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Abstract: A new design of a fiber optic Surface Plasmon Resonance
(SPR) sensor using Palladium as a sensitive layer for hydrogen detection is
presented. In this approach, atransducer layer is deposited on the outside of
amultimode fiber, after removing the optical cladding. The transducer layer
is a multilayer stack made of a Silver, a Silica and a Palladium layer. The
spectral modulation of the light transmitted by the fiber allows to detect the
presence of hydrogen in the environment. The sensor is only sensitive to
the Transverse Magnetic polarized light and the Traverse Electric polarized
light can be used therefore as a reference signal. A more reliable response
is expected for the fiber SPR hydrogen sensor based on spectral modulation
instead of on intensity modulation. The multilayer thickness defines the
sensor performance. The silica thickness tunes the resonant wavelength,
whereas the Silver and Palladium thickness determine the sensor sensitivity.
In an optimal configuration (NA =0.22, 100 um core radius and transducer
length = 1 cm), the resonant wavelength is shifted over 17.6 nm at a
concentration of 4% Hydrogen in Argon for the case of the 35 nm Silver/
100 nm Silical 3 nm palladium multilayer.
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1. Introduction

Hydrogen detection is an environmental priority for all sustainable energy applications based
on hydrogen. Hydrogen is ahighly explosive gas in the presence of oxygen. Thelower flamma-
bility point of hydrogen is4 % in air and with an upper limit of 74.5%. Being the lightest and
the smallest molecule, hydrogen is prone to leak through seals and micro-cracks. This induces
security problems to be monitored. In the surrounding of hydrogen based devices, hydrogen
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sensors are essential to detect leaks and thus prevent fire and explosion. Optical fibers sensors
are very promising devices because of their ability to operate in potentially explosive environ-
ments. Most optical hydrogen sensors use a Pd film as a catalyst agent and transducer due to
its high catalytic activity and high solubility of hydrogen [1]. Numerous hydrogen fiber sensors
(interferometric [2, 3], micro mirror, evanescent sensor [4, 5], Fiber Bragg Grating [6-8] and
Long period Grating [9]) have been already proposed. In general, they present a good sensitiv-
ity but are limited by (i) their response time and (ii) their cross sensitivity. A nano tapered fiber
sensor [10] coated with an ultra thin Pd film was proposed to enhance the response time. In
this case, the diffusion of hydrogen is the rate limiting step. However, the fabrication of nano
tapered fiber limits the reproducibility and the robustness of such sensors. Surface Plasmon
Resonance sensors are an alternative to realize afast and reproducible hydrogen sensor.

To our knowledge, existing fiber SPR hydrogen sensors are based on intensity modulation.
Bevenot et al. [11] presented a Pd- SPR multimode hydrogen fiber sensor. The sensor consists
of aPd layer deposited on a section of the fiber core, after removing the optical cladding. The
variation in the palladium complex dielectric permittivity during the hydrogen loading causes a
modification of the SPR resulting in adecrease of theloss of the guided light at the Pd reflection
interface. They measured the hydrogen concentration by measuring the change in transmitted
intensity when the fiber isilluminated by alaser diode with an incidence angle . Nevertheless,
the power distribution mode of light in the fiber isvery sensitive to mechanical disturbances and
fiber impurities. The group mode excited can be disturbed and converted into a other modes.
To decrease this effect, we recently presented the response of the Pd-SPR multimode hydrogen
sensor [12], where all modes are equally excited in the optical fiber. After along fiber length
(few meters), the power distribution can be considered as uniform. The sensor response showed
achange in intensity upon hydrogenation in the wavel ength range of 450-900 nm. This change
iswavel ength dependent, but the sensor does not reveal a spectral resonance. The resonant angle
of the SO, /Pd/air observed in the kretschmann configuration [13] is beyond the angle range
of the propagating ray. Moreover, we found that the variation in intensity of the Transverse
Electric (electric field perpendicular to incidence plane) upon hydrogenation is opposite to that
of the Transverse Magnetic (magnetic field perpendicular to incidence plane) polarized light.
Although the sensor allows us to measure the hydrogen concentration at several wavelengths,
the difference between the TE and TM polarized light in the response decreases the sensitivity
of the’ SPR sensor’. It is very challenging to maintain the polarization of the light through the
fiber until the transducer region and it demands the use of polarization-controlling elements.

