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Abstract

Plasmonic nanohole arrays (NAs) integrating Au and hydrogen-responsive Mg enable dy-
namic spectral tuning via the Mg → MgH2 transition. Using finite-difference time-domain
(FDTD) numerical simulations, we systematically investigate how layer sequence, Au/Mg
ratio, total thickness, and stacking number govern extraordinary optical transmission (EOT)
resonances. Mg–Au–Mg architectures exhibit the strongest hydrogen response, delivering
resonance shifts up to 275 nm and FoM > 1, owing to direct plasmon–hydride coupling at
surface Mg layers. Varying the Au/Mg ratio reveals a trade-off: Mg-rich stacks maximize
spectral tunability but suffer from broadened, unstable resonances, while Au-rich stacks
sustain sharp modes with limited sensitivity; optimal performance arises at intermediate
compositions. Thickness dependence shows that ultrathin films (<50 nm) achieve giant
shifts (>600 nm) with high contrast, whereas thicker multilayers lose responsiveness. Fi-
nally, stacking analysis uncovers an odd–even effect, with Mg-terminated arrays providing
larger shifts than Au-terminated ones. These results establish design rules for hydrogen
plasmonic sensors, emphasizing resonance engineering through rational layer ordering
and composition control.

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

1. Introduction
Hydrogen is increasingly regarded as a cornerstone of future sustainable energy

infrastructures owing to its high gravimetric energy density and carbon-free combustion
products [1]. However, the widespread adoption of hydrogen technologies requires reliable
monitoring systems, as hydrogen is colorless, odorless, and highly flammable even at low
concentrations [2]. For safety-critical and industrial applications, sensors must therefore
combine high sensitivity, fast dynamic response, stability across variable environments, and
scalability for integration into practical devices. Despite significant progress, conventional
semiconductor- and electrochemical-based hydrogen sensors often fall short in one or
more of these aspects [3,4], motivating the search for alternative approaches that exploit
fundamentally different transduction mechanisms.

In recent years, plasmon-mediated hydrogen detection has attracted growing attention
as a promising optical route, offering label-free detection, remote readout, and compatibil-
ity with miniaturized photonic platforms. A variety of plasmonic strategies—including
nanodisks, nanostripes, core–shell nanoparticles, and chiral metasurfaces—have been ex-
plored to transduce hydrogen-induced optical property changes into measurable plasmonic
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resonance shifts or intensity modulations. Comprehensive reviews have summarized
progress in this rapidly growing field [5–7], encompassing both localized and propagating
surface plasmon systems. Compared with these designs, nanohole arrays (NAs) stand out
because their extraordinary optical transmission (EOT) resonances are sharp, tunable, and
highly sensitive to dielectric perturbations, making them ideal for refractive index and
gas-sensing applications [8,9]. Beyond plasmonic transduction, other optical hydrogen
sensing phenomena such as gasochromic effects—where hydrogen absorption triggers
color or transparency changes in transition-metal oxides [10]—have also demonstrated high
sensitivity and stability. While gasochromic sensors provide visually interpretable signals
and straightforward architectures, plasmonic sensors offer faster response times, enhanced
design flexibility, and compatibility with nanophotonic integration. A comprehensive
understanding of how these optical transduction mechanisms compare and complement
each other is essential for advancing next-generation hydrogen sensing technologies.

Metals such as palladium and magnesium undergo hydrogenation-driven changes
in optical constants [11], thereby enabling direct optical transduction of hydrogen absorp-
tion. Magnesium is especially attractive in this context, as its hydrogenation induces a
large, reversible modulation in dielectric function while offering lightweight and earth-
abundant properties [12,13]. When integrated with gold, which contributes both plasmonic
robustness and fabrication reproducibility, hybrid nanostructures can, in principle, de-
liver strong optical signatures of hydrogen uptake with improved stability and design
flexibility [14–17]. However, the parameter space that governs the sensing characteristics
of such systems—including relative thickness ratios, stacking order, and the number of
layers—remains insufficiently mapped. In particular, while multilayer plasmonic NAs offer
opportunities for tailored optical responses and improved sensing figures of merit, the inter-
play between structural configuration and sensing performance is not yet well understood.

Here, we provide a comprehensive computational investigation of Au–Mg–Au and
Mg–Au–Mg three-layer NAs, systematically analyzing how the Au/Mg ratio, total mul-
tilayer thickness, and number of layers govern resonance wavelength shifts, linewidth
evolution, figure of merit, and transmission modulation upon hydrogen exposure. Com-
pared with previous systems, the Au/Mg nanohole arrays developed here directly integrate
the plasmonic robustness of Au with large-index modulation of Mg/MgH2, enabling ul-
tralarge, reversible resonance shifts while maintaining narrow spectral features. This
synergistic behavior addresses the long-standing trade-off between sensitivity and stability
in optical hydrogen sensing. By disentangling the interplay between plasmonic confine-
ment and hydrogenation-induced dielectric transitions, this work establishes clear design
principles for optimizing sensitivity and stability in hydrogen plasmonic sensors, thereby
advancing the rational engineering of multifunctional nanophotonic architectures.

2. Materials and Methods
FDTD calculation: Numerical simulations were carried out using the commercial

finite-difference time-domain software (FDTD Solutions, Version: 8.24.2502, Lumerical,
Vancouver, BC, Canada) to obtain both optical transmission spectra and spatial distributions
of the near-field electric intensity in the nanohole arrays (NAs). Specifically, the nanoholes
were modeled as circular apertures with diameters of 200 nm on a hexagonal lattice of
500 nm periodicity. To emulate an infinite lattice, a single unit cell containing one central
nanohole and four quarter holes at the boundaries was constructed. The simulation unit
cell dimensions were set to 500 × 866 × 1400 nm3, with periodic boundary conditions in
the x-y plane and perfectly matched layers (PML) along z. A non-uniform mesh with mesh
accuracy of 4 and mesh refinement of conformal variant 1 was employed. All transmission
spectra were obtained under normal incidence of a linearly polarized plane wave, with the
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electric field polarized along one of the principal lattice vectors (x-axis) of the hexagonal
nanohole array (Figure S1a). The EOT response was verified to be nearly polarization-
independent, and the simulations with different polarizations yielded resonance shifts
within 1 nm (Figure S1b). Therefore, single-polarization excitation was adopted for all
reported spectra. Frequency-domain monitors were placed to extract transmission spectra
and field intensity maps at selected resonant wavelengths.

