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Abstract

Fast, spark-free detection of hydrogen leaks is indispensable for large-scale hydrogen
deployment, yet electronic sensors remain power-intensive and prone to cross-talk. Op-
tical schemes based on surface plasmons enable remote read-out, but single-metal de-
vices offer either weak H2 affinity or poor plasmonic quality. Here we employ full-
wave finite-difference time-domain (FDTD) simulations to map the hydrogen response
of nanohole arrays (NAs) that can be mass-produced by colloidal lithography. Square
lattices of 200 nm holes etched into 100 nm films of Pd, Mg, Ti, V, or Zr expose an in-
trinsic trade-off: Pd maintains sharp extraordinary optical transmission modes but shifts
by only 28 nm upon hydriding, whereas Mg undergoes a large dielectric transition that
extinguishes its resonance. Vertical pairing of a hydride-forming layer with a noble metal
plasmonic cap overcomes this limitation. A Mg/Pd bilayer preserves all modes and red-
shifts by 94 nm, while the predicted optimum Ag (60 nm)/Mg (40 nm) stack delivers
a 163 nm shift with an 83 nm linewidth, yielding a figure of merit of 1.96—surpassing
the best plasmonic hydrogen sensors reported to date. Continuous-film geometry sup-
presses mechanical degradation, and the design rules—noble-metal plasmon generator,
buried hydride layer, and thickness tuning—are general. This study charts a scalable
route to remote, sub-ppm, optical hydrogen sensors compatible with a carbon-neutral
energy infrastructure.

Keywords: NAs; plasmonic hydrogen sensors; finite-difference time-domain simulation;
extraordinary optical transmission

1. Introduction

Hydrogen is considered essential for future carbon-neutral energy systems, but its
wide flammability range (4-75 vol%) in air and low ignition energy require detectors
that are fast, safe, and preferably remote [1]. Conventional sensors—such as semicon-
ducting oxide chemiresistors [2,3], catalytic-combustion sensors [4,5], and electrochemical
cells [6,7]—operate at high temperatures, consume significant power, and face issues
with cross-sensitivity and safety (details seen in Section S1, Supporting Information (SI)),
limiting their use in many applications [7-28]. In contrast, plasmonic hydrogen sensors
have emerged as a highly promising technology due to their unique combination of sen-
sitivity, safety, and versatility [29,30]. These sensors operate by monitoring changes in
the optical properties of noble-metal nanostructures, most commonly palladium or its
alloys, as they interact with hydrogen molecules. Upon hydrogen adsorption and hydride
formation, the dielectric function of the metal changes, resulting in a measurable shift
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in the surface plasmon resonance (SPR) or localized surface plasmon resonance (LSPR)
signal. This enables real-time, label-free detection with sub-ppm sensitivity and rapid
response times, often below one second, which surpasses the performance of many con-
ventional sensor types. Optical read-out provides intrinsic safety by eliminating the risk
of electrical sparks, making plasmonic sensors particularly suitable for deployment in
hazardous or confined environments. Additionally, the remote and distributed sensing
capabilities of optical systems allow for flexible integration, including fiber-optic and on-
chip configurations. As a result, plasmonic hydrogen sensors are increasingly recognized
as an advanced platform for reliable and safe hydrogen monitoring in industrial and
environmental applications.

LSPR [31] in noble-metal nanoparticles are highly sensitive to hydrogen, but single-
metal nanoparticles cannot combine their strong plasmonic response with high hydrogen
affinity. Gold nanoparticles show fast but weak signals due to limited Au-H interac-
tions [32], while palladium offers greater sensitivity [33,34] and magnesium yields larger
optical changes but has slow desorption and poor stability [35]. Other hydrogen-active
metals like Y, Zr, Ti, and V produce only small spectral shifts [36,37]. Overall, single-metal
nanoparticles are limited by single-mode optics, hysteresis, and structural degradation
upon cycling, restricting their sensitivity and durability. To overcome these limitations, re-
searchers have created multi-metal nanostructures combining hydrogen-active metals (Pd,
Mg) with plasmonically strong metals (Au, Ag), achieving chemical and optical synergy.
Structures such as Pd—Au dimers [38], PdA@Au core—shells [39], and alloy nanodisks [40]
show improved detection limits (down to 3 ppm), faster response times (as low as 1 s),
and enhanced stability. However, these composites still rely on single plasmonic modes
and remain structurally fragile. Periodic noble-metal films with sub-wavelength features,
known as plasmonic crystals, further advance the field by enabling both LSPR and prop-
agating surface plasmon polaritons (SPPs), which have greater refractive index sensitiv-
ity [41]. For example, Pd nanopore arrays and bilayer systems with nanoshells show large
optical shifts (up to 200 nm) and faster dynamics [42]. Stretchable devices using Pd nano-
grooves on PDMS can further amplify signals and lower detection limits [43]. Nonethe-
less, the absence of multi-metal chemistry in these films still limits hydrogen uptake and
long-term stability.

These studies reveal three essential requirements for next-generation plasmonic hydro-
gen sensors: (i) strong Hy chemisorption, (ii) strong and preferably multi-modal plasmonic
resonances, and (iii) both structural and chemical robustness. Single-metal nanoparti-
cles cannot meet all these criteria; multi-metal nanoparticles offer chemical-plasmonic
synergy but are limited by single-mode optics and poor mechanical stability, while single-
metal plasmonic films provide multiple resonances and improved robustness but lack
chemical synergy. As a result, no current design fully leverages plasmonic potential for
hydrogen sensing. A promising approach is to fabricate ordered micro-/nanostructured
films by stacking hydrogen-active and plasmonically strong metals. These stratified sys-
tems could combine multi-metal chemistry with LSPR, SPP, and cavity modes, while the
continuous-film geometry reduces fragmentation seen in nanoparticles. However, key
questions remain about optimal material combinations, layer sequence and thickness, and
their impact on optical properties. Resolving these challenges is crucial to achieving plas-
monic hydrogen sensors with sub-ppm detection limits, sub-second response times, and
long-term stability—critical for the safe and large-scale use of hydrogen in carbon-neutral
energy systems.