We present, here, the first SPR fiber hydrogen sensor design based on spectral modulation.
It replaces the Pd transducer by a multilayer stack made of Ag, SO, and Pd. This structure
allow to couple the SP in the NA fiber. Since the SP is only excited for the TM polarization,
the structure suppresses the TE influence on the Pd SPR sensor response [12] and takes full
advantage of the SP sensitivity. This design can also be applied to other sensitives materials,
such as Pd aloys [14] to decrease the cross sensitivity and Mg alloys [15, 16] or tungsten
oxide [17, 18] to improve the hydrogen sensitivity (minimum detection pressure, range). We
present, here, the principle of the proposed sensor and its optimization.

2. Simulation model

The sensor proposed here consists of amultilayer stack deposited on a section of the fiber core,
asdrawn in Fig. 1. The multilayer is made of a Ag, a SO, and a Pd layer. Ag is chosen since
it is well known as a good candidate for SPR sensors [19]. The Ag layer can be replaced by
a Au layer - to avoid the oxidation during the fabrication - or any other metal such as Al or
bi-metal [20]. Pd is chosen for its ability to dissociatively split and absorb hydrogen.

In our simulation we consider multimode step index fibers, as in our previous work [12].
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Fig. 1. Schematic representation of the way the sensitive material is deposited on the fiber
core, after removing the cladding.

For the fiber Numerical Aperture (NA), the deposit length L and fiber radius r we take 0.22, 1
cm, 100 um, respectively. We simulate the multimode fiber SPR sensor in a planar approach
and consider separately the TE and TM polarizations [21], (-so-called s and p, respectively-).
The theory of local plane waves associated to a geometric optics approach is used [22]. The
transmitted intensity through the fiber is calculated by summing the power loss/gain at each
reflection over the sensitive area. For that, the reflection coefficient is calculated as afunction of
angle by the transfer matrix method [23]. The total transmitted power loy at agiven wavelength
A isdefined as:

90 90
o = 1/2( [ 1ro(0) 1o (Bn)d0+ [~ [rs(6) ™10 (61))d0 @

with:
N=L/(D xtan6) @)

whereL, D, N arerespectively thelength of the sensitive area, the fiber diameter and the number
of reflections along the sensitive area, whilers, r, are the reflection coefficient for polarization
TE and TM, respectively. 6 defines the angle between the normal of the reflection interface
and the direction of the incident light. 6. is the critical angle. |y defines the angular intensity
distribution corresponding to the light source used. The distribution is assumed to be uniform
simulating a long fiber length. Furthermore the TE and TM polarization are assumed to be
equally distributed. Only meridian rays are considered. The model does not take into account
scattering from possible roughness of the layer and mode coupling. The normalized intensity is
defined as: loy 1/ 5 lo(6)d6.

We need the dielectric permitivity of the multilayer system to calculate the reflection coeffi-
cient. For this we used the SO, dielectric permittivity given by the Smeiller equation with the
Schott industry coefficient as in [12]. For Pd and Pd hydride the experimental dielectric per-
mittivity as obtained by von Rottkay [24] was used. The experimental data of the Pd hydride
dielectric permittivity (obtained at 10° Pa hydrogen pressure) gives satifiying results compared
to the experimental sensor response reported in 4% H, in Ar at room condition [12]. The Pd
expansion was neglected, which is legitimate for very thin films. In our simulation, we con-
sider the Pd hydride dielectric permittivity corresponding to a concentration of 4% Hy : the Pd
hydride isin the 3-phase.

3. Result

3.1. Principle

To demonstrate the principle of the sensor, we simulate the 35 nm Ag/ 180 nm SO, / 3 nm
Pd multilayer stack. Figure 2 reveals the transmitted intensity of the optical fiber. The sensor
response shows a spectral resonance peak in contrast to the Pd SPR fiber sensor in which the
Pd layer is deposited on the fiber core as shown in Fig. 2(b). Upon hydrogenation, the resonant
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Fig. 2. (8) The transmitted light intensity as a function of the wavelength for different
thickness of SO,. The transducer is a multilayer composed of 35 nm Ag/ d2 nm SO,/ 3
nm Pd. (NA = 0.22, core radius = 100 um, L = 1 cm). (b) The transmitted light intensity
as afunction of the wavelength, where the transducer isa 10 nm Pd layer (NA = 0.22, core
radius= 100 um, L =2 cm)