The simulations employed bulk, frequency-dependent dielectric functions for all
materials. The wavelength-dependent optical constants of Au were taken from Palik’s
Handbook of Optical Constants of Solids (Academic Press, 1985) [18]; those of metallic Mg
and MgH2 were adopted from Palm et.al.’s paper [11]. All datasets were implemented as
tabulated n and k spectra without adjustment. To emulate hydrogen exposure, the dielectric
function of Mg was replaced by that of its hydride phase (MgH2) according to Ref. [11].
The simulations thus represent the steady-state optical response of the material before and
after complete hydrogenation. No kinetic or diffusion processes were included, as the focus
is on equilibrium optical properties rather than transient hydrogen absorption dynamics.
No significant interference from non-reducing gases (such as N2, Ar, or O2) is expected,
as the observed optical modulation originates solely from the specific Mg → MgH2 phase
transformation. While we note that ultrathin films may exhibit slightly weaker modulation
than bulk material owing to scattering and surface oxidation, the use of bulk data provides
a well-validated upper bound for the dielectric contrast and is adequate for the comparative
design analysis performed here.

3. Results
3.1. Fundamental Optical Response of Three-Layer NAs

The schematic in Figure 1a illustrates the three-layer NA architectures examined in this
study. The nanostructured arrays (NAs) consist of a 100 nm-thick metal trilayer patterned
with circular holes (200 nm diameter, 500 nm pitch) arranged in a hexagonal lattice on a
glass substrate. The nanohole geometry supports EOT, arising from resonant coupling of
incident light to surface plasmon polaritons (SPPs) at metal–dielectric interfaces and to
localized modes within the nanoholes [19]. These resonances are strongly influenced by
changes in both the external dielectric environment and the intrinsic optical properties of
the constituent layers, providing an effective platform for hydrogen sensing. The geometric
parameters were determined using plasmonic dispersion analysis, empirical EOT design
rules, and practical considerations of colloidal-lithography fabrication. For a hexagonal
lattice, the in-plane reciprocal vector of the first-order (1, 0) Bragg mode is |G| = 4π√

3 p
. Sub-

stituting the optical constants of Au, Mg, and the substrate into λ(1,0) ≈ 2π
|G| Re

{√
εmεd
εm+εd

}
yields an EOT resonance around 680–730 nm for p = 500 nm, allowing operation within
the visible to NIR range using cost-effective Si or InGaAs sources and detectors while
keeping Pd absorption moderate. The hole-to-pitch ratio was set to d/p = 0.40, following
reported EOT scaling trends [20]: transmission increases approximately as (d/p)4 up to ~0.5,
linewidth broadens beyond this limit, and film stability declines when d/p < 0.3 due to
lattice strain during hydriding. A 200 nm hole diameter, therefore, provides an optimal
balance between transmission strength, spectral sharpness, and mechanical robustness,
and is conveniently achieved by oxygen-plasma shrinking of 500 nm polystyrene spheres
used in large-area colloidal lithography [21].

Two stacking sequences are compared: Au–Mg–Au (left) and Mg–Au–Mg (right), each
comprising layers with thicknesses of 25–50–25 nm. The representative layer thicknesses
fall within the experimentally accessible range and were chosen to balance plasmon confine-
ment and transmission efficiency. Transmission spectra before and after hydrogen exposure
are presented in Figure 1b (Au–Mg–Au) and Figure 1c (Mg–Au–Mg). In the Au–Mg–Au
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system (25–50–25 nm), three distinct resonances are observed. The first resonance (λ1)
corresponds to the (1, 0) Bragg mode at the Au/glass interface; the second (λ2) is assigned
to the (1, 1) Bragg mode at the same interface; and the third (λ3) arises from the (1, 0) Bragg
mode at the Au/air interface [22]. Modes λ2 and λ3 typically overlap, yielding a broadened
spectral feature. To quantitatively verify the dispersion behavior, the resonance wavelength
was fitted using the SPP dispersion relation [23]:

kSPP =
2π

a0

√
4
3
(i2 + ij + j2) =

2π

λ

√
εmεd

εm + εd
, (1)

where εm(λ) and εd(λ) are the wavelength-dependent dielectric functions of the metal
and dielectric, respectively. The fitted λ values reproduce the simulated spectral peaks
with deviations below 2–3%, confirming the quantitative consistency of the obtained EOT
resonances with the SPP dispersion model. Upon hydrogenation of the Mg layer, the
dielectric constant changes markedly due to the formation of MgH2, resulting in a spectral
redshift of ∆λ1 = 88 nm. The resonance linewidth increases to 152 nm (FWHM), producing
a moderate figure of merit (FoM = ∆λ/FWHM = 0.58). Concurrently, the peak transmission
decreases slightly (∆T1 = −5%), indicating that hydrogen absorption both redshifts and
damps the plasmonic response. Note that λ1 represents the primary EOT resonance and
serves as the conventional feature for sensing applications. Therefore, in the following
discussion, we focus on the sensing performance associated with λ1, with ∆λ1 and ∆T1

hereafter denoted simply as ∆λ and ∆T.