In this work, we systematically investigate the plasmonic and hydrogen sensing
properties of nanohole arrays (NAs) constructed from single metals, binary hydrogen-
active metal bilayers, and—critically—hybrid bilayers integrating noble metals (Au, Ag)
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with hydride-forming partners (Pd, Mg). By rigorous electromagnetic simulations, we
elucidate how the interplay of material composition, stacking sequence, and layer thickness
governs the spectral response and figure of merit of these nanostructures. Our results reveal
that bilayer NAs capped with Au or Ag effectively decouple plasmon generation from
hydrogen transduction, enabling both sharp, trackable resonances and strong hydrogen-
induced spectral shifts. Notably, architectures in which Mg or Pd is buried beneath a
noble-metal cap achieve an order-of-magnitude improvement in sensing figure of merit
compared to their monometallic counterparts, due to the synergistic enhancement of both
optical confinement and chemical sensitivity. These findings provide clear design principles
for next-generation plasmonic hydrogen sensors, offering sub-ppm detection limits, rapid
response, high stability, and compatibility with scalable fabrication—thus paving the way
for safe, practical hydrogen monitoring in carbon-neutral energy systems.

2. Methods

FDTD calculation: Finite-difference time-domain (FDTD) simulations were performed
using the commercial software package FDTD Solutions (Lumerical Solutions, Inc., Van-
couver, BC, Canada) to obtain the T(A) and near-field E-field distributions of the nanohole
arrays (NAs). To model an infinite periodic system, a rectangular unit cell was constructed
consisting of a central nanohole and four quarter nanoholes at the corners, with periodic
boundary conditions applied along both in-plane directions. An automatic non-uniform
mesh was employed across the entire simulation domain to ensure high numerical accuracy,
with mesh refinement set to conformal variant 1. Frequency-domain field profile monitors
were incorporated to record the E-field distributions and T(A) under continuous-wave
excitation. The incident E-field amplitude was normalized to unity, enabling quantitative
evaluation of electromagnetic field enhancement. Optical constants for Au and Ag were
sourced from Palik’s Handbook of Optical Constants of Solids. For the “hydrogenated”
state, the dielectric functions were taken from Ref. [36], where they were measured after
exposure to 1 bar of pure H, at room temperature (flow ~ 20 sccm). Hence the simulated
spectra corresponded to fully saturated hydrides.

3. Results and Discussion
3.1. Single-Layer NA

The periodic sub-wavelength apertures sustain extraordinary optical transmission
(EOT) [44]: incident light couples into SPPs at the metal/dielectric interfaces, traverses the
nanoholes, and re-emerges on the opposite side. The resonant coupling produces transmit-
ted intensities far above the geometrical open-area limit, while still obeying overall energy
conservation. Because the resonance depends on the local dielectric function, transmission
responds acutely to refractive index changes and to hydride formation (MHy) during hy-
drogen uptake. The architecture thus offers pronounced optical signal enhancement (EOT),
a chemically active surface, mechanical robustness, and full compatibility with scalable,
low-cost fabrication. Figure 1a illustrates the nanohole array (NA) conceived for hydrogen
sensing. A 100 nm thick monometallic film (Pd, Mg, Ti, V, or Zr) is perforated with a hexag-
onal lattice of circular holes 200 nm in diameter and 500 nm in pitch on a glass substrate.
These geometrical values are selected on the basis of established plasmonic dispersion
theory, empirical EOT guidelines, and practical colloidal lithography constraints. For a
Nt
inserting the tabulated optical constants of Pd (Re &, ~ —4 around 700 nm) and of glass

hexagonal lattice, the in-plane wave vector of the first-order (1,0) Bragg mode is |G| =

(e4 ~ 2.25) into the relation Ay o) &~ I%TI Re{ an”fgd } gives a resonance near 680-730 nm

when p ~ 500 nm. Positioning the main EOT peak in this visible/NIR window allows the
use of inexpensive Si or InGaAs light sources and detectors while keeping Pd absorption
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tolerable. The hole diameter is chosen so that d/p ~ 0.40. Numerous experimental and
numerical studies [45] of EOT arrays have shown that (i) the transmitted intensity scales
roughly as (d/p)* up to d/p ~ 0.5, (ii) the resonance linewidth broadens markedly once d/p
exceeds ~0.5, and (iii) film integrity deteriorates for d/p < 0.3 during hydride-induced lattice
expansion. A diameter of 200 nm therefore offers a favorable compromise between optical
throughput, Q-factor, reactive surface area, and mechanical robustness. It also matches the
size obtained after oxygen-plasma shrinking of standard 500 nm polystyrene spheres, and
is a low-cost mask that yields centimeter-scale uniformity based on colloidal lithography
(detailed fabrication steps seen in Section 52, Supporting Information (SI)) [41,46,47].
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Figure 1. (a) Schematic illustration of the monometallic NA architecture and the structural parameters
of pitch p, diameter d, and thickness t. Calculated T(A) for NAs of (b) Pd, (c) Mg, (d) Ti, (e) Zr, and
(f) V before (black) and after (red) hydrogenation. Insets in (b,c) show the E-field intensity maps
(IE/Egl) at peak P1. (g) MAEs of the real (1) and imaginary (k) parts of the RI upon hydrogenation
for each metal, alongside the spectral MAE(Spec). (h) Wavelength shifts (AA) of the key spectral
features (P1, P3, D2, D4) upon hydrogen uptake. (i) Transmission changes (AT) at these features for
each metal.

