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ABSTRACT

Optical hydrogen sensors based on metal hydrides have distinct advantages over other types of hydrogen
sensors as they can be made small, do not require the presence of oxygen, and have a large sensing range.
The working principle is based on the fact that when exposed to an atmosphere containing hydrogen, a metal
hydride absorbs hydrogen, which in turn changes the optical properties. In a micro-mirror configuration,
this change in optical properties can be measured by measuring the reflectivity of light. Tantalum alloys
have been identified as suitable sensing material owing to their large sensing range, hysteresis-free response
and fast response times. Here, we rationally develop a micro-mirror hydrogen sensor based on a tantalum-
alloy as sensing layer. We first study the optical contrast of Ta,ggPd, 1, thin films with a Pd,¢Au,, catalyst
layer deposited on substrates with various catalyst and sensing layer thicknesses in reflection. Modeling the
experimental results shows that the total optical contrast, that is the change of the reflectivity with a changing
hydrogen concentration, is a strong interplay of wavelength and hydrogen-concentration dependent reflection,
attenuation and amplification coefficients of both the Tag ggPd, ;5 thin films with a Pd,¢Au, , catalyst layer.
These effects may either constructively or destructively contribute to the overall signal, making carefully
choosing the wavelength and layer thicknesses essential. Using optimal values of the wavelength and layer
thicknesses, we successfully construct and test a micro-mirror sensor that can detect hydrogen over at least 5

orders of magnitude in hydrogen concentration without any hysteresis.

1. Introduction

Hydrogen sensors are likely to increase in importance as the use of
hydrogen as an energy carrier is expected to increase, in light of the
transition to a carbon-negative society. At present, hydrogen sensors
are predominantly used for safety applications, i.e. to detect leaks, as
mixtures of hydrogen and air are flammable or even explosive when
the hydrogen concentration exceeds 4% in air. These sensors mainly
rely on catalytic combustion or thermal conductivity sensors [1,2].
Compared to conventional hydrogen sensors, optical hydrogen sensors
have the advantages that they feature a large hydrogen sensing range
down to the p.p.m. or even the p.p.b. level [3-5] that is completely
reversible and free of hysteresis. Apart from that, optical hydrogen
sensors do not require the presence of oxygen and are intrinsically
safe as no currents near the sensing area are used [1,6-13]. For these
reasons, such sensors can, besides leak detection for safety purposes,
also be used for performance optimization in hydrogen fuel cells and
electrolyzers or discovering the tiniest leaks that may not cause safety
problems but are relevant in light of efficiency or to mitigate climate
effects as the presence of hydrogen itself indirectly contributes to the
greenhouse effect [14-20].
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Optical hydrogen sensors rely on a hydrogen sensing material that
partly and gradually absorbs hydrogen when the material is exposed
to a hydrogen containing environment. In turn, the absorption of hy-
drogen results in a change of the optical properties of the material. By
probing e.g. these changes by measuring the transmission, reflectivity
or (localized) surface plasmon resonances, one can thus probe the
hydrogen concentration. As a hydrogen sensing material, palladium
and its alloys are often used which is attractive as it can generate
an optical contrast and catalyze both the dissociation of molecular
hydrogen into atomic hydrogen that is necessary for the hydrogen be
absorbed by the material [7,9-11,13,21-23]. However, palladium itself
features only a modest sensing range with strong hysteresis as well
as sluggish response times and poor long term stability. As such, it
is often alloyed with elements including Au to reduce/eliminate the
hysteresis arising from a first-order phase transition upon hydrogen
sorption. Alloying typically also improves the response time, stability
and limit-of-detection of the sensor. However, it also drastically lowers
the optical response and thus the sensitivity of the sensor [3,5,24-33].

Differently, one can separate the hydrogen sensing and dissocia-
tion functionality and use a tantalum-based hydrogen sensor [4,34-
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Splitter

Fig. 1. Schematic representation of a micro-mirror sensor. In such a sensor, light is
coupled into the fiber and reflected by the sensing stack on tip of the fiber. The reflected
light is subsequently detected by a detector such as a CCD or photodiode. The sensing
stack consists out of a Ti adhesion layer, a d,,,, thick Ta,ggPd, ;, sensing layer, a d,,,
thick Pd,¢Au,, capping layer to promote the dissociation of molecular into atomic
hydrogen and provide protection against oxidation and a PTFE polymeric protective
layer. When hydrogen is present in the proximity of the fiber tip, the sensing layer
absorbs hydrogen, changing its optical properties, and thus changing the intensity of
the detected reflected light.

sens.

38]. In such a sensor, a tantalum-alloy generates the optical con-
trast while a suitable capping layer, often a palladium alloy, is used
to promote hydrogen dissociation [39]. Such a sensor features an
enormous sensing range of over 7 orders of magnitude in hydrogen
pressure/concentration that is completely reversible and free of any
hysteresis. However, while multiple tantalum-alloys have been con-
sidered so far, all these studies where based on optical transmission
measurements. For a fiber-based sensor, which are advantageous due
their small size, possibility to separate readout and sensing area, and
ease of integration, one has several options such as a fiber-Bragg
grating, surface-plasmon resonance sensor or a micro-mirror sensor. Of
these configurations, the micro-mirror sensor is the most simple one. In
this configuration, the sensing stack is applied on the tip of an optical
fiber [11,13,22,40]. As illustrated in Fig. 1 light, which is coupled into
the fiber is partly reflected by this sensing stack. Subsequently, the light
passes back through the fiber and a beam splitter and its intensity is
detected. Upon exposure to hydrogen, the reflectivity of the sensing
stack changes and as a result a different intensity is detected.