wavelength shifts to higher wavelengths. The observed peak corresponds to the excitation of
the SP. The first metal layer made the sensor insensitive to the TE polarization since the SPis
only coupled by TM polarized light. The TE polarized light is reflected without being affected
by the change in the surrounding index as shown in Fig. 3(a). Roughly speaking, the Au layer
prevents the TE- polarized wave from reaching the sensing medium (here the Pd layer) due to
the ohmic lossin the metal layer asit is commonly observed in the Au SPR fiber index refrac-
tive sensor [25]. The transmitted intensity through the fiber is therefore only determined by the
reflection coefficient of the TM polarized light for the propagating rays. When the resonance
condition of the SPisfulfilled, asharp dip in transmitted intensity is observed. In our multilayer
structure, the resonance condition occurs when the evanescent wave (kev) (generated from the
incident light) matches with the propagation constant 3 of the SPW. 3 is determined from the
dispersion relation of the corresponding multilayer waveguide. Upon hydrogenation, the prop-
agation constant f3 is atered due to the decrease in the both parts of the Pd complex dielectric
permittivity. The position (related to real component of ) and the shape of the SPR (related
to imaginary component of ) is therefore changed. Furthermore, the variation of the partially
reflected field at the SO,/Pd and Pd/air interface upon hydrogenation affects the interference
between the incoming and the reflective wave. The hydrogenation of Pd changes the electro-
magnetic field distribution inside the multilayer. As emphasized by Pockrand and Raether [26],
the depth of the SPR minimum is related to the field distribution and determined by the ra-
tio of the intrinsic and radiation damping. Therefore, the minimum of the SPR peak changes,
here, upon hydrogenation. Figure 3(a) shows the electric field distribution inside the multilayer
for wavelengths of 670 nm and 855 nm. The electric fields are plotted at the resonant angle
of Osprpg for the both metallic and hydrogenated states, respectively. Figure 3(b) shows the
SPR reflectance curves. At resonance, the electric field intensity is maximum at the SO,/Pd
interface for the short wavelengths. This wavelength distribution is opposite to the penetration
depth distribution. This is explained by the optical metal properties: the metal is more trans-
parent and less absorbing for the blue than the red wavelength, as emphasized by Shalabney et
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Fig. 4. Reflectance of a multilayer made of 35 nm Ag/ d2 nm SO, / 3 nm Pd for awave-
length of 670 nm. The lines and dash lines represent the metallic and hydrogenated state,
respectively.

al. [27]. Figure 3(a) shows that the electric field increases upon hydrogenation at the SO,/Pd
interface. The hydrogenation of the Pd layer indeed makes the metal more transparent and less
absorbing.The electric field is then redistributed into the multilayer and consequently, the SPR
curveisaltered.

3.2. Choice of the layer thicknesses

Thethicknesses of the silver (d1), silica(d2) and Pd (d3) layers aswell astheratios of the thick-
ness define the resonance conditions and the performances of the SPR sensor. The performance
of a SPR fiber sensor based on spectral modulation is described in terms of the sensitivity S
and the signal-to-noise ratio (SNR). Thefirst defines, here, the shift of the resonant wavelength
0 Ares due to a concentration of 4 % hydrogen. The second is inversely proportional to the full
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Fig. 5. Sensitivity as function of (a) the SO, thickness for different Ag thicknesses, (b) of
the Ag thickness for different Pd thicknesses and (c) of the Pd thickness for different Ag
and SO, thicknesses.

width at half-maximum (FWHM) corresponding to the SPR (SNR = 8 Ares/ 6 Apwrm).- FWHM
should be as small as possible to get the best resolution.

For the intermediate SO, layer, we require that it is thin enough to avoid multi modes in the
Metal Insulator Metal waveguide (MIM) and thick enough to decouple the SP (supporting by
Agand Pd). It isused to position the resonance into the angular range of thefiber. By increasing
the thickness of the SO layer, the effective index (n = /ko) of the SP increases, i.e the
resonance position is shifted to greater angles at a given wavelength, as depicted in Fig. 4. The
choice of the SO, thickness allow us to define the resonant wavelength in the sensor response,
asshownin Fig. 2(a). It shiftstoward the long wavelengths with increasing the SO, thickness.
The minimum of the peak changes as the radiation damping is affected. The peak widens at
longer wavelength due to the increase of the metal absorption. Nevertheless, the sensitivity,
as depicted in Fig. 5, and the SNR are weakly atered by the silica thickness compared to the
silver and Pd thicknesses. (The irregularity on the sensitivity curves is due to the wavelength
discretization pitch in the simulation).