All optical simulations were conducted in the 400-1000 nm range. This window
overlaps the main EOT resonance (=650-800 nm), matches the detection range of low-cost
Si photodiodes and InGaAs arrays, and avoids the stronger intrinsic losses of Pd, Mg, Ti,
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V, and Zr at longer wavelengths. A normally incident (6 = 0°) broadband plane wave
was used for FDTD simulations; the latter employed the software’s default unity field
amplitude, as only relative transmittance T(A) was required. Tabulated room-temperature
dielectric functions (293 K) were used throughout. We used the main EOT peak shift (AAq),
the full width at half maximum (FWHM), and the figure of merit (FoM = AA; /FWHM) as
the primary metrics for direct and comprehensive comparison of all samples. To further
quantify the sharpness of the resonance, we introduced the signal-to-width ratio (SWR),
defined as SWR = (Tpeak — Thase) 7o/ FWHM. This parameter comprehensively reflects both
the height and width of the resonance peak, thus providing a more robust assessment of
the peak sharpness.

Pd, Mg, Ti, V, and Zr were chosen for their ability to absorb hydrogen and their distinct
plasmonic figures of merit [36]. Figure 1b—f present FDTD-calculated normal-incidence
transmission spectra T(A) for each metal; the corresponding optical constants before and
after hydrogenation are obtained from a previous report [36], and were measured for fully
saturated hydrides. Black and red curves denote the pristine and hydrogenated states,
respectively. For Pd (Figure 1b) and Mg (Figure 1c) four prominent features appear: two
transmission maxima (P1, P3) and two minima (D2, D4). P1 corresponds to the (1, 0) SPP
at the glass/metal interface [48], whereas P3 arises from overlap of the (1, 1) and (1, 0)
SPP at the glass/metal and air/metal interfaces [47], respectively. D2 and D4 coincide
with Wood’s anomalies [49] where diffracted orders graze the array plane, redistributing
optical energy and suppressing transmission. The Mg array exhibits a markedly stronger
EOT response: P1 reaches 5.8% transmission and 0.084 SWR versus 2.0% and 0.01 for Pd.
Electric field maps at P1 (insets, Figure 1b,c) reveal average | E/E( | values of 1.88 (Mg)
and 1.00 (Pd), with the field largely confined to the glass side. Mg's superiority stems from
its lower intrinsic losses (smaller Ime) and higher plasma frequency, which together enable
more efficient, less damped SPP excitation and sharper resonances. NAs of Ti, Zr, and V
(Figure 1d—f) display broader, weaker EOT signatures, reflecting higher optical losses and
less favorable dielectric functions. Overall, plasmonic performance follows the qualitative
order Mg > Pd > Zr ~ V = Ti [50,51].

Hydrogen uptake (red curves in Figure 1b—f) markedly alters the T(A) of every NA, a
direct consequence of the modified complex permittivity of the corresponding hydrides.
The extent and nature of these spectral changes depend strongly on the parent metal.
Mg provides the most striking example: conversion of metallic Mg to dielectric MgH,
suppresses SPP excitation, causing the dominant EOT resonance P1 to vanish and the
average near-field amplitude |E/Eg| in the glass to fall from 1.88 to 0.75. The concomitant
spectral shift and peak attenuation yield an unambiguous optical signature, but the metal-
to-insulator transition renders the response largely binary and only partially reversible.
Pd behaves quite differently. Hydride formation perturbs, yet does not extinguish, its
metallic character, so the P1 resonance is preserved while its position and intensity change
smoothly; the associated near-field amplitude only decreases to 0.92. Because this resonance
remains traceable throughout repeated hydrogen cycling, Pd NAs afford reversible and
quantitative hydrogen detection. Ti, V, and Zr occupy an intermediate regime. Their
intrinsic plasmonic quality is compromised by large ohmic losses, and hydrogenation
further broadens or erases the already weak EOT features. As a result, the P1 peak becomes
indistinct or disappears, limiting the achievable sensing figure of merit (FoM), although
the exceptional chemical robustness of these refractory metals may still justify their use
in harsh environments. The primary performance metrics for the single-layer NAs are
summarized in Table S2, Supporting Information (SI). Among all samples, only the Pd NA
exhibits a measurable response, with an FoM of 0.13.
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To elucidate the origin of the material-specific optical responses, we determined the
mean absolute errors (MAEs) of the real (1) and imaginary (k) parts of the refractive
index (RI) across the visible-near-infrared range and introduced a spectral MAE(Spec)
that represented the average absolute difference between the entire T(A) before and after
hydrogenation (Figure 1g). Details of the calculation of MAE are shown in Section 5S4,
Supporting Information (SI). Mg exhibits the largest dielectric contrast of MAE(n) = 1.43
and MAE(k) = 7.33, yielding an exceptional MAE(Spec) of 28.84 and confirming the collapse
of its plasmonic resonances once metallic Mg converts to dielectric MgH,. Ti, V, and
Zr follow the same positive correlation—relatively small MAE(n) (<0.60) and MAE(k)
(<1.00) lead to modest Spec values of 0.59, 0.67, and 2.07, respectively—consistent with the
limited modification of their EOT features. Pd constitutes the lone exception. Although
hydrogenation of Pd produces appreciable changes in its optical constants (MAE(n) = 0.31,
MAE(k) = 1.41), the MAE(Spec) remains an order of magnitude lower (0.36) than that of
Ti, V, and Zr. This muted global response arises because the well-defined surface plasmon
polariton modes sustained by Pd NAs absorb dielectric perturbations mainly through local
wavelength and amplitude adjustments, while partial cancelation between n and k further
suppresses overall spectral modulation.

