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Multilayer SPR hydrogen sensor based on a heterogeneous metal nanolayer
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In this study, we created a multilayer SPR hydrogen sensor that is primarily based on an
Ag-nd or Au-nd heterogeneous metal nanolayer. To characterize the response of the
suggested structure, we used the Matlab program and the transfer matrix method (T-
Matrix) in this investigation. We developed a set of sensors (nl/Ag-nd/Pd Or nl/Au-
nd/Pd) with varying densities of metal nanoparticles N = 400[1/um’], 600[1/um’],
800[1/um’], and 1000 [1/um’], respectively, to verify the sensor's performance. They are
assessed using a number of conventional standards, including sensitivity and minimum
reflectance (Rmin). The sensor with Ag-nd layer and N = 1000 [1/um’] was found to
attain the lowest Rmin of 0.04 and the highest sensitivity of S = 7.99[nm] with a maximum
resonance wavelength shift of 2.4 [nm]. The suggested SPR hydrogen sensor may detect
changes in palladium (Pd)'s optical characteristics and, consequently, leaks of hydrogen
gas, according to simulation data.
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1. Introduction

One of the most promising energy sources available to us today is hydrogen [1]. This is
because it is the most abundant, cleanest, most efficient, and renewable source. Its only byproduct
is water, and it is also regarded as one of the lightest chemical elements. One of the most
significant frequently utilized and helpful gasses is hydrogen gas. It is significant in a number of
domains. Including the medical industry, where it powers various medical systems' electricity and
heat generators to run labs and other medical equipment. It is also frequently employed in novel
medical procedures [2]. Even though it seems harmless, the risks it poses to human life—namely,
its propensity to ignite easily and burn for an extended period of time—make its storage and
transportation an enormous challenge. An explosive and highly flammable atmosphere is created
when hydrogen leaks and its concentration in the air surpasses 4%, also referred to as the lower
explosive limit (LEL) [4-3]. Breathing hydrogen in excessive quantities can have detrimental
effects on one's health. Thus, it's critical to intensify efforts to create sensing technologies that
work. Inexpensive, dependable, and quick in identifying hydrogen leaks early on.

Numerous hydrogen sensors, including electrical [6—5] and optical [7-8] ones, have been
discovered in recent years. Because optical sensors don't produce sparks and are electrically
insulated, they were given special attention. These include sensors based on nanotechnology [9],
surface plasmon resonance [11-12], and optical fibers [10—12] for hydrogen optical detection. The
majority of them attempted to improve the sensor's sensitivity and response. Some people have
strong sensitivity and achieve good results, whereas others have low sensitivity. The majority of
these sensors were primarily dependent on thin-film palladium (Pd). Palladium (Pd) exhibits a
remarkable capacity for hydrogen absorption; it may absorb up to 900 times its volume [13]. This
leads to the formation of reversible palladium(PdHx) hydride. Palladium (Pd) metal interacts with
hydrogen (H,) as a result of all of this, changing its optical characteristics [14].
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Recently, surface plasmon resonance has been developed for use in detecting small
changes in optical properties. It has been used to detect changes in the optical properties [15-16] of
palladium metal when it interacts with hydrogen gas.

Surface plasmon resonance is a new technique that can be used to identify minute
variations in optical characteristics. It has been applied to the detection of changes in the optical
characteristics of palladium metal in response to hydrogen gas interactions [15-16]. In order to
detect hydrogen, D. Sil et al. employed gold nanoparticles and palladium for the first time [17].
When exposed to hydrogen, the SPR wavelength changed by 3[nm] in just one second. An SPR
hydrogen sensor from heterogeneous optical fibers using Au/Ta205/Pd/Au multilayers was
reported by Ken Takahashi et al. in 2016. The sensor had a wavelength shift of 24.4 [nm] for the
Pd-Au layer and 14.4 [nm] for the Au layer. Palladium shells and gold metal nanorods were used
by R. Jiang et al. to produce remarkable sensitivity for the Pd layer at 4% hydrogen concentration
[18, 19].