Figure 1. (a) Schematic illustration (not to strict scale) of three-layer nanohole arrays with
Au–Mg–Au (left) and Mg–Au–Mg (right) stacking, indicating layer thicknesses, hole diameter, and
periodicity parameters. The transmission spectra of (b) Au–Mg–Au and (c) Mg–Au–Mg NAs before
and after hydrogen exposure.

The Mg–Au–Mg configuration exhibits a notably stronger response (Figure 1c). Here,
the dominant resonance originates from hybridized SPPs supported by the central Au layer,
symmetrically coupled to Mg layers on both sides. Placing Mg at the exterior interfaces
enables direct modulation of the plasmonic response upon hydrogen uptake. As a result,
the spectral redshift is substantially larger (∆λ1 = 208 nm) compared with the Au–Mg–Au
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design. Although the linewidth also broadens (FWHM = 201 nm), the FoM increases to
1.03—nearly twice that of the Au–Mg–Au structure. Remarkably, the transmission peak
exhibits a modest enhancement (∆T1 = +1%), in contrast to the damping observed in
the Au–Mg–Au case. This finding suggests that Mg-rich surface configurations preserve
stronger plasmonic coupling after hydrogenation. These results demonstrate that the layer
sequence exerts a critical influence on the optical and sensing characteristics of multilayer
NAs. Configurations with Mg as the outermost layer (Mg–Au–Mg) enable stronger elec-
tromagnetic field interaction with hydrogen-sensitive Mg, leading to larger spectral shifts,
improved FoM, and favorable intensity modulation. These insights emphasize the impor-
tance of rational layer ordering in the design of plasmonic sensing architectures, where
both electromagnetic mode distribution and hydrogenation-induced dielectric changes
must be simultaneously optimized. Possible hydrogen-sensing mechanisms in the Au/Mg
nanohole arrays can be attributed to the dielectric modulation arising from the reversible
Mg → MgH2 transition. Upon hydrogen exposure, Mg acts as a hydrogen-absorbing
medium, forming MgH2 with a wide bandgap and drastically different optical constants.
The resulting change in the complex permittivity perturbs the coupled surface-plasmon
and cavity modes, producing pronounced spectral redshifts and transmission variations.
Au layers, while not forming hydrides, facilitate H-atom spill-over and preserve plasmonic
coherence. The combined plasmon–hydride coupling thus defines the dominant sensing
mechanism in these multilayer NAs.

It should be noted that the simulated optical responses correspond to the two limiting
cases of pristine Mg and fully formed MgH2, which capture the maximum dielectric
contrast responsible for the observed shifts. In realistic nanohole environments, hydrogen
absorption may proceed through intermediate MgHx (0 < x < 2) states whose coexistence
could yield gradual, partially reversible spectral evolution. Additionally, surface curvature
and nanoscale confinement can alter hydrogenation kinetics. Although Au itself does
not form a stable hydride, prior studies [10] show that hydrogen initially adsorbs on
nanostructured Au and may spillover into adjacent Mg layers. Such Au-H interactions are
included qualitatively in our interpretation but are expected to contribute only minor optical
modulation compared with the strong dielectric transition of Mg → MgH2. In addition,
the interdiffusion between Mg and Au can, in principle, occur under thermal or prolonged
hydrogen exposure. However, prior studies have shown that substantial Mg–Au alloying
is only observed at temperatures above approximately 150 ◦C, whereas the hydrogenation
conditions considered here (<80 ◦C) are far below this threshold. Under such conditions, the
diffusion length of Mg within Au is on the order of a few nanometers, negligible relative to
the layer thicknesses (25–70 nm). Consequently, interfacial sharpness is preserved, and its
influence on the simulated optical response and the interpreted sensing trends is minimal.
Should marginal intermixing arise experimentally, it would primarily reduce the dielectric
contrast at the interfaces, leading to slightly smaller resonance shifts without altering the
qualitative conclusions regarding layer sequence and structural optimization.

3.2. Effect of Au/Mg Layer Ratio

The schematic in Figure 2a illustrates the Au–Mg–Au three-layer NA in which the
total thickness is fixed at 100 nm, while the relative Au/Mg ratio is systematically varied by
adjusting the Mg layer from 95 nm down to 5 nm. The corresponding thickness sequences
are: Au:Mg:Au = 2.5:95:2.5, 5:90:5, 10:80:10, 15:70:15, 20:60:20, 25:50:25, 30:40:30, 35:30:35,
40:20:40, 45:10:45, and 47.5:5:47.5. Prior to hydrogenation (Figure 2b), the transmission
spectra exhibit multiple features characteristic of EOT. As the Mg fraction decreases and
Au becomes more dominant, the spectra display clear sharpening of the primary resonance
accompanied by enhanced peak intensity. This behavior reflects the intrinsically lower
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ohmic damping and more robust plasmonic response of Au compared with Mg, which
reduces resonance broadening and improves transmission contrast. Systematic variation of
the Mg thickness also induces a redshift in the resonance wavelength. This evolution can
be understood in terms of the effective optical environment experienced by SPPs governing
EOT. Metallic Mg exhibits a smaller negative permittivity and stronger absorption than
Au, contributing less effectively to collective plasmon oscillations and supporting a shorter
effective plasmon wavelength. By contrast, Au possesses a higher plasma frequency and a
more negative real permittivity in the visible–near-IR range, enabling stronger confinement
of electromagnetic fields at the metal–dielectric interfaces. Increasing the Au fraction
thus shifts the average metal permittivity toward more negative values, modifying the
dispersion of the coupled plasmonic modes.

Figure 2. Three-layer nanohole arrays with a fixed total thickness of 100 nm but varying Au/Mg
ratios. (a–c) Au–Mg–Au structures with decreasing Mg thickness show characteristic EOT spectra
before hydrogenation and composition-dependent redshifts after hydrogenation, strongest in Mg-rich
samples. (d–f) Mg–Au–Mg structures with decreasing Au thickness similarly reveal pronounced
hydrogen-induced spectral shifts in Mg-rich configurations.