Based on the quantitative data for peak wavelength shifts (AA) (Figure 1h) and trans-
mission changes (AT) (Figure 1i) upon hydrogenation, several important trends emerge.
After hydrogenation, Pd is the only metal in which all four resonances remain discernible.
The peak P1 red-shifts by 28 nm and brightens by 0.3%, the peak P3 red-shifts by 7 nm
while attenuating by 0.2%, and the Wood anomalies (D2 and D4) move by —8 and —12 nm,
respectively, with sub-percent-intensity changes. These modest variations underscore the
resilience of Pd plasmonics to hydrogen loading. The response of Mg is diametrically
opposed. Formation of MgH, suppresses the (1, 0) SPP and the higher-order Wood mode
altogether, either through increased damping or by shifting them beyond the measurement
window. The surviving Wood anomaly (D2) and hybrid SPP (P3) undergo pronounced
blue-shifts of —37 and —10 nm and exhibit dramatic intensity increases of 12% and 62%,
respectively, mirroring the drastic alteration of Mg’s dielectric function. For Ti, V, and Zr,
the already weak plasmonic features in the metallic state become indistinct after hydro-
genation; the residual modes display only minor wavelength shifts (26 nm) and small,
predominantly negative, intensity variations (<2%), consistent with the limited changes in
their optical constants. Collectively, the data establishes a clear hierarchy. Large dielectric
perturbations, exemplified by Mg, can extinguish or strongly amplify individual SPP or
Wood modes; moderate perturbations, typified by Pd, mainly induce wavelength shifts
with minimal amplitude variation; and negligible perturbations, characteristic of Ti, V, and
Zr, leave the transmission landscape largely unaltered.

3.2. Bilayer NA Composed of Pd, Mg, Ti, V, and Zr

As demonstrated in Figure 1, no single metal simultaneously delivers large signal
amplitudes and well-defined resonances, so a new structural concept is required. We
therefore investigated vertical bilayers in which two hydrogen-active metals are stacked
in a single nanohole film. Systematic exploration of all ten binary combinations of Pd,
Mg, Ti, V, and Zr was undertaken to identify synergistic configurations that transcended
the intrinsic trade-offs of monometallic sensors. Figure 2 presents the calculated T(A) for
each bilayer before (solid curves) and after (dashed curves) hydrogenation. The total ¢ is
100 nm with each material layer of 50 nm. The p and d are the same as those in Figure 1.
In the notation “A/B”, A denotes the air-facing layer and B the glass-facing layer; both
stacking orders for every metal pair are shown in the same panel, with color-coded curves
corresponding to specific arrangements as indicated in the legend.
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Figure 2. (a-j) FDTD-calculated T(A) for all ten bilayer NAs composed of Pd, Mg, Ti, V, and Zr, shown
before (solid curves) and after (dashed curves) hydrogenation. The top-left panel shows the structure
of the bilayer NAs. In the “A/B” notation, A is the air-facing layer and B is the glass-facing layer; both
stacking orders for each metal pair are shown in each panel, with color-coded curves as indicated.

Whenever the plasmonically stronger component—Pd or Mg—is placed on top
(Figure 2a-g), the resonance associated with the air/metal interface (P3) dominates. Re-
versing the order shifts optical weight to the glass/metal interface so that P1 becomes the
most intense peak. This sensitivity to layer sequence is negligible in Ti/V/Zr bilayers
(Figure 2h—j) because their intrinsic plasmonic quality factors are too low for the interface
position to influence resonance strength appreciably. A second salient observation is that
bilayers incorporating Pd or Mg retain the full quartet of characteristic features—two EOT
maxima (P1, P3) and two Wood anomaly minima (D2, D4)—whereas bilayers composed
solely of the weaker plasmonic metals (Ti, V, Zr) exhibit attenuated or missing resonances.
These results confirm that the judicious pairing and ordering of dissimilar metals can pre-
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serve well-defined tracking features while simultaneously amplifying hydrogen-induced
spectral contrast, thereby establishing bilayer NAs as promising platforms for highly
sensitive, selective, and durable optical hydrogen sensors.

Electric field (E-field) (I E/Ep|) maps were calculated for the pristine Pd/Mg and
Mg /Pd nanohole bilayers at the two dominant resonances, P1 and P3. In Pd/Mg, P1 is
governed by the SPP at the glass/Mg interface; the associated field is strongly confined
to this boundary and is far more intense than the field at P3, which is centered at the
air/Pd interface. The large field enhancement arises because the bottom Mg layer, having
the higher plasmonic quality factor, couples efficiently to the high-index glass substrate.
Consequently, P1 outshines P3 in both amplitude and definition. Reversing the layer order
equalizes the field distribution. In Mg/Pd the field contrast between the Mg/air and
Pd/glass interfaces at P1 is much smaller, whereas the field strength at P3 approaches
that at P1. Here the superior plasmonic performance of the top Mg layer compensates
for the absence of the glass substrate, while the lower plasmonic quality of the Pd bot-
tom layer partly offsets the benefit of the high-index glass. As a result, P3 becomes the
dominant peak, and the relative intensities of P1 and P3 swap compared to the Pd/Mg ar-
chitecture. In quantitative terms, |E/Ey| — P1(Pd/Mg) > |E/Eq| — P1(Mg/Pd), whereas

|E/Eyl — P3(Pd/Mg) < |E/Eg| — P3(Mg/Pd), fully consistent with the experimentally
observed peak intensities.

Hydrogen uptake alters these trends in a systematic way. In every bilayer containing
Pd or Mg (Figure 2a—g) the resonances broaden and lose contrast, reflecting increased
damping and the modified dielectric functions of the hydrides. Peak degradation is most
severe in Mg-based systems because the metal-to-insulator transition of MgH, suppresses
SPP excitation; nevertheless, comparable, though less dramatic, broadening is also evident
in Pd-containing films. Notably, in the Pd/Mg stack, P1 becomes so diffuse that it can
no longer be distinguished, whereas in Mg/Pd, a discernible P1 survives. This behavior
is readily explained by the RI environment of the plasmonic layer that remains metallic
after hydrogenation, namely PdHy. In Pd/Mg the PdHy layer is bounded by air and
MgH, (n =~ 1.7); in Mg/Pd it is sandwiched between glass (n ~ 1.5) and MgH,. The
higher average RI surrounding PdHy in the Mg/Pd geometry enhances field confinement
(Figure 3), thereby preserving the visibility of P1. For Pd/Mg the lower effective index,
combined with additional damping in the adjacent MgH,, weakens field localization and
erases the peak. In the hydrogenated Pd/Mg film the remaining strong field is therefore
found at P3, making this the dominant resonance. In summary, before hydrogenation, the
field concentrates at the Mg interface because Mg exhibits a stronger plasmonic response;
after hydrogenation the field migrates to the PdHy interface, whose SPR now dominates.
The interchange of field localization between the two interfaces underpins the observed
inversion and broadening of the P1 and P3 resonances and highlights the critical roles of
layer sequence and dielectric environment in tailoring the optical response of plasmonic
hydrogen sensors.