In the area of multilayer SPR detectors, we have several works, such as one that enhances
the sensitivity of the detectors' spectrum response [20, 21] and another that theoretically
investigates the double resonance SPR as the basis for angular interrogation [22]. This work
presents a multilayer hydrogen surface plasmon resonance (SPR) sensor supported by a layer of
palladium and a heterogeneous Ag-nd or Au-nd metal nanolayer. This sensor is based on how the
interaction of palladium metal with hydrogen gas alters the metal's visual characteristics. Using the
transfer matrices (T-matrix) method, we simulate the performance of a hydrogen SPR sensor. SPR
resonance curves were constructed with variations in the resonance wavelength for various
hydrogen concentrations. An analysis is conducted and the sensitivity is modified for optimal
performance. To improve sensitivity, the impact of nanoparticle density on the heterogeneous
metal nanolayer is examined.

2. Design theories and mathematical approach

The proposed SPR hydrogen sensor consists of three different layers. The first layer is an
dielectric with a refractive index of nl, the second layer is a heterogeneous metallic nano layer
with a refractive index of negr, and the third layer is palladium metal (Pd) with a refractive index of
n2 , as shown in Figl. the z-axis extends from medium 1 to medium 3, and the x-axis runs along
the 1-2 interface.
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Fig. 1. SPR hydrogen sensor structure based on a heterogeneous metallic nanolayer.

A surface plasmon resonance is a polarized (TM) electromagnetic (EM) light wave
propagating along the X- axis with the optical wave vector Kx and a refraction index n; and a
certain angle of incidence On and with the Longitudinal propagation vector Kz according to the
following equations respectively[23-24-25-26 ]:

kx=k0nlsin(0n) (1)
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where k, = % represents the propagation vector of light in a vacuum.
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In our simulations, we depend on the transfer matrix method in order to calculate the
optical response of the proposed multilayered structure.

We have an interface scattering matrix that describes the transmission of fields between
two adjacent layers and they are called i and j [27]:

1 (1 py
Hij_?‘f (pij 1) ®)

We also have the scattering matrix of layer j [25]:

B0
where
B = 27” dn cos(60) @)

By combining the two matrices H and L we get the matrix S which is the diffusion matrix
that characterizes the optical response of the multilayered structure j [29]:

S = LOl Hl L12H2 T Ir T HNLN(N—I) (8)
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In the end, we obtain the results of the reflectance coefficient of the multilayer structure
given by the following relation:

R=2 (10)

S11

The metals used in this study are gold and silver with thicknesses of dAu and dAg
respectively, and in order to calculate the dielectric constant for Au and Ag we relied on a model
of Drude with two critical points (D2CP) which is characterized by [30]:
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Table 1. Optimized D2CP model parameters used to calculate the dielectric function of gold and silver in

the wavelength range 400-1000 nm [30].

Gold Silver
€., 1.0300 3.7325
wp(rad.s=') | 1.3064x10" 1.3354x10"°
¥ rad.s=! 1.1274x10" | 9.6875x10"
A, 0.86822 2.0297
Q, (rad.sm?) | 4.0812x10"7 | 4.5932x10"
91 (rad) -0.60756 -0.70952
T'1 (rads=?) | 7.3277x10" 1.0524x10"
A, 1.3700 -2.8925
Q, (rad.s=') | 6.4269x10° | 4.7711x10™°
@2 (rad) -0.087341 -1.4459
I'2 (rads=!) | 6.7371x10™ | 3.0719x10"

In order to calculate the dielectric function of the heterogeneous medium, we have relied
on Maxwell-Garnett equations [31-32] (equation 13):

_ & +2&,+2f(g1—€2)
Eerf = &2 &1 +2&,—f(e1—€2) (13)

where
f=N x V is the volume fraction occupied by the nanoparticles.

