementary Fig. S22. For the final
results presented in the manuscript, we utilized a high trunca-
tion order ofN = 300 (corresponding to 2N+1 = 601 Fourier
harmonics) for spectral scans, which also agreedwell with FEM
simulations, ensuring high fidelity, and up toN = 700 for field
profiles.
We cross-validate RCWA and FEM results for each nominal

design. FEM simulations (COMSOL 6.1) utilized a physics-
controlled “Extremely Fine” mesh, with manual refinement at
the sharp metallic corners (maximum element size < 1 nm) to
accurately resolve field singularities. The simulation domain
included a thick substrate (∼ 30λ0) to capture the full decay
of the SPP modes, terminated vertically by periodic ports and
laterally by Floquet periodic conditions to rigorously account
for all diffracted orders propagating to infinity. Energy conser-
vation was enforced until maxλ,θ |R+T +A−1| < 10−4 over
the simulated grids, with typical residuals ≪ 10−6. Fig. S9
overlays the RCWA and FEM spectra at normal incidence for
designsM1/M2/L1, showing excellent agreement in both peak
position and lineshape (RMSEs: M1 < 2 × 10−2, M2 <
1.2× 10−2, L1 < 4.2× 10−2).
To investigate fabrication tolerance, a series of parametric

sweeps were performed for each critical geometric dimension
(±5% deviation for thicknesses and widths; absolute values of
10, 20, and 30 nm for corner radii). The resulting spectral data
was exported and analyzed using a custom Python script. Key

performancemetrics, including the resonant wavelength (λres),
peak transmittance (Tp), and quality factor (Q-factor), were ex-
tracted for each simulation. The sensitivity of each metric to a
given geometric parameter was then quantified. For each pa-
rameter scan, a first-order polynomial was fitted to the data
points of the calculated metric versus the percentage change in
the parameter. The slope of this line was taken as the sensitivity
factor, representing the average change in the metric for a 1%
change in the parameter (e.g., in units of nm/% for wavelength
shift or %/% for normalized metric like Q-factor).
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