The purpose of this paper is to realize a micro-mirror optical hy-
drogen sensor with a tantalum-palladium alloy as active hydrogen
sensing material. In this sensor, we use at least three layers: (i) a 4 nm
Ti layer to promote adhesion and the growth of the a-TayggPdg 1o
phase, (ii) a Tay ggPdg 15 sensing layer to generate an optical contrast.
From all Ta-alloys, a TagggPdj 1, with thickness d,,, is selected as
optical transmission measurements indicate that it is a material that
has large sensing range of 7 orders of magnitude in partial hydrogen
pressure/concentration, while fewer hydrogen molecules need to be
dissociated and transported than for e.g. Ta. (iii) We use a d,,, thick
Pd, ¢Au, 4 as capping layer to prevent oxidation and promote the hy-
drogen dissociation. Pd gAuy 4 is selected as previous research shows
that it does not generate a hysteric optical response to hydrogen such
as for more palladium-rich Pd-alloys [39]. A polymeric layer is used as
a fourth optional layer to protect the capping layer from poisoning by
chemical species such as CO, H,S and NO,, as well as further promoting
the hydrogenation kinetics [3,41,42].

The structure of this paper is as follows. First, we describe the
contributions of the various layers to the signal. Second, we perform
measurements on quartz substrates in reflection to obtain information
on wavelength, capping- and sensing layer thickness dependence of the
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optical contrast upon exposure of various stack configurations. Third,
we use the reflectivity measurements on the different sample stacks to
model the optical response. Finally, we present measurements of micro-
mirror hydrogen sensor realized by depositions on the tip of an optical
fiber.

2. Experimental
2.1. Sample fabrication

All layers are created by magnetron sputtering, a technique that
allows the coating of a substrate or fiber with a material by the
deposition of atoms of a target material at a constant rate. Depositions
have been performed both on fused quartz substrates and the tip of
optical fibers. As substrates, we used 10 x 10 x 0.5 mm? in size,
with a surface roughness < 0.4 nm (Mateck GmbH, Jiilich, Germany).
For the fibers, multimode glass fibers with a diameter of 200 pm and
a numerical aperture of 0.48 (Thorlabs, Inc., Newton, New Jersey,
United States of America) have been used. To perform deposition on
the tip of an optical fiber, a special sample holder was used. Before
the deposition, the fiber coating is removed with a fiber stripping tool
(Thorlabs, Inc., Newton, New Jersey, United States of America) after
which the fiber is thoroughly cleaned with isopropanol to remove any
residual coating material. The fibers are cleaved with a diamond-tipped
cleaving instrument (Vytran, LDC-200) perpendicular to the length of
the fiber to achieve a flat deposition surface.

The metallic adhesion, sensing and catalyst layers of our samples
are synthesized with direct current magnetron sputtering. This sputter
process is performed in 0.3 Pa of Argon and inside an AJA Int. ultrahigh
vacuum chamber with a base pressure of 1076 Pa. The metallic targets
(5.08 mm (2 inch) and a purity of at least 99.9%, Mateck GmbH,
Jiilich, Germany) are all pre-sputtered for approximately 5 min with
the exception of Ta, which is pre-sputtered for 60 min to eliminate any
possible contamination of nitrides and oxide layers on the surface of
the target material. Different from the other layers, an optional PTFE
layer is deposited on top of the metallic layers with radio-frequency
magnetron sputtering in 0.5 Pa of Ar. Additionally, the substrates
are rotated during the exposure to enhance the homogeneity of the
deposited layers. The deposition rates of the metallic materials 0.05 nm
s~1 (100 W DC) for Ti. Unless stated differently, the thickness of this Ti
layer that promotes the growth of the body centered cubic a-Ta phase
is 4 nm [43]. The TagggPdy 1, layer is prepared by co-deposition of
Ta and Pd at 151 and 7 W DC, respectively, with a typical deposition
rate of 0.24 nm s~!. Similarly, the Pd, ¢Aug 4 layer was deposited by
co-deposition of Pd and Au at 34 and 19 W DC, respectively, with a
typical deposition rate of 0.21 nm s~!. The desired layer thickness of
the materials is obtained by a certain exposure time of the substrate to
the plasma environment. The sputter rates are determined with tooling
samples by sputtering each material independently over a specific time
interval at fixed power, after which the thickness of the tooling samples
is approximated with X-ray reflectometry measurements. Division of
the layer thickness and sputter time will compute the sputter rate
per material as result. We note that for practical reasons we used a
Pdg g0Aug 35CUg g5 catalyst layer for samples with a 80 nm sensing
layer. This we deposited using a custom-made Pd ¢,Aug 35Cug o5 target
at 50 W DC corresponding to 0.20 nm s~'. We expect no significant
variation in the optical contrast because of this difference in the catalyst
layer with Cu doping as the hydrogen solubility of the Cu doped
capping layer is roughly the same as Pd,¢Au,,4 [4] and the optical
constants should be roughly the same according to Shiraishi et al. [44].

Before the optical measurements, the samples are subjected to three
cycles of 100% hydrogen with a minimum pressure of Py, = 10° Pa
at T = 19.5 °C. This process is not uncommon for metal hydrides. In
general, a few cycles of initial exposure to hydrogen is necessary for the
thin film micro-structure to settle. The initial rearrangement of atoms
could also cause hysteresis in the first few cycles. Reproducible results
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Fig. 2. Schematic representation of the Flow-Setup and sensing stack configuration. The gas chamber is connected to three flow controllers. The desired concentration in the
chamber can be achieved by setting the flow of different hydrogen and Ar gas mixtures. The sample is probed with light that is focused on the sample by a lens, after which it is
coupled into another optical fiber connected to a spectrometer. Reflection measurements are performed at 30° whereas transmission utilizes a perpendicular beam to the sample.

of the hydrogenation kinetics and optical contrast is achieved after the
second cycle of hydrogen exposure. To fully unload the samples, they
are subjected for at least two days to a 20% oxygen-rich environment
and pressure exceeding 1 bar to extract all hydrogen atoms from the
layer.

2.2. Structural measurements

To characterize the crystal structure and thickness of the layers con-
stituting the sensing stack, we use X-ray diffraction and reflectometry
measurements on the as-prepared samples. All X-ray measurements are
done with a Bruker D8 Discover diffractometer equipped with a Cu tube
(4 =0.1542 nm) operating at 40 kV, 40 mA and a LYNXEYE XE detector
operated in 0D high count rate mode.