Detailed inspection of the T(A) discloses metal-dependent trends in resonance intensity
after hydrogen uptake. In Pd-based bilayers (Figure 2a—d), the response is heterogeneous:
some resonances brighten, whereas others fade. This behavior stems from the moderate
yet mode-specific change in Pd’s complex permittivity upon formation of PdHy. Hydrogen
absorption slightly lowers the extinction coefficient k and shifts the dispersion of SPPs.
Resonances whose fields are localized at interfaces that benefit from the reduced damping
intensify, while those that are detuned from optimal coupling or suffer diminished field
overlap attenuate. Bilayers containing Mg (Figure 2d-g) show a uniformly positive inten-
sity change. The metal-to-insulator transition of MgH, removes free carriers, suppresses
absorption, and elevates the overall transmission background. Although the resulting
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dielectric layer weakens SPP support, the diminished optical loss produces a net enhance-
ment of every spectral feature, rendering the EOT peaks broader but more intense. For
stacks composed solely of Ti, V, or Zr, hydrogenation consistently diminishes resonance
amplitudes. Their hydrides introduce appreciable damping while offering only marginal
shifts in the real RI. The attendant increase in k broadens the already weak EOT and SPP
modes, often pushing them below the detection threshold.

|E/E,|

Pd/Mg P1 Mg/Pd P1

v - =

n o=

Mg/Pd P3

|E/E,|
Pd/Mg + H, P1 Mg/Pd + H, P1

= e,

Figure 3. Simulated E-field intensity (| E/Eg | ) maps at the main resonances (P1, P3) for pristine and
hydrogenated Pd/Mg and Mg/Pd bilayers.

Figure 4a,b summarize the hydrogen-induced wavelength shifts (AA, nm) and trans-
mission variations (AT, %) for the ten possible bilayer NAs fabricated from Pd, Mg, Ti, V,
and Zr, each examined in both stacking sequences. All numerical values are reported with
a single significant digit; “0” therefore indicates a change below 0.5 nm in wavelength and
0.5% in transmission, whereas a slash (/) denotes a resonance that cannot be distinguished
after hydrogenation because it merges with the background. The primary performance
metrics of the FWHM and FoM of peak P1 are summarized in Table S2, Supporting In-
formation (SI). Among all samples, only the Pd NA exhibits a measurable response, with
an FoM of 0.13. The most pronounced response is obtained for the Mg/Pd architecture.
Hydrogen absorption red-shifts the peak P1 by AA; = 94 nm and raises its peak transmis-
sion by AT = 3%. These variations exceed those of a monometallic Pd array (28 nm, 0.3%)
and those of pristine Mg (maximum shift —37 nm), underscoring the synergistic benefit
of combining the two metals. The magnitude of AA can be approximated by first-order
perturbation theory [52,53],

AA > Ag (Anegs/Negs), 1
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Single-layer NAs

where A is the original resonance wavelength and 7. is the effective modal index. For
Mg, conversion to MgH, lowers the real part of the permittivity by An ~ —1.4 at 700 nm
while simultaneously reducing optical losses. Substituting this value into Equation (1)
yields a predicted red-shift on the order of 90 nm, in quantitative agreement with FDTD
simulation. In the inverted Pd/Mg stack the same P1 resonance vanishes entirely because
MgH), eliminates the metallic boundary at the glass side; however, the high-order hybrid
mode P3 still blue-shifts by —22 nm, confirming that a measurable spectral response is
maintained, albeit redistributed among the surviving modes.
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Figure 4. Heating map of (a) hydrogen-induced peak/dip wavelength shifts (AA) and (b) transmission
variation (AT) for the ten possible bilayer combinations of Pd, Mg, Ti, V, and Zr NAs, each tested in
both stacking sequences (A/B: A = air side, B = glass side). A “0” indicates a change below 0.5 nm in
wavelength and 0.5% in transmission, and “/” denotes peaks indistinguishable after hydrogenation.
(c) Schematic summary of the main trends.

Bilayers that combine Pd with Ti, V, or Zr respond far more modestly. For Pd/Ti, for
example, P1 moves by only 8-22 nm with ATy < 1%. Pd/V, V/Pd, Pd/Zr, and Zr/Pd even
show slight blue-shifts (—4 nm to —30 nm) accompanied by negligible intensity changes.
These muted signals mirror the small perturbations of the dielectric functions of TiHy, VHy,
and ZrHy (| Ael <0.2) and the concomitant increase in damping [54]. When Mg is paired
with Ti, V, or Zr, hydrogenation again removes the P1 resonance, yet the remaining peaks
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still profit from Mg’s large | An|. The hybrid P3 mode blue-shifts by up to —37 nm and
the background transmission rises by as much as 19%. Although these absolute changes
surpass those of the corresponding Pd-free bilayers, the absence of a trackable P1 peak
reduces the FoM = | AA | /FWHM (full width at half maximum) to below unity, limiting
practical sensing accuracy. Combinations consisting solely of weak plasmonic metals (Ti,
V, Zr) perform poorly. Most resonances cannot be located after hydrogen exposure, and
those that do survive present Wood’s anomaly shifts no greater than 2 nm with AT < 2%.
While the broad hybrid P3 peak can move up to —81 nm, its full width at half maximum
(150 nm) suppresses the FoM to <0.5, revealing the inability of these metals to sustain
low-loss SPPs.

