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ABSTRACT: This paper studies the structural and optical properties of tantalum—
iron-, tantalum—cobalt-, and tantalum—nickel-sputtered thin films both ex situ and
while being exposed to various hydrogen pressures/concentrations, with a focus on
optical hydrogen sensing applications. Optical hydrogen sensors require sensing

materials that absorb hydrogen when exposed to a hydrogen-containing Capping layer 5

environment. In turn, the absorption of hydrogen causes a change in the optical EEEHNYNINEELET 2

properties that can be used to create a sensor. Here, we take tantalum as a starting layer 2

material and alloy it with Fe, Co, or Ni with the aim to tune the optical hydrogen =

sensing properties. The rationale is that alloying with a smaller element would Transparent g

compress the unit cell, reduce the amount of hydrogen absorbed, and shift the Substrate S

pressure composition isotherm to higher pressures. X-ray diffraction shows that no : Partial Hydrogen Pressure
lattice compression is realized for the crystalline Ta body-centered cubic phase =]

when Ta is alloyed with Fe, Co, or Ni, but that phase segregation occurs where the

crystalline body-centered cubic phase coexists with another phase, as for example an X-ray amorphous one or fine-grained
intermetallic compounds. The fraction of this phase increases with increasing alloyant concentration up until the point that no more
body-centered cubic phase is observed for 20% alloyant concentration. Neutron reflectometry indicates only a limited reduction of
the hydrogen content with alloying. As such, the ability to tune the sensing performance of these materials by alloying with Fe, Co,
and/or Ni is relatively small and less effective than substitution with previously studied Pd or Ru, which do allow for a tuning of the
size of the unit cell, and consequently tunable hydrogen sensing properties. Despite this, optical transmission measurements show
that a reversible, stable, and hysteresis-free optical response to hydrogen is achieved over a wide range of hydrogen pressures/
concentrations for Ta—Fe, Ta—Co, or Ta—Ni alloys which would allow them to be used in optical hydrogen sensors.

1. INTRODUCTION hysteresis-free response. A hysteresis-free response is impor-
tant as it ensures that the sensor always gives the same
response irrespective of the hydrogen pressure/concentration
history to which the sensor has been exposed to. If the
hydrogen-to-metal ratio of the sensing material is different for
increasing and decreasing hydrogen pressures, such as when a
first-order phase transition occurs upon hydrogen absorption,
hysteresis will also be observed in the sensor’s output. As such,
one optical transmission value can then correspond to at least
two hydrogen concentrations, and the hydrogen concentration

Hydrogen sensors are pivotal in a future hydrogen economy, as
the use of hydrogen comes with safety hazards because
hydrogen—air mixtures can be flammable or even explosive.
On top of that hydrogen leaks should also be detected and
minimized as hydrogen has been identified as an indirect green
house gas.'~” Optical hydrogen sensors are particularly well-
suited to sense hydrogen as they have a large and reversible
hydrogen sensing range, can be made small and inexpensive,
and most of all do not require any electric currents near the
sensing area, making them inherently safe. At the heart of an
optical hydrogen sensor is an optical hydrogen sensing
material. When exposed to a hydrogen-containing environ-
ment, the optical hydrogen sensing material, typically a metal
hydride, absorbs hydrogen, in turn changing its optical
properties. These optical properties can then be probed by Received: July 29, 2024
e.g., measuring the optical reflectivity or transmission of the Revised:  August 26, 2024
material, which then is directly related to the hydrogen Accepted:  August 27, 2024
concentration around the sensor.”” " Published: September 26, 2024
The ideal optical hydrogen sensor material should feature a
large sensing range, high sensitivity, and a fast, reversible, and

cannot be uniquely determined. Therefore, to achieve a large
sensing range and hysteresis-free response, the optical
hydrogen sensing material should gradually absorb hydrogen
upon increasing partial hydrogen pressure/concentration

© 2024 The Authors. Published b
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without undergoing a phase transition upon hydrogen
absorption (i.e., a large-solid solution range of hydrogen and
the host metal). On top of that, plastic deformation, another
source of hysteresis, should also be minimized.>~"” Indeed, if
the material deforms plastically, additional mechanical work is
needed to accommodate the hydrogen, which shifts the
pressure/concentration at which hydrogen is absorbed to a
higher value than the pressure/concentration at which the
hydrogen is released. Furthermore, a fast response can be
achieved by selecting a material with high hydrogen diffusivity
as well as by reducing the total amount of hydrogen that is
absorbed.