According to Equation (1), a decrease in the absolute magnitude of the metallic permit-
tivity εm leads to a longer resonance wavelength. Additionally, reducing the Mg thickness
diminishes the contribution of the low-index metallic spacer, thereby increasing field over-
lap with the hole/dielectric regions. This enhanced penetration elevates the effective
refractive index experienced by the plasmonic mode, further driving the resonance toward
the red. The observed spectral shifts thus arise from the combined effects of metal dielectric
properties and field redistribution within the NA. In addition, our calculations show that
increasing the hole diameter (from 140 nm to 240 nm) leads to a predictable redshift of the
EOT peak (~30–60 nm) and an increase in transmission amplitude (Figure S2a in Supporting
Information (SI)). Importantly, this change does not affect the influence of the material ratio
or other factors. For instance, as shown in Figure S2b in SI, the variation in transmission
with the material ratio for the Au-Mg-Au arrays with a diameter of 240 nm is consistent
with that observed for arrays with a diameter of 200 nm (Figure 2b).

Upon hydrogenation, the optical response follows a markedly different trend
(Figure 2c). In Mg-rich samples, large spectral shifts are observed, with ∆λ reaching
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significantly higher values than in Au-rich counterparts. These shifts are attributed to the
substantial modification of Mg’s dielectric function upon its conversion to MgH2, which
strongly perturbs the coupled plasmon modes. Simultaneously, the transmission intensity
decreases, driven by additional absorption and scattering losses in the hydride phase.
In Au-rich samples, by contrast, the redshift upon hydrogenation is diminished, but the
resonances remain sharper and more stable, consistent with the dominant role of Au in
sustaining plasmonic oscillations. These results highlight a clear trade-off between spectral
tunability and resonance quality: Mg-rich architectures provide large hydrogen-induced
shifts (high ∆λ) but suffer from broadened resonances and reduced stability, whereas
Au-rich architectures sustain narrower linewidths (high quality factor) but lower sensi-
tivity. The optical response of the NAs can therefore be directly tuned by controlling
the Au:Mg ratio.

The schematic in Figure 2d illustrates the Mg–Au–Mg three-layer NA with a fixed
total thickness of 100 nm, in which the relative Au:Mg ratio is systematically tuned by
reducing the Au thickness from 95 nm to 5 nm while correspondingly increasing the Mg
thickness. Figure 2e presents the transmission spectra of the pristine (unhydrogenated)
structures. A clear trend is observed: as the Au thickness decreases, the resonance intensity
weakens and the resonance wavelength shifts to shorter values (blue shift). The intensity
loss originates from the reduced proportion of Au, which is the primary plasmonic medium
sustaining coherent SPP modes. In contrast, Mg exhibits stronger ohmic losses and an
optical response less favorable for narrow, high-quality resonances, thereby suppressing
EOT. The blue shift is consistent with the modification of the effective dielectric environ-
ment: as Au is replaced by Mg, the metallic permittivity (εm) becomes less negative, shifting
the SPP condition according to Equation (1). Figure 2f shows the corresponding spectra
after hydrogenation. A distinct response emerges due to the transformation of Mg into
MgH2, which strongly modifies the effective dielectric functions. In Mg-rich samples (low
Au fraction), hydrogenation induces pronounced spectral changes: resonances broaden
markedly, intensities decrease further, and spectral shifts are enhanced. This behavior
arises because MgH2, with its wide bandgap, behaves as a dielectric, producing strong
refractive index contrast at the metal–dielectric interfaces that significantly perturbs the
plasmonic modes. In Au-rich samples, by contrast, the spectra remain sharper, spectral
shifts are smaller, and the resonances are more stable, underscoring the stabilizing role of
Au in sustaining SPP oscillations.

Figure 3a summarizes the hydrogen-induced spectral response of the Au–Mg–Au
NAs with varying Au:Mg ratios, extracted from the transmission spectra in Figure 2b,c.
Four parameters were evaluated: the resonance shift (∆λ), full width at half maximum
(FWHM), figure of merit (FoM = ∆λ/FWHM), and peak transmission change (∆T). In the
Mg-rich regime (Au layers 2.5–10 nm each), resonances vanish after hydrogenation due
to the weak plasmonic response of MgH2. Large spectral shifts are nevertheless observed,
reaching ∆λ = 274 nm for Au:Mg:Au = 15:70:15 and 137 nm for 20:60:20. These large shifts
are accompanied by very broad resonances (FWHM = 318 nm and 201 nm, respectively),
yielding modest FoM values (0.86 and 0.68). The pronounced broadening arises from the
dominance of Mg, which introduces strong optical losses and degrades plasmon coherence,
but simultaneously enhances sensitivity since the Mg → MgH2 transformation strongly
perturbs the dielectric environment. At intermediate Au fractions (20–35 nm per side),
the spectra display a transition to narrower resonances, with FWHM values reduced to
152, 110, and 44 nm for the 20:60:20, 25:50:25, and 35:30:35 configurations, respectively.
Meanwhile, the hydrogen-induced shifts remain moderate (∆λ = 88 nm, 58 nm, and
33 nm), producing balanced FoM values in the range 0.58–0.45. This regime thus achieves
an optimal trade-off: the plasmonic stability of Au sharpens the resonances, while the
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residual Mg content preserves hydrogen sensitivity. In the Au-rich regime (≥40 nm per
side), resonances become very sharp (FWHM ≈ 43 nm), but the spectral shifts nearly
vanish (∆λ ≤ 6 nm). The FoM consequently drops to 0.14, confirming that high Au content
suppresses hydrogen responsiveness. Interestingly, the peak transmission change ∆T in this
regime becomes positive (+7–8%), which likely reflects a reduction in plasmonic absorption
combined with dielectric modification by the small residual Mg fraction. The Au:Mg
ratio dictates a clear trade-off between sensitivity and resonance quality: Mg-rich arrays
maximize spectral tunability but suffer from weak and broadened resonances, whereas Au-
rich arrays sustain sharp resonances but lose hydrogen response. The optimal compositions
lie at intermediate Au fractions, where stable resonances coexist with significant hydrogen-
induced modulation.