To realize the proposed multi-layered hydrogen SPR sensor with a heterogeneous metal
nanolayer, we used as mentioned above Pd as the H, sensing layer, which is characterized by its
optical properties when interacting with hydrogen gas (H,). The effects of hydrogen gas absorption
on the complex dielectric function of palladium can be expressed by the following equation [33]:

Epa,cnzi, = h(c%) X €pacom, (14)

where €pg oo,z 1S the dielectric complex permittivity of palladium(Pd) in the absence of
concentration (H,), h(c%) it is a nonlinear function that decreases with increasing hydrogen
concentration Its values are less thanl. In previous studies [34-35], the Drude-Lorentz (DL) model
was used to calculate the permittivity of palladium(Pd) according to the following equation:

1 ([ 9%pe @pn fi 2pe

vk
ey - L (g E)y toe S is
M0 \a+ivee | Q+ivon zZJ—anj—nz—myj (15)

3. Results and discussion

We modelled how the suggested structure might behave in the visible and near-infrared
spectrums. Using a heterogeneous metal nanolayer comprising Ag-nd (a) and Au-nd (b) with a
thickness of 50 [nm] and a metal nanoparticle density of 800[1/um3] with varying hydrogen
concentrations, Fig. 2 displays SPR curves as a function of wavelength. They rise as h values
decrease, and are represented by the numbers 1, 0.9, 0.8, and 0.7, with h(1) = 0% and h(0.8) = 4%
[36].
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Fig. 2. SPR curves as a function of wavelength of the hydrogen sensor with different values of the
parameter h: nl = 2.58, Theta =/ 5 [rad], N = 800[1/um3]; a) With a heterogeneous layer of
metal nanoparticles Ag-nd ;b) With a heterogeneous layer of metal nanoparticles Au-nd.

It was discovered that there are two distinct falls in which the SPR effect manifests itself.
The first fall is caused by Ag (Fig. 2(a) and Au (Fig. 2(b) metals, whereas the second fall is caused
by palladium (Pd) metal. Furthermore, in the visible and near-infrared spectrum, the double SPR
effect is plainly visible.

The second fall's reflectance spectra with a heterogeneous metal nanolayer for Ag-nd (a)
and Au-nd (b) at various hydrogen concentrations within the previously published range are
displayed in Fig. 3 as a function of wavelength. We note a shift in the resonance wavelength from
804.2[nm] to 806.2[nm] was observed with an increase in the minimum of reflectance for each
resonance wavelength when hydrogen gas flowed at standard concentrations within the previously
reported range.

This is depicted in Fig. 3(a), along with a slight change in the minimum reflectance from
0.10 to 0.08, which is a value very close to zero, making it suitable to ensure the design of a high-
performance sensor with good response and higher accuracy [37]. We can see in Fig. 3(b) that
when the concentration of hydrogen rises, the resonance wavelength increases, with an alteration
from 844.6[nm] to 846.2[nm]. Additionally, we note that the minimum reflectance has changed
from 0.16 to 0.14. These modifications all point to the ability of the suggested hydrogen SPR
sensor to identify variations in the optical characteristics of the palladium (Pd) that results from the
absorption of hydrogen gas.
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Fig. 3. Variation of the reflectance spectra of the SPR hydrogen sensor for fall2 with different values
of the parameter h : nl = 2.58, Theta ==/ 5 [rad], N = 800[1/um3] ; a) With a heterogeneous layer
of metal nanoparticles Ag-nd ;b) With a heterogeneous layer of metal nanoparticles Au-nd.

We found a relationship between the change in the resonance wavelength and the
hydrogen concentration that increases with the lowering of the variable h in order to ensure
hydrogen gas detection and the accuracy of our sensor performance. This phase of the
investigation involved comparing the performance of the suggested SPR sensor for various metal
nanoparticle densities, where N is equivalent to 400 [1/um’], 600 [1/um’], 800 [1/um’], and 1000
[1/um’] for a heterogeneous metal nanolayer of Ag-nd and Au-nd, respectively, as illustrated in
Figs 4 and 5, respectively.
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Fig. 4.. Resonance wavelength shifts as a function of h; a) N=400[1/um3] ; b) N=600 [1/um3] ; c¢) N= 800
[1/um3] ;d) N= 1000 [1/um3] , nl = 2.58, Theta == /5 [rad], tAg-nd =50 [nm].