To identify the phases and potential contamination of the deposited
samples on the substrates we use the Bragg-Brentano geometry for
XRD measurements. Samples are placed on a zero diffraction wafer to
minimize background scattering. Measurements were performed with
a Gobel mirror and a 0.6 mm exit slit on the primary side and two
0.6 mm slits on the secondary side. Exemplary XRD data is displayed
in Fig. S3.

To obtain the as-prepared thicknesses of the various layers, we
performed X-ray reflectometry measurements. They were performed
with a Gobel mirror and a 0.1 mm slit on the primary side and two
0.1 mm slits on the secondary side. The data is subsequently fitted
in GenX 3 [45,46], to obtain estimates of the layer thickness, surface
roughness and density of the layers. Exemplary XRR data is displayed
in Fig. S2.

2.3. Optical measurements

A flow setup was designed for the optical response measurements
at room temperature (T = 19.5 + 0.5 °C) and atmospheric pressure.
A schematic representation of the setup is given in Fig. 2. The setup
allows for both reflective and transmission measurements such that
the different optical responses can be compared. The flow chamber
is connected to three flow controllers with a flow of 0-100 s.c.c.m.,
0-200 s.c.c.m. and 0-250 s.c.c.m. (Thermal Mass GF Series, Brooks
Instrument, Hatfield, PA, United States of America) that determine the
flow of the connected gas. To archive different hydrogen concentrations
inside the chamber, we use gas mixtures of 0.1% H, and 4% H, in Ar-
gon (Acy,/cyy < 2%, Linde Gas Benelux BV, Dieren, the Netherlands)
and 100% H, gas combined with 100% Ar gas from the gas network
(5N purity). The flow of individual controllers can be adjusted with a
National Instruments LABVIEW code to achieve the desired hydrogen

concentration in the chamber. This setup allows for a minimum hy-
drogen concentration of 0.0004% H, Hydrogen in Ar, up to 100% H,.
As all the measurements are performed at atmospheric pressure this
corresponds to a partial hydrogen pressure range of 0.4 - 10° Pa. During
measurements, a continuous flow is kept at 100-250 s.c.c.m.. We note
that the sensor also works in vacuum and (synthetic) air-hydrogen
mixtures.

Light is generated by an Ocean Optics HL-2000-FSHA halogen light
source (Ocean Insights, Orlando, FL, United States of America), this
creates a spectrum ranging from 300-1200 nm that can be found in
Fig. S1. The light source is connected to optical fibers with diameters
ranging from 50 to 600 pm. Intensity of the light from the fiber can be
adjusted with a Thorlabs Cage System Iris Diaphragm with a diameter
of 0.8-20 mm (Thorlabs, Inc, Newton, New Jersey, United States of
America), after which it is focused on the sample with lenses. The
reflected or transmitted light is coupled into another optical fiber con-
nected to an Ocean Insight Maya2000 Pro Series Spectrometer (Ocean
Insights, Orlando, FL, United States of America). The frequency for
which the spectra are sampled ranges from 1 Hz to 0.1 Hz. During
processing of the data, we corrected the output from the spectrometer
by subtracting the background signal of the spectrometer obtained from
a measurement with the shutter closed (‘dark’ measurement).

For the reflective measurements, the light source and spectrometer
are positioned at a 30° angle such that measurements are minimally
dependent on the angle of the incoming light with the size of the
setup in mind. The optomechanical components used in the setup
are provided by Thorlabs (Thorlabs, Inc, Newton, New Jersey, United
States of America). For the absolute optical reflectivity an Ocean Optics
PTEFE fiber optic integrating sphere with a Lambertian surface was used
(>98% reflectivity).

We designed the flow chamber with fiber adapters such that we
can measure the performance of the optical fiber samples in the same
set-up. Fibers are secured with an epoxy resin (Torr Seal epoxy resin)
in the fiber connectors to ensure a leak-tight connection. A beam
splitter with a core diameter 200 pm (Ocean Optics QBif200-vis-BX)
is connected to the light source, and the reflected signal is measured
by the spectrometer as depicted in Fig. 3.

The absolute optical transmission has been measured using an
Ocean Optics DH-2000BAL deuterium-halogen light source, and an
HR4000 Ocean Optics Si-based array spectrometer in a fiber optic
setup.

2.4. Model

The experimental data is modeled using the model described in
Sections 3.1 and 3.3 with a home written Python code. The model is
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Fig. 3. Schematic representation of the flow-setup with fiber adapter. The sensing layer on the tip surface is probed with the same light source as in Fig. 2 after traveling through

the beam splitter device and reaching the spectrometer.
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Fig. 4. Schematic representation of the light propagation and corresponding reflection
and transmission signal of the hydrogen sensing system at the various layers.

fit to the data to obtain estimates of the attenuation, amplification and
reflection coefficients as a function of wavelength and partial hydrogen
pressure. To do this, we define a loss function that returns the squared
difference between the modeled value and the experimental of all the
individual data points with different sensing and cap layer thickness to
the experimental data (either the optical transmission or reflection) to
the theoretical model as follows:

min

cap-Ksens-Kcap-Asens

R R

5
sub>Riens»

@
2
Z Z [MOdel(L PHZ’ dsens’ dcap) — Exp.(4, PHZ’ dsens’ dcap)]

dyens dcap

The minimization problem requires an initial guess, where we provide
the theoretical reflections of the materials without hydrogen according
to Fresnel’s law and initial guesses for other parameters according to
experimental findings. To ensure robust results, we iterate the loss
function over a large extend of other possible combinations of initial
guesses for unknown parameters and set bounds for the theoretical
minimum and maximum values parameters.