Figure 3. Composition-dependent hydrogen response of three-layer NAs: (a) Au–Mg–Au struc-
tures with varied Au:Mg ratios, showing resonance shift (∆λ), linewidth (FWHM), figure of merit
(FoM = ∆λ/FWHM), and peak transmission change (∆T) extracted from Figure 2b,c. (b) Mg–Au–Mg
counterparts with varied Au:Mg ratios, showing the same parameters extracted from Figure 2e,f.

Figure 3b summarizes the composition-dependent optical response of Mg–Au–Mg
three-layer NAs, extracted from the transmission spectra in Figure 2e,f. In the Au-rich
regime (Au ≥ 90 nm, Mg ≤ 10 nm), the hydrogen-induced resonance shifts remain small
(∆λ ≈ 56–67 nm), accompanied by relatively narrow linewidths (FWHM ≈ 88 nm). The
FoM is below unity (0.64–0.76), and the transmission modulation is weakly positive
(∆T ≈ 1–6%). This behavior reflects the stabilizing role of Au in sustaining sharp plasmonic
modes, while the small Mg fraction produces only limited dielectric perturbation upon
hydrogenation. At intermediate compositions (Au 70–40 nm, Mg 30–60 nm), both ∆λ and
FWHM increase substantially. The resonance shift grows from 116 nm at 70 nm Au to
275 nm at 40 nm Au, while the FWHM broadens from ~140 nm to 239 nm. Despite this
broadening, the FoM improves, reaching a maximum of 1.15 for the 30:40:30 configuration.
These results explicitly demonstrate a composition-dependent trade-off between hydrogen
sensitivity and resonance sharpness. Increasing the Mg fraction enhances spectral tunabil-
ity by amplifying the dielectric change upon the Mg → MgH2 transition, but at the cost
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of resonance broadening due to increased ohmic losses. Conversely, higher Au content
stabilizes the plasmonic mode and yields narrower features but suppresses hydrogen re-
sponsiveness. The optimal performance therefore arises at intermediate Au/Mg ratios (e.g.,
Mg–Au–Mg = 30:40:30), where the balance between plasmonic coherence and dielectric
modulation produces ∆λ ≈ 275 nm and FoM ≈ 1.15.

3.3. Effect of Total Thickness

Figure 4a shows the schematic of the Au–Mg–Au three-layer NA with a fixed thickness
ratio of 15:70:15, selected because this composition yielded the highest FoM (see Figure 3a).
In this study, the total thickness ttot is systematically varied from 10 to 300 nm (10, 30,
50, 75, 100, 150, 200, 250, and 300 nm). The corresponding optical transmission spectra
before hydrogenation are presented in Figure 4b. As ttot increases from 10 nm (black
trace) to 300 nm (violet trace), two distinct trends emerge. First, the overall transmission
intensity decreases progressively. Second, the fundamental plasmonic resonance undergoes
a systematic blue shift of its peak wavelength. This behavior originates from the metallic
character of Mg, which supports tightly confined hybrid plasmonic modes within the
nanohole cavity. Increasing ttot reduces the coupling between the upper and lower Au
interfaces, thereby lowering the effective refractive index neff. According to the resonance
condition [24],

mλres = 2neffttot. (2)

Figure 4. Thickness-dependent optical response of three-layer nanohole arrays with optimized
Au/Mg ratios: (a–c) Au–Mg–Au structure with a fixed thickness ratio of 15:70:15, where the total
thickness ttot varies from 10 to 300 nm; (b) transmission spectra before hydrogenation and (c) after
hydrogenation. (d–f) Mg–Au–Mg structure with a fixed ratio of 3:4:3 with ttot ranging from 10 to
300 nm; (e) pristine spectra and (f) hydrogenated spectra.

A reduction in neff drives the resonance wavelength to shorter values, giving rise
to the observed blue shift. At the same time, thicker multilayers elongate the plasmon
propagation path through the Mg-dominated medium, which enhances absorption and



Technologies 2025, 13, 564 10 of 17

scattering losses. As a result, the transmission amplitude decreases exponentially with
thickness [25], consistent with

T(λ, ttot) ∼ T0(λ)exp[−α(λ)ttot]. (3)

After hydrogenation in Figure 4c, the optical response is dramatically altered because
Mg converts into MgH2, which is an insulating dielectric with a wide bandgap of approxi-
mately 5.6 eV. The transformation results in significant changes in the dielectric contrast
within the multilayer cavity, thereby modifying the effective refractive index and resonance
behavior. In this hydrogenated state, the transmission once again decreases, and the peaks
shift to blue as the thickness increases. In contrast to the pre-hydrogenation case with the
same thickness, the resonant features shift and extend toward longer wavelengths in the
visible to near-infrared range. This redshifted trend originates from the increase in the
cavity effective index n(H)

eff and the enlarged optical path length when Mg is replaced by its

dielectric hydride phase, as captured by the resonance condition [26] mλres,H = 2n(H)
eff tcav.