Increasing the Pd thickness widens the resonance peak and increases the peak minimum
value, as shown in Fig. 6(a). The absorption of Pd causes the broadening of the resonance.
The change of the resonance depth is related by the change in the ratio of the two damping
processes. It isworth noting that an increasing Pd thickness shifts the SPR peak toward shorter
wavel engths due to the decrease of the effective index of the SP. Figure 5(c) shows the sensitiv-
ity increases with increasing the Pd thickness. A trade off hasto be found between the sensitivty
and the SNR. A 3nm Pd thickness appears appealing to conceive afast and reproducible hydro-
gen sensor.

Figure 5(b) shows that the sensitivity increases with the Ag thickness. However, the peak
minimum is negatively affected due the radiation damping, and the SNR decreases with in-
creasing the Ag thickness, as depicted in Fig. 6(b). The resonant wavelength is also shifted to
the longer wavelengths.

4, Discussion

In our design, the NA, the core diameter and the deposit length play acrucial role in the perfor-
mance of the sensor. As previously reported for the SPR fiber sensor: an increase of the number
of reflections decreases the value of the minimum peak, but trends to widen the peak; a decrease
of the NA gives a narrower SPR peak, as depicted in Fig. 7. Therefore, we choose a value of
0.22 for the NA and 1 cm for L, with a core radius of 100 um. According to our simulation,
for amultimode step index, we find that the 35 nm Ag/ 100 nm SO,/ 3 nm Pd multilayer isthe
optimal design to obtain the best trade-off between the sensitivity and the SNR.
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Fig. 6. Normalized light intensity as afunction of the wavelength for (a) different thickness
(d3) of Pd and (b) different thickness (d1) of Ag. The transducer isamultilayer made of d1
nm Ag/d2nm SO, /d3 nm Pd. (NA = 0.22, coreradius = 100 um, L =1 cm). Thelines
and dash lines represent the metallic and hydrogenated state, respectively.

Regarding the sensitivity, the resonant wavel ength shows a shift of 17.6 nm at aconcentration
of 4% Hy in Ar (NA =0.22, L=1cm, core radius=100 um, 35 nm Ag/ 100 nm SO,/ 3 nm Pd).
Although further investigations have to be done in order to estimate the wavelength shift as
afunction of the hydrogen concentration, the large sensor response makes us confident that a
reliable hydrogen response will aso be obtained at lower hydrogen concentrations. We expect
that the sensitivity (i.e the shift of the resonant wavelength) will not be significantly altered
by the intensity fluctuation/modal distribution of the light, contrary to the fiber SPR hydrogen
sensor based on the intensitity modulation. In order to improve the sensitivity or the minimum
level of detection, the Pd layer can be replaced by any sensitive material to hydrogen presenting
aoptical change. The proposed design does not explicitly use the SPR of the Pd, but its ability
to change the surrounding index medium. Sensitive material such as Pd alloys, Pd nanoparticles
inserted in a substrate matrix, oxide materials (WO3, Pd2VOs) or Mg alloyswith a cap layer of
Pd could be envisaged.

Regarding the SNR of the sensor, we could envisage to deposit a Pd fim of a thickness below
3 nm to decrease the broad SPR peak. Further investigations have to be done to claim this
point since below 3 nm Pd does not form a closed film and the dielectric permittivity used in
our simulation is not validated for a Pd island film. Adding an intermediate dielectric layer
before the silver layer (Long range SP [28,29]) or a Bragg multilayer system [30-32] made of
TiO2/S 0, could be another possible way to enhance the sensor SNR.

5. Conclusion

We have proposed a SPR fiber hydrogen sensor based on wavelength modulation. The sensor
is only sensitive to TM polarized light. TE polarized light is now used as a signal reference.
A more reliable response is expected for such a multimode fiber SPR hydrogen sensor based
on spectral modulation as compared to the ones based on intensity modulation. The operating
wavelength is tuned by adjusting the intermediate layer thickness. A multi-point sensor could
be realized by adding Fiber Bragg grating after each sensing region.
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Fig. 7. Normalized light intensity as a function of the wavelength for (a) different lengths
(the core radius, and the NA is 100 um and 0.22, respectively) for (b) different fiber NA (
the core radius, and the deposit length is 100 um and 1 cm, respectively). The transducer
layer ismade of 35 nm Ag/ 140 nm S O» / 3 nm Pd. The lines and dash lines represent the
metallic and hydrogenated state, respectively.
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