3. Results
3.1. Sensing stack geometry

Before we present the results of the optical measurements, we
refer to Fig. 4 for a description of the reflected signal in the system.
Neglecting secondary reflections, the total signal of our samples is
mainly governed by three reflections: (i) the initial reflection on the
substrate and adhesion later, (ii) the reflection from the sensing layer
and (iii) reflection from the catalyst layer. In the absence of fluores-
cence and interference (d <« ), the incident light flux propagating
upon and through an absorbing material i is described by the reflection,
absorption and transmission. We find that we can approximate the light
intensity in a layer of our extremely thin metal-hydride film system by
a series of mathematical expressions. We refer to a later section for the
derivation of these expressions.

* Reflection (R}, ;, z): The intensity of the reflection upon an ab-
sorbing media can be described by its intrinsic reflectance R} (n;,
k;, 0) which can be determined by Fresnel’s equations. However,
it turns out that in a extremely thin film system, the reflection
intensity is also determined by the path length (z) of the light,
which is directly related to the thickness of the material. Based on
experimental findings and a previous study [47], to describe this
phenomenologically, we propose that this thickness dependence
follows an exponential increasing function (1 — exp™*i?), where
k; is an amplification coefficient that governs the shape of the
function.

Absorption (¢;, z): Absorption in an absorbing medium is de-
scribed by the absorptivity, in this case governed by the absorp-
tion coefficient a(k, 1) and the path length traveled.
Transmittance: The portion of light that is not reflected or ab-
sorbed is transmitted and is described by T = @ where [ is the
intensity of the light. The transmittance can be Uapproximated by
Lambert’s law T = (1 — R)e~** where we account for reflection
losses by subtracting it from the incident flux.

An incident light flux is first reflected by the substrate and adhesion
layer. When it reaches the sensing layer, it can either be absorbed
(ayens) or reflected (R%,, , k,,), where the reflected light from the
sensing layer contributes the total reflected intensity. When it has
passed through the sensing layer, a portion of the light will be reflected
from the catalyst layer (R’ ,, k). After which it has to pass through
the sensing layer again to contribute to the total reflected intensity
and is thus attenuated twice in the sensing layer. The final portion
of the transmitted light will reach the catalyst-air interface, where we
can calculate the reflection according to the Fresnel equations without
the complex refraction coefficient, as air is a non-absorbing medium.
Based on data from Ref. [30], we compute that for Pd, gAuy 4 in contact
with air, the reflected intensity will be well below 0.1% for light in the
visible wavelength range. Therefore, we thus assume total transmission
through the catalyst - air interface. As a result, the intensity of the
reflected light depends on the following parameters; R, , R’ , Koo
K.q and ag,, . This raises the question which of the parameters changes
upon absorption of hydrogen in the sensing layer and, in turn, in what
magnitude the evolution of these parameters influences the optical
contrast R%. To approximate the change in the individual parameters
upon hydrogen absorption, a model is created to which we fit the
experimental data. Results thereof are presented in Section 3.3.

3.2. Substrate measurements

First we will discuss the change of the reflectivity obtained for
various sensing stack configurations by variation of the sensing- and
catalyst layer thicknesses (d,,,,, d.,;) and the dependence on the wave-
length 4. To this end, Figs. 5(a)-(c) and (d)-(f) depict the relative
change of the reflectivity as a function of wavelength when a hydrogen
concentration step is performed from Cp, = 0% to 0.016% and Cy;,
= 0.016% to 4%, respectively. In the figure, we display the optical
contrast for various thicknesses of the sensing and catalyst layer. These
two hydrogen concentrations steps are chosen as the first step shows
the optical contrast at very low hydrogen concentration that are partic-
ularly relevant for determining small hydrogen leaks, while the second
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Fig. 5. Spectroscopic optical response of 12 different samples with various sensing stack dimensions upon a hydrogen concentration step of (a)-(c) Cy, = 0% to 0.016% and
(d)-(f) Cy, = 0.016% to 4%, the color of the data represents distinct sensing layer thicknesses. The sensing layer consists of Ta,ggPd, 15, the catalyst layer is Pd,goAug 49 With a
30 nm PTFE polymer coating, with the exception of the samples with 80 nm sensing layer, which have a Pd,4,Au,.35Cu o5 catalyst layer and no polymer coating.

one is up to the limit of the explosive range of hydrogen of 4% in air.
The absolute reflectivity and transmission of selected hydrogen sensing
stacks can be found in Figure S4.

We can deduce four general trends in Fig. 5. First, we find that the
reflectivity for all sensing stack configurations with d,,,, > 0 display a
non-monotonous behavior of the reflectivity with wavelength. For blue
(450-500 nm) and green light (500-560 nm), the reflectivity increases
when the hydrogen concentration is increased, whereas a profound
decrease is observed for infrared light (4 > 750 nm). It indicates that
the optical parameters are strong functions of the wavelength. This is
strikingly different from when only a Pd, gAu 4 layer is used (i.e. d,,,
= 0) for which almost no wavelength dependence is observed. It high-
lights the complex response of TagggPd, 15, Which can be beneficial
when using multiple wavelengths to produce a hydrogen sensors.

Second, the wavelength-dependence of the change in reflectivity
indicates that there are two wavelength regimes particularly attractive
when using Tag ggPd, 1, as a sensing layer for an optical hydrogen sen-
sor in reflection. Indeed, the optical contrast, defined as the magnitude
of the relative change of the reflectivity upon exposure to hydrogen, is
relatively large around A = 500 nm (green light) and for 4 > 800 nm,
i.e. infrared light. Although infrared light seems to provide the largest
amount of contrast, we will not disregard the optical contrast in the
visible light range. Choosing the wavelength around 4 = 500 nm may be
better suited when designing a hydrogen sensing system, as components
may be cheaper and better suited for visible light compared to infrared
or as measuring multiple wavelengths could be beneficial for sensing
applications [48].
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Fig. 6. Maximum optical contrast as a function of sensing layer thickness for samples with different capping layer thicknesses for two wavelength ranges subject to a hydrogen
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Third, we find that the samples without a sensing layer do not
provide any contrast in the low hydrogen concentration regime. In
comparison, it does provide contrast in the high-concentration regime.
The root cause of this is that the hydrogen solubility at low hydrogen
concentrations of the catalyst layer is significantly smaller than that of
the sensing layer and only begins to absorb a noteworthy amount of
hydrogen around Py, ~ 1000 Pa (Cy, =~ 1%) [27,29,38]. Correspond-
ingly, for the step from Cp, = 0.016% to 4%, we observe a decrease in
the reflection intensity of the catalyst layer and the material becomes
more transparent.

