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Abstract. We investigated the extraordinary transmission that occurs for subwavelength 
slits on metallic substrates: the transmission process is driven by several physical 
mechanisms, whose relative importance depends on the thickness of the metallic 
substrate and slit size. We show how a Palladium-based device is suitable for H2-leak-
detection exploiting the enhanced transmission phenomenon. 
 
Introduction 

The demand for using hydrogen as a next-generation, clean, and renewable 
energy source has stimulated considerable efforts toward developing sensitive, reliable, 
and cost-effective hydrogen sensors for the fast detection of hydrogen below the lower 
explosive limit (LEL) of 4.65% [1]. Currently, Pd or Pd-based alloys are commonly 
used as sensing material, due to palladium high sensitivity and selectivity toward 
hydrogen [2-4]. Manipulation and storage of hydrogen are associated with danger of 
leakage which leads to an explosive atmosphere if the hydrogen concentration exceeds 
the LEL. Therefore, the development of sensors for hydrogen detection is important to 
preserve human beings and equipments. The literature reports several examples of 
hydrogen sensors based on chemical or electronic approaches [5-9]. Chemical hydrogen 
sensors measure changes induced by reaction between hydrogen and a corresponding 
chemical transducer, such as palladium [10-12]. Moreover, optical sensors are highly 
important for use in dangerous environment where explosive concentration of hydrogen 
could occur. The detection of very small quantities of hydrogen in the surrounding 
environment can be operated by monitoring the transmitted field of a subwavelength slit 
carved on a palladium substrate: the association of resonance cavity effects and surface 
plasmon generation allows the investigation of a regime of extraordinary transmittance 
in which the sensitivity to the variation of the optical properties is dramatically 
increased due to the presence of surface waves inside the nanocavities. 
    
Transmission From a Single Slit 
Several theoretical and experimental works report on the ability of subwavelength 
apertures carved on metal substrates to enhance the transmitted field thanks to the 
coupling of surface plasmons inside the nanocavities [13-15]. In this paper we 
investigate the enhanced transmission phenomenon that occurs for a single slit carved 
on an opaque metal substrate by inspecting two different mechanisms, respectively 
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driven by two different geometrical parameters: the thickness of the metallic substrate 
and the aperture size. The device under investigation is depicted in Fig.1-a : it consists 
of a palladium layer whose key parameters are the metal thickness w and the slit size a. 
All the calculations and results reported below are obtained solving Maxwell’s 
equations by means of a proprietary numerical code based on a full-wave, finite-
difference, time-domain method (FDTD) [16] and considering a Gaussian shaped 
incident input tuned at 800nm. Dispersion and absorption of the Palladium layer are 
considered in all the simulations [17]. Fig.1-b shows the transmission coefficient 
obtained by changing the metal thickness w and the slit size a  by considering the 
source input described above and normalizing the transmitted field to the energy that 
only impinges the slit: the Fabry-Perot-like behavior of such structures is altered respect 
to previously reported transmittance peculiarities of equivalent perfect electric 
conductor structure [18], meaning that the presence of a plasmon resonance inside the 
nanocavity plays a fundamental role in the resonant mechanism as well as in the 
enhanced transmission phenomenon, resulting in the enhancement of the transmitted 
field due to the double coupling between the resonant conditions that depend on the 
metal thickness and on the slit size.  
 

a
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a b
Fig.1: a) Sketch of the palladium substrate: the parameters under investigation are a (slit size) and w 
(substrate thickness) b) Transmission coefficient evaluated by varying the metal thickness w and the 
aperture size a; The presence of a resonance located for w=200nm confirms the Fabry-Perot like behavior 
of the structure. 

 
 

The Palladium-Based Sensor: operating principle 
As it is well known, the majority of transition metals spontaneously absorb hydrogen, 
changing their mechanical and optical properties as a function of the hydrogen content 
in the environment. Palladium, indeed, shows an extraordinary ability of trapping 
hydrogen molecules in its electrical configuration free states, modifying its Fermi level 
and changing reversibly its electrical [10] and optical [11] properties. This phenomenon 
causes the decrease of both the real and the imaginary parts of the complex permittivity 
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of palladium [17] described by means of a simple function h, that relates the bare 
palladium permittivity to the hydride palladium one as follows: 
 

PdH( )= h( ) × PdH( )                                         (1) 
 
where PdH( ) is the dielectric permittivity of bare Pd, PdH( ) is the dielectric 
permittivity of hydride Pd, and h( ) is a nonlinearly decreasing function that assumes 
real values between 1 and 0 by increasing the hydrogen concentration [19]. Moreover, 
to take into account the dispersive properties of both bare and hydride palladium, we 
consider the Drude model, which remains valid by increasing the hydrogen 
concentration inside the Pd lattice [6,7,12]. As mentioned in the previous section the 
peak in the transmission coefficient for a carved metal substrate corresponds to a perfect 
coupling condition inside the subwavelength aperture, meaning that also a slight 
variation in the optical properties of the palladium induces a dramatic change in the 
coupling phenomenon and, as a consequence, in the transmitted field. As depicted in 
Fig.2 the variation associated to the increase of the hydrogen content in air is 
remarkable: the sensitivity of the sensor calculated as the ratio between the variation of 
the transmission coefficient over the hydrogen content variation [6], is equal to S=0.567 
%·ppm-1 when the hydrogen content goes from 0ppm to 100ppm. 
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Fig2: Sensor calibration curve: transmittance value decreases as a nonlinear function of the hydrogen 
content, showing a sensitivity S=0.567 %·ppm-1 when the hydrogen content goes from 0ppm to 100ppm. 

Conclusions
We theoretically investigated on the extraordinary transmission phenomenon that 
occurs for sub-wavelength slits carved on opaque metal substrates, i.e. palladium. Due 
to the dramatic response of palladium to hydrogen presence and to the combination of 
cavity effects and surface waves inside the slit one can explore the quantity of this gas 
by simply monitoring the changes in the transmitted field.  
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