Using the optical and geometrical parameters provided in Figs. 4(a,b,c,d) and 5(a,b,c,d), it
is demonstrated from the obtained results that the sensor has good linearity by the resonance
wavelength shifts by varying the hydrogen concentration near the lower explosive limit (LEL).
Additionally, it was discovered that the SPR hydrogen sensor configuration with the metal
nanoparticle density N equal to 1000 [1/ um’] exhibits a quasi-linear combination with the
parameters shown in Figs 4(d) and 5(d), respectively. As the concentration of hydrogen rises, the
Ag-nd layer's SPR Tesonance Wavelength shlfts by 1 [nm], 1.6 [nm] 2 [nm], and 2.4 [nm] at N
equal to 400 [1/um’], 600 [1/um’], 800 [1/um’], and 1000 [1/um ], in that order, as illustrated in
Fig 4. Regarding the Au-nd layer, Flg 5 111ustrates the changes in the SPR resonance wavelength
that occur at N equal to 400 [1/um’], 600 [1/um’], 800 [1/um’], and 1000 [1/um’], respectively:
0.8[nm], 1.2[nm], 1.6 [nm], and 1.8 [nm]. These findings demonstrate that the SPR hydrogen
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sensor with Ag-nd layer had superior optical changes compared to the SPR hydrogen sensor with
Au-nd layer.
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Fig. 5. Resonance wavelength shifts as a function of h; a) N=400[1/um3] ; b) N=600 [1/um3] ; c) N= 800
[1/um3] ; d) N=1000 [1/um3] nl = 2.58, Theta = n/5 [rad], tAu-nd =50 [nm].

Using N equal to 400[1/um’], 600[1/um’], 800[1/um’], and 1000[1/um’], we compute the
minimum reflectance Rmin of the Ag-nd and Au-nd multilayer SPR hydrogen sensor in the next
inspection step. Table 1 displays the performance metrics that were determined for each of the
suggested configurations; furthermore, we computed the sensor's sensitivity by examining changes
in the hydrogen concentration ratio and the curve's resonance wavelength. The following formula
can be used to indicate reflection:

— AATES (16)

Ah(c%)
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Table 2. Performance parameters of the proposed multilayer SPR hydrogen sensor with a heterogeneous
metal nanolayer such as:Ag-nd, Au-nd.

Ag-nd
Density of metallic 400 600 800 1000
nanoparticles[1/um’]
Rmin 0.20 0.13 0.08 0.04
Sensitivity [nm] 3.33 5.33 6.66 7.99
Au-nd
Density of metallic 400 600 800 1000
nanoparticles[1/um’]
Rmin 0.25 0.20 0.14 0.11
Sensitivity [nm] 2.66 3.99 5.33 6.33

It is shown that the minimum reflectance, or Rmin, falls and the sensitivity increases with
an increase in metal nanoparticle density. As it guarantees the link between the surface plasmon
and the maximum energy of polarized light (TM), bringing Rmin close to zero is essential to
increase the sensitivity and accuracy of the sensor [37]. The Ag-nd layer's highest sensitivity is
observed at N = 1000[1/um’], when S = 7.99 [nm] and Rmin drop to 0.04. Regarding the Au-nd
layer, we discover that the maximal sensitivity attained at N is equivalent to 1000[1/um’],
S=6.33[nm], and Rmin drops to 0.11.The suggested sensor with Ag-nd heterogeneous metal
nanoparticles and N equal to 1000[1/um’] will be the best option for detecting hydrogen gas
leakage, based on the findings we were able to get.

4. Conclusion

We presented a multilayer SPR hydrogen sensor with an Ag-nd and Au-nd heterogeneous
metal nanolayer in our current study. This work is based on the visible and near-infrared structural
response. The resonance wavelength of the sensor increased for the Ag-nd and Au-nd layers, and
was displaced by 2.4 and 1.6 nm, respectively, when it was subjected to standard amounts of
hydrogen gas. Furthermore, it was discovered that the density of the metal nanoparticles and the
kind of metal utilized in the construction had an impact on the sensitivity. Since it has the lowest
Rmin value and the highest sensitivity, the sensor with Ag-nd layer and N equal to 1000 is a good
option for detection. Ultimately, the simulation results demonstrated that the highest sensitivity of
the multilayer hydrogen SPR sensor is reached at a value of S = 7.99[nm] and below when it is
fitted with a heterogeneous metallic nanolayer Ag-nd and N equal to 1000 [1/um’]. Since the
Rmin value is 0.04 it can be used to detect hydrogen gas leaks early on.
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