Figure 4d depicts the schematic of the Mg–Au–Mg three-layer NA, designed with a
fixed thickness ratio of 3:4:3, which yields the highest FoM as identified in Figure 3b. In
this configuration, the total multilayer thickness ttot is systematically varied from 10 to
300 nm, and the corresponding transmission spectra before and after hydrogenation are
shown in Figure 4e,f. In contrast to the Au–Mg–Au configuration, here the noble metal
Au serves as the central spacer, while Mg layers are positioned at the top and bottom.
This geometry alters the plasmonic–photonic interactions and, consequently, the thickness-
dependent optical response. Before hydrogenation, the structure effectively behaves as a
metal–dielectric–metal cavity in which metallic Mg strongly couples with the central Au to
form hybridized plasmonic resonances. At small thicknesses (10–30 nm), the arrays exhibit
pronounced transmission peaks in the visible region. Increasing ttot leads to a systematic
reduction in transmission amplitude and a partial blue shift of the resonance maxima. The
intensity decay follows an exponential dependence on thickness, consistent with enhanced
absorption and scattering within the composite metallic stack. Upon hydrogenation,
Mg converts to insulating MgH2, which possesses a high refractive index but negligible
free-electron density. This metal-to-dielectric transformation substantially modifies the
effective modal index and resonance condition of the cavity. The resulting transmission
spectra display two notable features: (i) a pronounced suppression of overall transmission
with increasing thickness, reflecting the increased optical opacity of the multilayer, and
(ii) retention of the systematic blue-shift trend with thickness.

Figure 5a summarizes the hydrogen sensing characteristics of the Au–Mg–Au NAs
presented in Figure 4b,c. In the ultrathin regime (30–50 nm), the structures exhibit both
well-defined resonances and pronounced sensitivity to hydrogenation. At 30 nm thickness,
a large resonance shift of ∆λ = 641 nm is observed, accompanied by a FWHM too broad
to be fully captured within the calculated spectral range (<1500 nm), indicative of strong
plasmon–cavity coupling. At 50 nm, the shift decreases to ∆λ = 490 nm with a FWHM of
351 nm, yielding the highest figure of merit (FoM = 1.40). In this regime, the hydrogen-
induced transmission modulation is also most pronounced, reaching ∆T = +22% at 30 nm
and +9% at 50 nm. These large responses underscore the efficient interplay between
confined plasmonic modes in Au and the volumetric metal-to-insulator transition of Mg
to MgH2, which drastically alters the local dielectric environment. As the total thickness
increases beyond 75 nm, the performance degrades progressively. The ∆λ diminishes from
304 nm at 75 nm to only 25 nm at 300 nm, consistent with reduced optical penetration depth
and weaker field overlap within thicker multilayers. FWHM narrows from 310–362 nm at
75–150 nm to 104 nm at 300 nm, producing resonances that are spectrally sharper but less
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responsive. The FoM decreases steeply with increasing thickness, from 1.16 at 30 nm and
0.89 at 100 nm to below 0.30 above 200 nm, approaching 0.24 at 250–300 nm. This decline
reflects the fact that, although resonances persist, their hydrogen-induced modulation is
inadequate for practical sensing. Transmission modulation exhibits a parallel thickness
dependence. Thin films produce strong positive contrasts (∆T = +22% at 30 nm, +9%
at 50 nm), whereas thicker films show weak or even negative responses (∆T = −1%
to −2% above 75 nm). This inversion arises from increased absorption and reflection
losses in the thicker Au–Mg–Au cavities, which obscure the dielectric contrast associated
with Mg hydride formation. It is noteworthy that ultrathin (<50 nm) Au/Mg multilayers
yield the highest FoM (up to 1.40) due to intensified plasmon–hydride coupling, yet
their limited mechanical and optical stability constrains practical usage. As thickness
increases, plasmonic fields become less coupled to the hydrogen-responsive Mg, leading to
diminished ∆λ and FoM but improved spectral stability. Thus, sensor optimization requires
balancing ultrathin high-sensitivity designs against the robustness of thicker stacks.

Figure 5. Hydrogen sensing performance of three-layer nanohole arrays as a function of total
thickness: (a) Au–Mg–Au structures (15:70:15 ratio) showing resonance shift (∆λ), linewidth (FWHM),
figure of merit (FoM), and peak transmission change (∆T) extracted from Figure 4b,c. (b) Mg–Au–Mg
structures (3:4:3 ratio) displaying the corresponding sensing parameters derived from Figure 4e,f.

Figure 5b presents the hydrogen sensing response of Mg–Au–Mg NAs as a function
of the total multilayer thickness. For thin stacks, well-defined resonant features are ob-
served. At 30 nm thickness, the EOT peak undergoes a substantial hydrogen-induced
redshift of ∆λ = 466 nm. This shift decreases systematically with increasing thickness,
falling to 332 nm at 50 nm, 290 nm at 75 nm, and 275 nm at 100 nm. The monotonic
reduction in ∆λ reflects the diminished sensitivity of the plasmonic mode to the Mg–MgH2

phase transition as the outer Mg layers thicken, effectively screening the electromagnetic
field confined within the central Au layer. FWHM shows a moderate narrowing with
increasing thickness: 296 nm at 50 nm, 231 nm at 75 nm, and 239 nm at 100 nm. This spec-
tral contraction suggests enhanced modal confinement but also reduced interaction volume
with the hydride phase. Correspondingly, the FoM remains relatively favorable in the
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intermediate regime, reaching a maximum of 1.26 at 75 nm and maintaining comparably
high values of 1.12 at 50 nm and 1.15 at 100 nm. These values indicate that although the
absolute resonance shifts diminish with thickness, the relative resolvability of spectral
changes remains robust within the 50–100 nm range. Hydrogen-induced ∆T follows a
decreasing trend with thickness. At 30 nm, strong modulation of +21% is observed, which
drops to +11% at 50 nm, +5% at 75 nm, and only +3% at 100 nm. This trend underscores
that ultrathin Mg–Au–Mg stacks provide highly efficient transduction of hydride formation
into measurable optical signals, whereas thicker multilayers progressively lose sensitivity
due to increased absorption losses and reduced plasmon–hydride overlap.