Most important of all, the layer dimensions have a considerable
influence on the optical contrast of our system. Especially the catalyst
layer thickness has a profound impact on the optical contrast for small
sensing layer thicknesses as illustrated in Fig. S5. This is even the case
for the step of Cp, = 0% to 0.016% where the catalyst layer itself does
not absorb any hydrogen.

3.2.1. Sensing stack thickness

Following the pronounced influence of the layer thicknesses on
the optical contrast, we want to select a combination of the sensing
layer and catalyst layer thickness that provides that largest contrast. In
addition to the optical considerations, we have the following design
considerations with regard to the layer thicknesses: (i) the capping
layer thickness should be d.,, 2 5 nm to ensure a coherent layer that
fully covers the surface of the TajggPd, 15 sensing layer and (ii) the

sensing layers should be as thin as possible such that the least amount
of hydrogen needs to be dissociated and transported. Especially the
absolute amount of hydrogen that needs to be dissociated is important,
as this is determined to be the rate-limiting step [39] (see, e.g., Ref. [4]
for response time measurements on the same material stack). (iii) When
possible, a thinner capping layer is preferred as it saves material costs
and deposition time while also the diffusion length is shorter (although
this is not rate limiting).

To study the layer thickness dependence of the optical contrast in
reflection, Figs. 6 and 7 display the maximum optical contrast of all
sensing stack configurations for both visible light (4 = 400-600 nm)
and infrared light (4 = 800-1000 nm) for a hydrogen concentration step
of 0% to 0.016% and 0.016% to 4%, respectively. The choice to study
both wavelength regimes separately is based on Fig. 5 where we found
that both regimes provide opposite and substantial optical responses to
hydrogen. Both regimes can thus be beneficial to construct a hydrogen
sensor.

Figs. 6(a) and 7(a) show that the catalyst layer significantly influ-
ences the optical contrast in the visible light regime. Most remarkable,
the samples with a 10 and 20 nm sensing layer combined with a 5 nm
catalyst layer provide more optical contrast than the thicker 40 nm
sample in both regimes. The larger response of the 10 and 20 nm
sensing layers compared to the 40 nm sensing layer is at first glance
non-intuitive. We would expect a more prominent contrast of thicker
sensing layers, just as with samples measured in transmission. As we
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will see later by modeling the response, this phenomenon is attributed
to an increase of the k,,,, parameter upon hydrogen loading of the
sensing layer in the visible light. However, the change in this parameter
only significantly affects thin sensing layer dimensions. For a sensing
layer with a thickness of 40 nm or larger, the contrast is almost only
generated by the change in intrinsic reflectance R}, .

Differently, the influence of the change in «,,,, upon hydrogen
loading is not seen in the samples with 10 nm and 30 nm catalyst
layers because the larger reflection from the catalyst layer counters
its contribution to the contrast. These results imply that we can tune
both the sensing and catalyst layer dimensions to optimize the optical
contrast. The contrast values in the visible light of all samples with
varying catalyst layers converge at a sensing layer of 40 nm or larger.
This phenomenon can be clarified because most transmitted light is
already attenuated (either reflected or absorbed) when it reaches the
catalyst layer for samples with d,,,,, > 40 nm. As such, the catalyst
does not influence the response.

Furthermore, from Figs. 6 and 7 we observe that the optimal layer
thicknesses when using visible light are the same for the two hydrogen
concentration steps considered (d,,,, = 20 nm, d.,, = 5 nm). For the
infrared regime, multiple options are possible. A configuration with
a thick sensing layer d,,, ¥ 80 nm provides a large optical contrast,
irrespective of the capping layer thickness. However, such a thick
sensing layer would result in relatively long response times. Differently,
= 20 nm, d,,, = 30 nm also provides a good response, but with a
four times thinner sensing layer and thus a response time that is about
4 times shorter.

sens

dsenx

3.2.2. Full range

To characterize the sensing response across an even wider hydrogen
concentration range, the samples are subject to a hydrogen concen-
tration range of 0.0004 < Cp, < 100%. At atmospheric pressure,
this results in a partial hydrogen pressure range of 0.4 < Py, <
10° Pa. To get the optical reflectivity changes as a function of the
concentrate range, we stepwise increased and decreased the hydrogen
concentration. An example of this data, confirming that the response
is free of any hysteresis, can be found in Fig. S6. On the basis of
this data, we determine the pressure optical-transmission isotherm
(PTI) or pressure optical-reflection isotherm (PRI) by taking the optical
transmission/reflection in thermodynamic equilibrium at a specific
partial hydrogen pressure/concentration. The resulting PRIs/PTIs thus
provides the change in optical contrast as a function of partial hydrogen
pressure at a particular temperature.

Figs. 8 and 9 provides the PRI/PTI diagrams at different wave-
lengths for samples with a 20 nm TagggPdg 15 sensing layer and a
PdycAug 4 catalyst layer with d.,, = 5, 10 and 30 nm. With the
PRIs/PTIs we can distinguish if the optical contrast changes monotoni-
cally with increasing hydrogen pressure. This is essential for hydrogen
sensors; if this is not the case, a sensor readout can correspond to two
(or more) different hydrogen pressures and the hydrogen pressure can
thus not be uniquely defined.