The conclusion of our systematic comparison of bilayer NAs is depicted in Figure 4c.
Bilayers incorporating Pd and/or Mg deliver the most pronounced hydrogen responses—
exemplified by the Mg/Pd configuration, whose (1, 0) glass-side SPP (P1) red-shifts by
94 nm and gains 3% in transmission, far surpassing the 28 nm/0.3% response of monometal-
lic Pd and the —37 nm shift in pure Mg. Apart from the hydrogenated Pd /Mg stack, which
loses its P1 resonance, Pd-based bilayers retain the full complement of EOT peaks and
Wood anomalies throughout hydrogen cycling, thereby preserving trackability. In contrast,
Ti, V, and Zr pairings exhibit minimal or negative wavelength shifts, severe broadening,
and, in many cases, unresolvable features, underscoring their limited utility for sensing.
Although stacking order can fine-tune individual modes, the choice of metals overwhelm-
ingly determines both the magnitude and sign of AA and AT; integrating dissimilar layers
thus offers clear advantages over single-metal films. Nevertheless, hydride-induced damp-
ing broadens even the best resonances, restricting the FoM and highlighting the need for
further engineering—such as integration with strong SPR materials—to fully exploit bilayer
architectures in high-precision plasmonic hydrogen sensors.

3.3. Bilayer NAs with Au and Ag

Figure 5 presents the T(A) for NAs incorporating Pd and Mg layers in combination
with Au and Ag. The investigated configurations include Pd/Au, Au/Pd, Pd/Ag, Ag/Pd,
Mg/Ag, Ag/Mg, Mg/Au, and Au/Mg, where the material listed after the “/” denotes
the bottom (glass-facing) layer. The total ¢ is 100 nm with each material layer of 50 nm.
The p and d are the same as those in Figure 1. Other than Ti, V, and Zr, Pd and Mg are
selected because their conversion to PdHx or MgH), alters the real and imaginary parts of
the dielectric function by | Anl| ~ 0.3 and 1.4, respectively, thereby red- or blue-shifting SPP
modes. Au and Ag, in contrast, scarcely absorb hydrogen yet sustain high-quality SPPs
(Imp eau,ag < Im €pg Mg), SO that introducing them should sharpen the spectra without
compromising chemical sensitivity. The (1, 0) SPP resonance mode at the glass/upper-metal
interface (P1, A1) is chosen for quantitative evaluation because it is spectrally prominent,
highly sensitive to dielectric changes from hydrogen absorption, and enables reliable
comparison of sensor performance. The pristine spectra (Figure 5, solid curves) confirm that
integrating Au or Ag dramatically narrows peak P1; linewidths decrease from 180-240 nm
(©®) for Pd/Mg to 40-60 nm for Au- or Ag-containing stacks (3-®@) because of the lower
ohmic damping of noble metals. Sharpening is most pronounced when Au or Ag is adjacent
to the glass substrate (®® @), where the high RI (n ~ 1.5) strengthens the in-plane wave
vector. Field-mapping (Figure 6a) corroborates this trend: the average E-field at resonance
is 2.41 for Pd/Ag but only 1.31 for Ag/Pd (4.39 for Mg/Ag and 1.56 for Ag/Mg), reflecting
the superior glass/Au (Ag) coupling.
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Upon hydrogen exposure (Figure 5, dashed curves), P1 survives in every Au- and
Ag-based architecture except Au/Mg, whereas it vanishes in Pd/Mg (@) and broadens
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beyond quantitative evaluation in Mg/Pd (). The persistence of P1 arises because the
electromagnetic energy is still dominated by the noble-metal layer; the accompanying AA;
is nevertheless sensitive to hydride formation in the partner metal. E-field maps support
this interpretation: the average | E/Eq | at resonance rises to 1.15-1.99 for hydrogenated Ag-
based stacks (Figure 6a), whereas it reaches only 1.03 for hydrogenated Pd/Mg (Figure 3).
Mg-containing stacks show both the largest shifts (AA; = 159 nm) and the broadest peaks
(FWHM > 250 nm) because the metal-to-insulator transition of MgH, simultaneously mod-
ifies 1,4 and increases radiative damping. The calculated FoMs cluster around 0.1-0.2 for
Au- and Ag-based architecture, significantly higher than the Pd/Mg and Mg/Pd references,
whose P1 is either lost (D) or too diffuse to analyze (). The Ag/Mg configuration stands
out with FoM = 1.94, owing to a large shift of 159 nm combined with a linewidth of only
82 nm. When Au or Ag forms the top layer (D(©®(®)), its evanescent field extends into the
PdHx or MgH, over a distance [54], resulting in larger resonance shifts compared to the
inverted geometry (®®®). In the latter case, the field is predominantly confined within
the glass substrate, as glass possesses a higher RI than either PdHy or MgH,. As illustrated
in Figure 6a, the E-field in the Pd(Mg)/Ag + H; configuration is largely localized within the
glass, whereas the Ag/Pd(Mg) + H; structure exhibits a more uniform E-field distribution
across the top air interface, the bottom Mg edge, and the underlying glass. The enhanced
resonance at the metal/glass interface, however, leads to a smaller FWHM in models where
Au or Ag forms the bottom layer (@@ compared to ®)(©), respectively). As a result, the
Au/Mg configuration loses the P1 peak (@), which can be attributed to both the specific
layer arrangement and the inherently weaker SPR of Au compared to Ag.