The rate of Mg → MgH2 transformation is governed by both hydrogen diffusivity
within metallic Mg and the interfacial transport across Au/Mg boundaries. Using literature
diffusivity values (D ≈ 10−13–10−11 m2 s−1) [27,28], characteristic diffusion times τ ≈ L2/D
are estimated to be <0.1 s for 30 nm Mg layers but several seconds for 200 nm films,
consistent with faster responses in ultrathin NAs. In multilayer stacks, Au interlayers
locally interrupt diffusion but also create high-density surface entry sites at nanohole
walls, effectively shortening diffusion pathways. Consequently, Mg-Au-Mg architectures
combine fast surface activation with volumetric hydrogenation, explaining their stronger
and quicker optical responses compared to Au-Mg-Au. These analyses further confirm that
reducing Mg thickness and optimizing interlayer geometry are key to balancing sensitivity
and operational speed. In practice, temperature, ambient humidity, and pressure also
influence kinetics. While our FDTD simulations are steady-state, these estimates provide a
realistic frame for correlating structural design with expected dynamic response.

3.4. Effect of the Number of Layers

Figure 6 illustrates the optical properties and hydrogen sensing response of Mg–Au–Mg
multilayer NAs with a fixed total thickness of 100 nm but varied internal stacking se-
quences. All structures maintain the optimal thickness ratio of Mg:Au:Mg = 30:40:30 nm,
which provided the highest FoM (Figure 3b). The number of layers was systematically
increased to examine how stratified stacking modifies plasmonic resonances and their evo-
lution upon hydrogen exposure. The investigated configurations consist of two (Au–Mg),
three (Au–Mg–Au), four (Au–Mg–Au–Mg), five (Au–Mg–Au–Mg–Au), and six (Au–Mg–
Au–Mg–Au–Mg) layers, as schematically depicted in Figure 6a. The pre-hydrogenation
T(λ) (Figure 6b) reveals a distinct odd–even dependence in the position of the dominant
EOT resonance. Across all architectures, the primary resonance appears in the 680–740 nm
range but exhibits systematic alternation depending on whether the terminating surface is
Mg or Au. For even-layer stacks (2, 4, and 6 layers), where Mg caps the structure and di-
rectly interfaces with air, the resonance consistently stabilizes around ~700 nm. In contrast,
for odd-layer stacks (3 and 5 layers) with Au at the air interface, the resonance undergoes a
pronounced redshift. For example, the three-layer structure exhibits a peak near ~730 nm,
compared with ~700 nm for the two-layer case, while the five-layer array shows a similar
redshift relative to its four-layer counterpart. Reintroduction of a terminating Mg layer (in
the four- and six-layer stacks) brings the resonance back toward ~700 nm. This alternating
trend indicates that the spectral position of the dominant EOT resonance is governed
not by total thickness but by the terminating layer material. Mg termination stabilizes
the resonance through stronger dielectric contrast with air, whereas Au termination en-
hances plasmon–air coupling and effectively increases the optical cavity length, leading to
redshifted modes. This behaviour can be conceptually expressed as follows [29]:

λres ∝ neff Leff, (4)
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where neff is the effective modal index and Leff the effective cavity length. While the overall
multilayer thickness remains constant, the terminal layer alters the boundary conditions
of the confined plasmonic mode. Au termination increases neff via stronger plasmon–air
interaction, thereby redshifting the resonance, while Mg termination suppresses this effect,
anchoring λres near ~700 nm.

Figure 6. Optical response and hydrogen sensing performance of Mg–Au–Mg multilayer nanohole
arrays with fixed total thickness of 100 nm and varied stacking sequences: (a) Schematics of two-
to six-layer configurations (Au–Mg, Au–Mg–Au, Au–Mg–Au–Mg, Au–Mg–Au–Mg–Au, and Au–
Mg–Au–Mg–Au–Mg) designed with the optimal Mg:Au:Mg ratio of 30:40:30 nm. (b) Transmission
spectra before hydrogenation showing odd–even dependence of the dominant EOT resonance.
(c) Transmission spectra after hydrogen exposure, exhibiting strong modifications due to Mg convert-
ing into insulating MgH2. (d) Quantitative summary of the composition- and stacking-dependent
spectral characteristics, including resonance shifts (∆λ), FWHM, FoM, and transmission changes (∆T).
(e) Plot of state-of-the-art plasmonic hydrogen sensors, plotting maximum ∆λ, FWHM, and FoM.
The FoM values are indicated by the color bar.

After hydrogen exposure (Figure 6c), the transmission spectra undergo a pronounced
transformation due to the metal–insulator conversion of Mg to MgH2. The well-defined
EOT resonances around 700 nm are strongly suppressed and broadened, and the spectra
flatten considerably. Weaker and less distinct maxima emerge at longer wavelengths in
the near-infrared (~900–1200 nm), reflecting the loss of plasmonic support at Mg/Au
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interfaces and the disruption of strong hybrid plasmon–cavity coupling. Despite this
suppression, the odd–even effect observed prior to hydrogenation persists. Even-layer
structures (Mg-terminated) exhibit weaker spectral features, whereas odd-layer structures
(Au-terminated) display comparatively stronger transmission. However, the peak positions
remain similar across all layer counts, indicating that after hydrogenation, the principal
effect of layer termination is on resonance intensity rather than spectral position.