Starting with the PRIs of the sample with a 5 nm catalyst layer in
reflection (Fig. 8), we observe an almost linear monotonic increase of
the reflection of the 4 = 400-700 nm light with increasing hydrogen
pressure across the entire measured pressure range. The highest sensi-
tivity can be obtained by measuring the yellow 4 = 600 nm light as it
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has the largest monotonic change in reflected intensity with increasing
hydrogen pressure.

For infrared light, a non-monotonic relationship between hydrogen
pressure and reflected intensity is apparent making the sample with
a 5 nm catalyst layer unsuitable for hydrogen sensing. Luckily, this
behavior is not seen in the measurements of the 10 nm and 30 nm cat-
alyst layer samples. It implies that the reflection from the catalyst layer
is a key parameter that governs the optical response of infrared light.
When the reflection from the catalyst layer decreases, it induces a non-
monotonic relation of the optical contrast against hydrogen pressure for
infrared light. This displays the delicate balance in the changing optical
parameters upon hydrogen absorption and their ability to counter each
other.

The 30 nm catalyst layer sample displays the largest change in
reflected intensity for infrared light in combination with a monotonic
decrease in intensity as hydrogen pressure increases across the entire
investigated sensing range. Taken together, the largest sensitivity for a
20 nm sensing layer with a non-monotonic increase can be obtained for
infrared light with a 30 nm capping layer and for visible light with a
5 nm capping layer.

3.3. Modeling the response

So far, we have seen that the sensing and capping layer thicknesses
as well as the wavelength have a profound effect on the direction
and magnitude of the optical reflectivity changes. To enhance our
understanding, we aim to model these optical changes that can help
us to further improve the contrast.

As a first step, we consider the reflection and transmission of
an unloaded sensing and catalyst layer deposited on a substrate for
various layer thicknesses and wavelengths. These results, displayed in
Fig. 10, show for both the reflection and transmission a profound layer
thickness dependence. This is expected for the optical transmission,
as, according to Lambert’s Law, the transmission has an exponential
relationship with the thickness d according to T = exp™#“. However, it
is less trivial for the reflectance. Indeed, in the framework of Fresnel’s
equations no thickness dependence is incorporated for the reflectance
(Fig. S7). Here, however, we also find an exponential relationship
according to R = 1 —exp™*%, where « is an amplification coefficient. We
note that similar observations have been made for sputtered Ag films
[47]. In addition, we note that for metallic thin films, the reflection
may contribute significantly to the loss in transmission of a material.

Following these observations, we modify Fresnel laws with our
empirical observations and model the reflection and transmission of
light incident on a metal thin film consisting of material i as:

R = R} (n;(x, 1), k;(x, 1), 0)(1 — exp [~k;(4, x)z]), 2)

T =1 - R)exp[—a;(4,x)z]

= (1 = R (n;(x, A), k;(x, 1), 0) + R} (n;(x, A), k;(x, A), 0) exp [—k;(4, x)z])
exp [—a;(4,x)z] (3)

~ exp [—(a;(4, x) + k;(4, x))z]

= exp [—p;(4, x)z],

where we define the attenuation coefficient y as the combination of the
absorption and amplification coefficient (a(k, A) + ;). This is essentially
Lambert’s law for materials with high intrinsic reflectivity (R* close to
1) that also accounts for light attenuation by reflection. The values for
x and yp obtained by fitting the data in Fig. 10 can be found in Table
S1.

3.3.1. Modeling the transmission data

Before we analyze the reflection data, we first analyze the trans-
mission data and see if it obeys the relation derived in Eq. (3). The
experimental contrast data presented in Fig. 9 reveal that the optical
contrast provides two maxima at A = 500 and 1000 nm. As such, we
select these wavelengths for our analysis.

To characterize the optical contrast in transmission upon exposure
to hydrogen, we will fit the optical contrast T /T, for different sensing
layer thicknesses d,, to:

T expl=p(x, D]
T, expl—u(x =0, D)d,p] 4
= exp[—Au(D)d el

where x is the hydrogen-to-metal ratio of the layer (i.e. x in Taggg
Pd, ,,H,) that depends on the hydrogen concentration/partial hydro-
gen pressure. Fig. 11 presents the results and shows that the model
provides a good description of the data and indicates a substantial
increase of y with increasing x/Cy, for 4 = 500 nm. Differently, u
decreases substantially with increasing x/Cy, for 4 = 1000 nm.

3.3.2. Modeling the reflection data
Modeling the reflection data is more complicated than modeling

the transmission data as multiple reflections (and transmissions) can
contribute to the reflected signal from the sensing stack. To model the
contrast, we consider the reflection by the substrate/adhesion layer, the
reflection of the sensing layer, the transmission of the sensing layer and
the reflection of the capping layer. For the optical contrast in reflection,
R%, this results in the following expression:

R p—

R_o =
Rsub/ad + (1 - Rsub/ad)RsensA,x + (l - Rsub/ad)Tians,chap (5)
R.wh/ad +1- R.wh/ad )Rsenx,() +1- quh/ad)Ti,,,S,oRcap

where the reflection and transmission in layer with material i are;

R = Ri(n;(x, 2), k;(x, 1), 0)(1 — e (D) (6)
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based on fitting the data of Fig. 12 with parameters presented in 1.

given in Table 1.

=(1- k. —a;(k;, A)d; . L
T'={ =R, k;,0,2))e @ The presented model can accurately describe the qualitative evo-
and we assume: lution of the contrast with different layer thicknesses. Furthermore,

the change of the values upon hydrogen absorption seem reasonable;

the intrinsic reflectance of the unloaded sensing layer for A = 500 nm
has even exactly the same value when we measured the reflectance
of a 100 nm thick unloaded Ta ggPdy 15 sensing layer (R;,,s s=100nm ~
0.52). In addition, when applying this model to other capping layer
thicknesses (5/30 nm) we get a reasonable qualitative description as
well (Fig. 13).