Furthermore, Au-based stacks exhibit slightly larger resonance shifts than their Ag-
based counterparts (@@ @© compared to ®® @), respectively). The reduced sensitivity of
Ag-based stacks originates from the much larger magnitude of the real permittivity of Ag:
visible |¢'sg | is roughly two to three times | €’ 5, |, which confines the SPP more tightly to
the Ag surface and shortens the decay length into Pd. Because the wavelength sensitivity
of an SPP is proportional to 0A/de.g and this derivative increases as | ¢’ | decreases, Au—
despite its slightly higher ohmic loss—permits deeper field penetration, a larger overlap
with the hydride layer, and therefore a greater resonance displacement for the same change
in dielectric function. In addition, Figure 6b,c plot the average E-field based on Figure 6a
and the transmission intensity at the P1 mode for Ag + Mg before and after exposure to
Hy, respectively; the two traces evolve in parallel with the P1 transmission amplitudes,
demonstrating that the change in resonance intensity is directly proportional to the local
field enhancement sustained by the structure. These results demonstrate that integrating a
non-reactive, low-loss plasmonic layer with a hydride-forming partner decouples chemical
transduction from optical losses, thereby enhancing peak definition and substantially
improving the FoM—a prerequisite for high-precision plasmonic hydrogen sensing.

The influence of the thickness ratio between the active, hydride-forming metal (Pd or
Mg) and the plasmonic cap (Au or Ag) was evaluated by keeping the total metallic thickness
fixed at 100 nm and gradually transferring thickness from one layer to the other. Figure 7a—c
summarize the hydrogen-induced AA;, FWHM, and FoM for every combination of Pd/Au,
Au/Pd, Pd/Ag, Ag/Pd, Mg/Au, Au/Mg, Mg/Ag, and Ag/Mg NAs; on each abscissa
the plotted thickness refers to the material highlighted in the legend: the complementary
layer completing the 100 nm stack. For Pd-Au bilayers the stacking sequence dictates the
field distribution and therefore the sensing behavior. When Pd lies on top of Au (Pd/Au)
the resonance shift rises from 3 nm at 5 nm Pd to 39 nm at 90 nm Pd, reflecting the larger
hydride volume directly exposed to hydrogen. At the same time, the peak broadens from
43 nm to 163 nm because the increased optical damping of thick Pd degrades the quality
factor, so FoM improves only marginally from 0.07 to 0.24. For Pd/Au structures, A\
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and FWHM increase slowly when the Pd layer is thinner than 60 nm but rise rapidly as
thickness exceeds this value. This is because a thin Pd layer confines the E-field mainly
within the glass substrate, limiting its effect on the top interface. As the Pd layer becomes
thicker, it significantly alters the RI at the surface, shifting the E-field toward the PdH layer
and resulting in a marked increase in AA; and FWHM.
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Figure 7. (a) AAy, (b) FWHM, and (c) FoM for Pd/Au, Au/Pd, Pd/Ag, Ag/Pd, Mg/Au, Au/Mg,
Mg/Ag, and Ag/Mg NAs, as a function of the thickness of the hydride-forming metal (Pd or
Mg, abscissa; total thickness = 100 nm). (d—f) Representative configurations showing different
combinations of capping and hydride-forming layers, with the red arrows indicating the enhanced
E-field distribution at the metal /hydride or metal/glass interfaces. (g) T of Ag/Mg (60 nm/40 nm)
bilayer before and after hydrogenation. (h) Plot of state-of-the-art plasmonic hydrogen sensors,
plotting maximum AA, FWHM, and FoM. The FoM values are indicated by the color bar.

Reversing the sequence (Au/Pd) relocates the SPP to the air/Au interface and lets
its evanescent tail probe the underlying Pd. The AA; and FWHM increase rapidly as Pd
thickness increases up to 30 nm, and then stabilize at greater thicknesses. For Au/Pd, even
a few nanometers of Pd fall within the field maximum; consequently, AA; already jumps to
46 nm at 20 nm Pd, thereafter saturating, whereas the linewidth stabilizes near 170 nm. The
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penetration depth that governs this behavior is & ~ m ~25nmat A ~ 700 nm [54],
so Pd thicker than ~6 no longer alters the modal energy distribution. The counter-acting
trends in shift and broadening leave FoM essentially constant around 0.20. Replacing Au
with Ag preserves the qualitative picture but lowers the overall sensitivity. With Pd on top
of Ag (Pd/Ag), AL grows from 2 nm to 25 nm while FWHM inflates from 41 nm to 164 nm,
keeping the FoM below 0.16. Placing Ag on top (Ag/Pd) increases A\ slightly to 28 nm for
70 nm Pd, but also widens the peak (FWHM = 171 nm), so FoM hovers between 0.14 and
0.21. The inferior response compared to the Au-capped stacks originates from the deeper
field penetration of Au, a larger overlap with the hydride layer, and therefore a greater
resonance displacement for the same change in dielectric function (Figure 7d). The A\,
and FWHM values for Au- and Ag-capped configurations are generally larger than those
for Pd- and Mg-capped counterparts, which can be attributed to the E-field peaking at the
metal /hydride interface and its weaker resonance compared to the metal/glass interface
(Figure 7e). Additionally, the FoM for Au- and Ag-capped structures is typically higher
than that of Pd- and Mg-capped ones at most ratios, reaching a maximum when the Pd
thickness is 30 nm.

The situation changes fundamentally when Mg replaces Pd. The AA;, FWHM, and
FoM values for Mg-based structures are generally much larger than those for Pd-based
counterparts, mainly due to the greater RI change in Mg after hydrogenation (Figure 7f). For
Mg-on-top configurations (Mg/Au and Mg/ Ag), the peak P1 red-shifts continuously as the
Mg fraction grows, yet this advantage is nullified by dramatic broadening: FWHM inflates
from about 40 nm to beyond 300 nm once Mg exceeds 60 nm, and FoM never surpasses
0.30. Hydriding turns metallic Mg (¢’ < 0, ¢’ ~ 3) into the low-loss dielectric MgH, (¢ ~ +4,
¢ = 0); the very interface that sustains the SPP therefore vanishes, converting the mode into
radiative and ohmic loss and explaining the monotonic linewidth inflation and, eventually,
the disappearance of a measurable resonance. The Au-based NAs show larger AA; that
the Ag-based counterparts due to the larger E-field penetration of Au (Figure 7d). Placing
the noble metal on top reverses the physics. In Ag/Mg and Au/Mg structures, the normal
component of the E-field peaks at the metal /Mg interface, whereas in Mg-capped structures,
it peaks at the metal/glass interface. The metal-to-dielectric transition within the buried
layer induces a significant RI discontinuity, resulting in a much larger red-shift in the mode
compared to Mg-capped counterparts (Figure 7e). A Mg thickness of merely 10 nm already
produces a ~50 nm shift; at 40 nm Mg the shift reaches 163 nm for a Ag cap, while FWHM
contracts to 80-130 nm. The resulting FoM attained is 1.96 for Ag (60 nm)/Mg (40 nm) and
1.10 for Au (70 nm)/Mg (30 nm), exceeding the best Pd-based values (<0.3) by an order
of magnitude.