In the literature, palladium and its alloyszo_30 have been
considered extensively as hydrogen sensing materials, as well as
hafnium-""** and magnesium-based alloys have also been
considered for switchable optical mirrors.”*~*® More recently,
tantalum-based hydrogen sensing materials have been
developed as hysteresis-free and versatile hydrogen sensing
materials.”’ ~*° When tantalum-based materials are combined
with a suitable capping layer that promotes hydrogen
dissociation and prevents oxidation,"" these materials provide
a sensing range of over 7 orders of magnitude in hydrogen
pressure/concentration that is free of any hysteresis. The
absence of hysteresis is due to the large solid solubility range of
hydrogen and tantalum. Whereas in bulk tantalum, a series of
phase transitions are observed when it absorbs hydrogen,"”
nanoconfinement in clamped thin films effectively suppresses
these phase transitions.*

Alloying is an effective way to tune the hydrogen sensing
properties of tantalum. It can shift the sensing range and
reduce the amount of hydrogen that is absorbed to reduce the
response times. Indeed, at room temperature tantalum already
absorbs significant amounts of hydrogen below the ppb
concentration level (~TaH,s) which is not relevant for most
applications but increases the response time. Indeed, the fact
that hydrogen is already absorbed at such low hydrogen
concentrations does not contribute to the sensitivity of the
hydrogen sensor in the concentration range that is important,
while it does result in a large amount of hydrogen that needs to
be dissociated and transported, slowing down kinetics and an
increased volumetric expansion when the material is exposed
to hydrogen, which ultimately may compromise the stability
and lifetime of the sensor. Therefore, it is beneficial to shift the
pressure range to higher hydrogen concentrations while
preserving the hysteresis-free and highly sensitive response of
tantalum.

So far, palladium and ruthenium have been considered
successful alloyants. These elements both crystallize in a cubic
structure and form a solid solution up to y = 0.12 for Pd and at
least y = 0.3 for Ru in thin film T211_),My.38’40 Importantly, both
palladium (0.015 nm®) and ruthenium (0.014 nm?®) have a
volume per atom substantially smaller than that of tantalum
(0.018 nm?). Alloying with a smaller unit cell than Ta results in
compressive strain, which in turn reduces the enthalpy of
hydrogenation, and thus reduces the amount of hydrogen
absorbed by the layer at low hydrogen pressures.”” Indeed, the
results show a shift of the pressure range to higher hydrogen
concentrations/pressures, while the enthalpy of hydrogenation
becomes less favorable.

To shift the pressure range, it might be more effective to use
elements with an even smaller volume per unit cell but with a
compatible crystal structure. In this light, iron, cobalt, and
nickel can be considered as attractive candidates: they have a

cubic unit cell with a substantially smaller volume per atom of
0.012, 0.011, and 0.011 nm* for Fe, Co, and Ni, respectively.
However, the concentration range over which a solid solution
is formed in the bulk is reported to be moderate: up to y = 0.1
(Fe), 02 (Co), and 0.2 (Ni) at high temperatures and
substantially smaller at lower temperatures and previously
studied Ru. Above these solubility limits, intermetallic
compounds may be formed.”* ™' However, these solubility
limits are in most cases estimated on the basis of
thermodynamic simulations, and experimental studies of the
Ta-rich alloys with Fe, Co, or Ni are rare. Furthermore, the
structure of sputtered thin films may deviate substantially from
the bulk, in part due to the high kinetic energy of the atoms
during the deposition (i.e., effectively a high temperature).

The purpose of this paper is to synthesize and study the
structural and optical transmission of 40 nm Ta—Fe, Ta—Co,
and Ta—Ni alloy thin films with 0.0 < y < 0.2 when exposed to
hydrogen to identify whether these materials are suitable for
optical hydrogen sensing applications. In particular, the
question is whether substitution of Ta by Fe, Co, and Ni
allows tuning of the sensing response. The Ta-based thin films
are capped with a 10 nm Pdj4Au,;5Cuggs capping layer to
prevent oxidation and promote the dissociation of hydrogen.*'
First, we show using X-ray diffraction that for Ta—Fe, Ta—Co,
and Ta—Ni, the films consist of at least two phases: one
crystalline @ Ta,_ M, phase and another phase, as for example
an X-ray amorphous one and/or fine-grained intermetallic
compounds, of which the fraction increases with increasing
concentration of the alloyant, until at y = 0.2 and no bcc phase
is observed. Neutron reflectometry indicates that for a given
hydrogen pressure/concentration alloying reduces the hydro-
gen concentration in the Ta,_M,H, layer and the layer
expansion, but limited to a much smaller extent than for, e.g,
doping by Ru. Optical measurements indicate a hysteresis-free
response for alloys across 7 orders of magnitude in hydrogen
pressure/concentration for all compounds with y < 0.15. As
such, while these alloys can be used for optical hydrogen
sensing, alloying tantalum with Fe, Co, or Ni provides less
flexibility to tune the hydrogen sensing properties than Pd or
Ru.