+ complete uniformity of the layers and no diffuse scattering,

» no interference influence on the reflected intensity,

+ no change in intrinsic reflection of the sensing - catalyst interface
upon hydrogen absorption of the sensing layer,

« catalyst layer does not absorb hydrogen,

+ optical constants do not depend on layer thickness, i.e. layer
thickness dependence is captured fully by «, Based on the model, we can derive four important conclusions.
First of all, both the absorption and amplification coefficients for 1 =
To evaluate if the model presented in Eq. (5) can accurately describe 1000 nm are significantly lower compared to that of green light, and

thus the light is less attenuated for IR light within the sensing layer
than for green light. This is consistent with the values that we found
for the unloaded samples (Fig. 10/Table S1) and also explains why the
optical contrast of IR light continues to increase when the sensing layer

the experimental results, the function is fitted to the contrast data
points for the samples with a 10 nm catalyst layer, for both 4 = 500
and 1000 nm, and for three distinct hydrogen concentration steps. The
results are presented in Fig. 12(a) and (b) with the fitted parameters
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Table 1
Fitted parameters of the optical contrast from Ta,ggPd,;, sensing layers with 10 nm catalyst layer to the model as presented in Eq. (5).
Ch, 4 =500 nm 4 = 1000 nm
Ry R Ry K K G Ry Ry Ry K Kew  aens
Unloaded 0.203 0.523 0.700 0.136 0.088 0.032 0.208 0.558 0.768 0.0403 0.085 0.013
0.016% 0.203 0.552 0.700 0.179 0.088 0.059 0.208 0.457 0.768 0.051 0.085 0.025
0.2% 0.203 0.557 0.700 0.191 0.088 0.070 0.208 0.445 0.768 0.051 0.085 0.026
4% 0.203 0.562 0.700 0.202 0.088 0.081 0.208 0.434 0.768 0.052 0.085 0.029
increases to d,,,, > 40 nm. this configuration provides the largest optical contrast for visible light.

sens

In addition, the larger attenuation coefficient for green light in the
sensing layer explains why the capping layer thickness has for larger
thicknesses of the sensing layer hardly an influence on the optical
contrast. For reasonably thick layers (d,,, = 40 nm) the green light
is simply already attenuated in the sensing layer before it can reach
the capping layer. Hence, this light is not reflected. The capping layer
has no influence on the optical contrast, it is solely determined by
the change of the reflection coefficient of the substrate/Tag ggPdg 12
interface. Owing to the lower attenuation coefficient of IR light, the
capping layer thickness continues to substantially influence the optical
contrast at A = 1000 nm for d,,, < 80 nm.

Furthermore, we observe that the non-monotonic dependence of the
optical contrast with sensing layer thickness for 4 = 500 nm is the result
of three competing effects with different responses to hydrogen. For a
small thickness of the sensing layer, the changing transmission with
increasing Cy, has a negative effect on R% as can be inferred from
the increase of aj,,, with increasing Cy,. Differently, the sensing layer
becomes more reflective: both as a result of an increase of R},  and
as a result of an increased value of k. These effects counter each
other and explain why thicker capping layers in combination with d,,
= 10 nm result in a smaller contrast, as light attenuation within the
sensing layer plays a more important role. In other words, when using
a thin sensing layer, a significant portion of the light is reflected back
for thicker catalyst layers which (negatively) ‘contributes’ to the signal.

Moreover, as both R, =~ and kg,  change considerably upon hy-
drogen absorption, thin sensing layers can, in combination with thin
capping layers, result in a relatively large optical contrast. Indeed, for
thin layers, the reflection increases both as a result of an increase of
R%,, . and an increase of x,,,, while for much thicker sensing layers
the latter contribution is negligible. This is in fact very advantageous,
as it allows the construction of a very thin sensing stack with fast
responses as only small quantities of hydrogen need to be dissociated
at the surface of the catalyst.

Conductors reflect light well because the free electrons in the metal
surface can interact with the incoming light [49]. Therefore, the in-
crease of x with increasing hydrogen content in the sensing layer
may be explained due to the increase in free electron density in the
system upon hydrogen absorption. It is known that when a metal
hydride is formed, the H atom may donate an electron to the valence
band, increasing the effective free electron density in the material.
For example, in the solid solution a-Pd hydride, one hydrogen atom
effectively contributes 0.75 free electrons to the valence band [50,51].
In Tag ggPdg 12H, such an effect may also occur. Increasing the con-
ductivity of the material and limiting the penetration of light into the
material as it has more chance to interact with the free electrons in the
metal hydride, resulting in an increase in «. In future studies, it would
be interesting to perform an in-situ conductivity study of the sensing
layer as it absorbs hydrogen to further reinforce this hypothesis. The
findings can be related to models such as the Hagen-Rubens equation
that relates the reflection of light in the infrared spectrum to the
conductivity of a material [51].

3.4. Optical fibers
The next step is to deposit the layers on an optical fiber to realize the

micro-mirror sensor of Fig. 1. For this, we have selected the configura-
tion with a 20 nm Tag ggPd, ;5 and 5 nm Pd ¢oAug 4o capping layer as

10

To produce the micro-mirror sensor, we have stripped, cleaned and
cleaved the optical fiber to obtain a flat and clean tip of the fiber.
On this tip, we deposited the layers using magnetron sputtering (See
experimental section for more details). Next, we evaluated the quality
of the deposition using SEM and XRD measurements. The SEM images
of Fig. S10 reveal that the fiber tip is indeed coated completely with a
metallic coating. On the other hand, XRD measurements do not show
any indication of the (110) reflection of body centered cubic a-Ta.
This could be due because the material is not (i) textured, (ii) it is
amorphous, or (iii) it has the p-Ta tetragonal structure [43]. A fourth
possibility is that the signal from the tiny surface and thin layer is
simply too small to be detected. To obtain the desired (textured) a-Ta
phase we found that the thickness of the Ti adhesion layer on the fiber
should be increased from 4 to 10 nm.