Contextualizing these findings underscores the advantages of the bilayer design in
plasmonic hydrogen sensing. A single-layer Pd NA exhibits a resonance wavelength shift
(AA1) of 28 nm upon hydrogenation but suffers from a broad FWHM of ~200 nm, resulting
in an FoM of ~0.14. Other nanostructures, whether single-layer or bilayer (composed of Pd,
Mg, Ti, V, or Zr), lack a tracked P1 mode (as shown in Figures 1 and 2), resulting in poor
sensor performance. Introducing a Au or Ag capping layer significantly enhances the FoM
by more effectively narrowing the resonance linewidth, and also increases the wavelength
shift through optimization of the material ratio and layer arrangement. The Ag (60 nm)/Mg
(40 nm) bilayer is particularly noteworthy, achieving an FoM = 1.96 alongside large absolute
resonance shifts (AA = 163 nm) (Figure 7g), surpassing the best plasmonic hydrogen sensors
reported to date [36,40,42,43,55-66], as summarized in Figure 7h. It should be noted that Ag
is relatively stable in air, mainly being susceptible to tarnishing by sulfur compounds rather
than rapid oxidation, and has been widely used in plasmonic sensors [67]. In the Ag/Mg
bilayer, the Mg bottom layer is effectively protected from oxidation by the upper Ag film,
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ensuring a degree of practical feasibility. Moreover, this cost-effective, earth-abundant
architecture maintains the fabrication simplicity and broadband coupling characteristics of
conventional EOT geometries based on colloidal lithography.

4. Conclusions

This work establishes stratified NAs as an effective platform for high-performance,
intrinsically safe hydrogen sensing. Systematic FDTD calculations demonstrate that
monometallic NA films present an unavoidable compromise: each monometallic NA
satisfies only a subset of the desired sensing criteria. Pd provides readily traceable EOT
resonances, yet the associated AA and AT are comparatively small. Mg, in contrast, ex-
periences the largest RI swing and therefore the largest spectral perturbation, but MgH,
formation damps its surface plasmon modes and obscures spectral tracking. Ti, V, and Zr
display both weak EOT signatures and modest spectral changes.

For the bilayer NAs composed of Pd, Mg, Ti, V, and Zr, incorporating Pd and/or Mg
exhibit the most pronounced hydrogen responses, with the Mg/Pd configuration achieving
much greater shifts in resonance wavelength and transmission than single-metal Pd or
Mg. Pd-based bilayers retain key plasmonic features during hydrogen cycling, ensuring
reliable sensing performance, whereas bilayers based on Ti, V, and Zr show minimal or
even negative responses and significant spectral broadening, limiting their sensing utility.
While the stacking order has a minor effect on specific modes, the choice of metal layers
is the primary factor determining hydrogen sensitivity. However, hydride formation still
leads to some damping of the resonances, indicating that further optimization—such as
combining with strong plasmonic materials—is needed to maximize the figure of merit in
bilayer plasmonic hydrogen sensors.

By vertically integrating a hydrogen-active layer (Pd or Mg) with a low-loss plasmonic
cap (Au or Ag), we achieve independent control of chemical sensitivity and optical reso-
nance, resulting in a maximized figure of merit (FoM). Au or Ag capping layers efficiently
separate plasmon excitation from hydrogen transduction, allowing systematic tuning of
resonance quality. Bilayer configurations with Pd or Mg sandwiched between Au (or Ag)
and glass show enhanced resonance shifts and FoM, as the electric field is concentrated
at the metal/hydride interface. Materials like Mg, which undergo a metal-to-dielectric
transition upon hydrogenation, induce significantly larger refractive index changes and
greater FoM enhancement than Pd. While Au caps yield larger wavelength shifts due to
deeper field penetration, Ag provides narrower resonances. Increasing the thickness of the
hydride-forming layer further amplifies both resonance shift and linewidth. The optimal
Ag(60 nm)/Mg(40 nm) bilayer nanohole array yields a 163 nm resonance shift, 83 nm
linewidth, and an FoM of 1.96—an order-of-magnitude improvement over state-of-the-art
Pd devices.

Continuous-film geometry further suppresses nanoparticle fragmentation, ensuring
mechanical integrity during repeated hydriding cycles, while compatibility with large-area
colloidal lithography offers a low-cost, scalable route toward practical devices. Beyond
the immediate performance gains, this theoretical study provides clear electromagnetic
design rules: (i) generate high-quality surface plasmon polaritons with a noble-metal
film; (ii) tune individual thicknesses to balance resonance sharpness against dielectric
perturbation; and (iii) position a hydride-forming layer within the evanescent field to
maximize modal overlap. These principles are general and can be transferred to other
analyte-material combinations, paving the way for a broader class of remote, label-free
optical sensors.

The proposed nanohole array design enables simplified optical setups with robust,
low-cost components, while scalable fabrication methods such as colloidal lithography
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support disposable or large-scale production. Enhanced packaging and signal processing
further improve environmental stability. These developments, together with emerging
portable and commercial SPR devices, indicate that our sensor design is well-suited for
real-world applications in fields such as biomedical diagnostics, environmental monitoring,
and industrial process control.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors13080309/s1, Table S1: Quantitative comparison
of representative hydrogen sensors; Table S2: AA;, FWHM, and FoM of the single and bilayer
nanohole arrays.
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