Figure 6d summarizes the quantitative spectral characteristics of the Au–Mg multi-
layer NAs with different stacking numbers in Figure 6b,c. The hydrogenation-induced
resonance shift ∆λ exhibits a non-monotonic dependence on layer number. The largest
shift is observed for the four-layer configuration (Au–Mg–Au–Mg) at 325 nm, followed by
the six-layer structure (288 nm). While the resonance peak for the two-layer Au–Mg con-
figuration becomes indistinguishable after hydrogenation. By comparison, the three- and
five-layer arrays show smaller shifts of 277 nm and 246 nm, respectively. This oscillatory
behaviour reflects the odd–even effect observed earlier: even-layer stacks, which terminate
with Mg at the air interface, consistently support larger spectral shifts than their Au-
terminated, odd-layer counterparts. Physically, Au termination promotes more delocalized
plasmonic coupling at the air–metal boundary, whereas Mg/MgH2 termination stabilizes
the resonance penetration depth and enhances sensitivity to hydrogen-induced dielectric
changes. This alternating resonance behavior originates from the boundary-condition-
induced asymmetry of the confined plasmonic modes. When the array is Au-terminated
(odd-layer), the enhanced plasmon–air coupling increases the effective modal index and
redshifts the resonance. In contrast, Mg-terminated (even-layer) surfaces present elevated
dielectric contrast with air, reducing field leakage and stabilizing shorter-wavelength
modes. The resultant odd–even oscillation thus reflects a boundary-condition-controlled
mode asymmetry rather than a thickness effect.

The FWHM values further distinguish the resonance quality among the architectures.
Narrow resonances are obtained in the four-layer (190 nm) and six-layer (180 nm) arrays,
consistent with stronger modal confinement and reduced radiative damping. In con-
trast, the three-layer (317 nm) and five-layer (231 nm) structures yield broader linewidths,
indicative of greater optical losses. The FoM reflects these trends: the highest values
are achieved in the four-layer (1.71) and six-layer (1.60) architectures, while the three-
layer stack produces only 0.87, owing to its broad resonance and limited wavelength
shift. The hydrogen-induced transmission modulation ∆T remains comparatively small
(≈±1%) but shows a termination-dependent sign. The two-layer array (Au–Mg) exhibits a
slight reduction (–1%), whereas all other stacks show modest increases (+1%). Although
weaker than the resonance shift, this behaviour corroborates the boundary-condition
dependence and further underscores the role of surface termination in regulating both
spectral response and hydrogen interaction dynamics. Overall, the four-layer structure
achieves the highest FoM = 1.96 alongside a large absolute resonance shift (∆λ = 325 nm)
and small FWHM = 190 nm, surpassing the best plasmonic hydrogen sensors reported to
date [11,15,17,30–42], as summarized in (Figure 6e).

In realistic device fabrication, Mg films rapidly form a thin MgO passivation layer
(<3 nm) upon ambient exposure, which can slightly reduce hydrogen diffusion but pre-
serves optical stability. Incorporating ultrathin diffusion barriers (e.g., Ti, Pd) between Au
and Mg can suppress interfacial alloying while preserving plasmonic coherence. Moreover,
Au capping layers offer dual functionality—acting as an optical stabilizer and oxidation
barrier without severely impeding hydrogen uptake when thinner than ~5 nm. Fabrication
imperfections, including ±5 nm layer thickness variations and ±10 nm deviations in hole
periodicity, were numerically tested, leading to <3% resonance shifts—well below the
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characteristic ∆λ range (hundreds of nanometers). These analyses confirm that the core
design guidelines derived in this work retain validity under realistic fabrication conditions.

4. Conclusions
This work demonstrates that the hydrogen sensing performance of multilayer Au–Mg

plasmonic NAs is governed by a delicate interplay between layer sequence, composi-
tion ratio, total thickness, and stacking configuration. Direct comparison of Au–Mg–Au
and Mg–Au–Mg structures reveals that Mg-terminated configurations enable stronger
plasmon–hydride interaction, producing a resonance redshift of 208 nm with FoM = 1.03
and ∆T = +1%, nearly twice the FoM of Au–Mg–Au (∆λ = 88 nm, FoM = 0.58, ∆T = –5%).
Varying the Au/Mg fraction uncovers a trade-off between sensitivity and resonance sharp-
ness: Mg-rich arrays exhibit very large shifts, up to 274 nm for Au:Mg:Au = 15:70:15, but
suffer from broadening (FWHM = 318 nm), while Au-rich arrays sustain sharp resonances
(FWHM ≈ 43 nm) but negligible sensitivity (∆λ ≤ 6 nm). The optimal balance emerges
at intermediate compositions, such as Mg–Au–Mg (30:40:30), achieving ∆λ = 275 nm and
FoM = 1.15. Thickness dependence further shows that ultrathin stacks (<50 nm) provide
exceptional responses, with ∆λ = 641 nm and FoM = 1.40 at 50 nm in Au–Mg–Au, and
∆λ = 466 nm with FoM = 1.26 at 75 nm in Mg–Au–Mg. However, performance degrades
with increasing thickness, as ∆λ falls below 30 nm and FoM drops below 0.3 at 300 nm.
Finally, stacking analysis uncovers an odd–even termination effect, with Mg-capped mul-
tilayers exhibiting the largest shifts (up to 325 nm in four-layer stacks) and highest FoM
values (1.71), surpassing their Au-terminated counterparts. These findings establish clear
design principles: high-performance hydrogen plasmonic sensors are best achieved with
Mg–Au–Mg architectures of intermediate composition and ultrathin dimensions, where
plasmonic coherence and dielectric modulation are optimally balanced.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/technologies13120564/s1, Figure S1. (a) Simulation configura-
tion and (b) Transmission spectra of the nanohole arrays with different polarization angles. The
polarization angle in (a) was defined as 0◦; Figure S2. (a) Transmission spectra of Au (25 nm)-
Mg (50 nm)-Au (25 nm) arrays with different diameters. (b) Transmission spectra of Au-Mg-Au
arrays (diameter = 240 nm) with different Au:Mg:Au ratios.
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