Subsequently, we tested the performance of the fiber as a hydrogen
sensor. As illustrated in Fig. 1, the optical fiber on which the coating is
deposited is connected to a beam splitter. On one end of the splitter
light is coupled into the fiber, while on the side the light that was
reflected by the metal hydride coating is transported towards the spec-
trometer. Fig. 14 presents the optical measurements of the micro-mirror
sensor made out of the optical fiber with a 10 nm Ti adhesion layer,
20 nm Ta ggPd( 15, and 5 nm Pd, ggAuyg 49 capping layer as a function
of time for red light with 4 = 700 nm. During this time, several steps
in hydrogen pressure were made, first increasing the partial hydrogen
pressure and subsequently decreasing the pressure. These steps are
clearly reflected in the reflectivity of the optical fiber, showing well-
defined and stable steps in the reflectivity. Furthermore, we see that
the steps are completely free of hysteresis.

Next, we summarize the optical response of the fiber for multi-
ple wavelengths across a wide range of partial hydrogen pressures/
concentrations in the PRI diagram of Fig. 15(a). As a comparison, the
figure also includes reflectivity measurements on substrate with the
same sensing and capping layer and with a 4 (Fig. 15b) and 10 nm
Ti adhesion layer (Fig. 15c).

We can deduce four main conclusions from Fig. 15. First of all, we
see that the micro-mirror fiber sensor provides a monotonous response
for wavelengths of 500 < 4 < 750 nm, thus including green and red
light. This provides, together with the hysteresis-free nature of the
sensor a direct relation between the optical response and the hydrogen
concentration. For these wavelengths, we thus demonstrate a sensing
range of 0.001% (10 ppm) < Cy, < 100% in an inert gas environment.
The lower limit here was merely limited by the set-up used, and
the limit-of-detection of the sensor is likely to be much lower than
10 ppm based on earlier studies of the sensing material [4]. Given that
the sensing material is the same as in Ref. [4], we expect that sub-
second response times are possible with the sensor. We did not test
this explicitly as the set-up was not optimized for such measurements
and would merely reflect the response time of the set-up.

Second, we observe that the response of the fiber is qualitatively
similar to that of the substrate with the same coating. Indeed, we
observe the monotonous response for the visible light range, while
a strong non-monotonous response is observed for IR light with a
wavelength of 950 and 1000 nm. This is an important result, as it
implies that the measurements on the substrates are representative for
the result on the optical fibers.
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Fig. 14. Changes of the reflected intensity of A = 700 nm light (binsize = 50 nm) of an optical fiber with a 10 nm Ti - 20 nm TagggPd,, - 5 nm Pd, oAy 4o coated on its tip
as a function of time during which the partial hydrogen concentration/pressure was varied stepwise as indicated in the figure for the pressure range of (a) P, = 1.6 10' to 4
10° Pa and (b) Py, = 4 10 to 10° Pa. The reflected intensity is normalized at the reflection of the lowest pressure point. The environment of the samples was at constant room
temperature and atmospheric pressure. The dotted lines serve as guides to the eyes and indicate the same level of optical reflectivity/partial hydrogen pressure.
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Fig. 15. PRI diagrams of the optical contrast in reflection for two sensing stack configurations at partial hydrogen pressures ranging from 0.4 Pa to 10° Pa measured at 1 bar at
room temperature, binned per 50 nm with regard to wavelength of the signal for (a) a micro-mirror fiber with a 10 nm Ti - 20 nm Tag ggPdy 1, - 5 nm Pd, 4oAu, 4o sensing stack
deposited on the tip of the optical fiber, (b) 10 nm Ti - 20 nm TayggPd 1, - 5 nm Pd yAu, 4o deposited on a substrate and (c¢) 4 nm Ti - 20 nm TagggPd, 15 - 5 nm Pd oAU 49

deposited on a substrate.

Third, we estimate the resolution of the sensor. Figure S8 depicts the
optical contrast of one particular hydrogen pressure step. It shows an
intensity change of 1.0033 upon a hydrogen pressure step from 100 Pa
to 256 Pa. To acquire the sensitivity across a larger range of hydrogen
pressures, we fit the data points of the PRI diagram of Fig. 15(a) up until
Py, = 1.5 10%, where the slope begins to drop slightly. This results in
a slope of 0.0043 that is relatively constant with hydrogen pressure.
The standard deviation of the signal is ¢ ~ 0.000042, which results
in a relative accuracy for which we can detect a hydrogen pressure of
APyy/ Pyy = ACy,/Crps ~ 0.010.

Fourth, by comparing the measurements of a 4 (Fig. 15b) and 10 nm
Ti adhesion layer (Fig. 15¢) we find that the thicker adhesion layer
results in a reduced optical contrast. We attribute this to the fact that
the thicker Ti adhesion layer results in a larger reflectivity of the layer.
As this reflectivity is largely unaffected by partial hydrogen pressure,
this overall results in a reduced optical contrast according to Eq. (5).
As such, to further improve the sensor one could investigate ways to
reduce the reflectivity of the fiber(substrate)/adhesion layer interface.
The model described in Section 3.3 shows that the potential is large:
when this reflection is completely eliminated it could increase the
sensitivity of the optical fiber by a factor 3 (Figure S9).

4. Conclusion

In conclusion, we have rationally developed a micro-mirror hy-
drogen sensor based on a tantalum-alloy as sensing layer. First, we
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studied the layer thickness dependence of the optical transmission and
reflectivity of Pd,¢Aug 4 capped TagggPdy 15 thin films deposited on
substrates. Modeling this result revealed that the reflected light signal
is a complex interplay of attenuation, reflection and amplification
coefficients of the Tag ggPd 1, sensing and Pdjg¢Au 4, capping layer.
These coefficients all depend on wavelength and hydrogen concentra-
tion/pressure, which adds to the complexity but also provides ample
design opportunities. We selected the optimal thicknesses of the layers
and fabricated an optical fiber sensor and demonstrate its performance
both for visible and near infrared light. This sensor provides hysteresis-
free hydrogen sensing across at least five orders of magnitude in
hydrogen concentration.
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