2. EXPERIMENTAL SECTION

2.1. Sample Fabrication. All samples consist of a 4 nm
titanium adhesion layer, a 40 nm Ta;_,M, (M = Fe, Co or Ni)
sensing layer, and a 10 nm capping layer made of
PdygAug;35Cuggs to catalyze the hydrogen dissociation and
recombination reaction and prevent the film from oxidation
(nominal thicknesses). The Ti layer functions also as a seed
layer to induce the bce @ phase.””>® A thickness of 40 nm is
chosen for the sensing layer, as it is thick enough to provide
sufficient optical contrast in transmission when it is exposed to
hydrogen but thin enough to have a sufficient absolute optical
transmission that can be detected. For the capping layer, 10
nm is chosen to ensure that we have a coherent layer, although
we note that this is also the case when we would have chosen a
S nm thick layer. These are also the same thicknesses as those
considered in our earlier works, which facilitates comparison.
The reason to select Pdy ¢Auy 35Cuy o5 instead of pure Pd is that
the introduction of gold into the capping layer accelerates the
hydrogen dissociation while Cu makes the alloy Iess
susceptible to CO poisoning.”**" These layers are deposited
on 10 X 10 mm” quartz substrates, which were used with a
thickness of 0.5 mm and surface roughness <0.4 nm (Mateck
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Figure 1. Ex situ X-ray diffraction (XRD) results of the 40 nm Ta,_/Fe, thin films with a 4 nm Ti adhesion layer capped with a 10 nm
Pd, ¢Auy 35Cuy s layer before exposure of the thin films to hydrogen and measured in air. (a) Diffraction patterns (Cu Ka, 4 = 0.1542 nm) of the
Ta,_,Fe, thin films. The continuous lines represent fits of two pseudo-Voigt functions to the experimental data accounting for the bec (110)
Ta,_,Fe, and fcc (111) PdgeAug35Cugs peaks. (b) Fe doping dependence of the d;;, spacing in Ta,_,Fe,. (c) Rocking curves of the Ta,_,Fe, thin
films around the bee Ta;_,Fe (110) peak. (d) Fe concentration dependence of the total intensity of the (110) diffraction peak in Ta,_,Fe,, in which
the effects of both the changing amplitude and width are incorporated. It is computed by multiplying the integrated intensity of the fitted (110)
Ta,_,Fe, peak by the fwhm of the rocking curve of (b). The intensity is subsequently scaled to the intensity of the Ta sample. The dashed line

indicates the theoretically expected Fe concentration dependence of the intensity according to eq 2.

GmbH, Jilich, Germany) for the X-ray diffraction, X-ray prevented by presputtering the Ta target for 60 min and stored

reflectometry, and optical measurements. Larger fused quartz in an Ar-filled glovebox.
substrates were used for the neutron reflectometry measure- X-ray diffraction (XRD) and reflectometry (XRR) was used
ments. These substrates have a diameter of 76.2 mm (3 in.) to verify the crystal structure and thicknesses of all samples
with a thickness of 3.0 mm, a surface roughness <0.5 nm and a (see below for experimental details). The analysis of the XRR
flatness of 2 A that is guaranteed over 85% of the central data reveals that the layer thickness deviates by no more than
surface. It implies that the maximum peak—valley distance on 5% or 1 nm, the density of the various layers is consistent with
the central surface is 2 X 633 nm ~1.3 ym (Coresix Precision the literature value for bulk material, and the root-mean-square
Glass, Inc., VA, United States of America). roughness of the various layers is at a maximum of 2 nm
All layers are produced by magnetron sputtering in 0.3 Pa of (Figure S1).
Ar in an ultrahigh vacuum chamber (AJA Int.) with a base Before the measurements commenced, all samples were
pressure of p < 1076 Pa. Typical deposition conditions include exposed to three cycles of hydrogen with a maximum pressure
125 W DC for Ta at about 0.15 nm s™', 8—28 W DC for Fe, of Py, = 10° Pa at T = 28 °C. Reproducible and hysteresis-free
7—24 W DC for Co, 4—19 W DC for Ni, 0.0S nm s~ (100 W results are already obtained from the second cycle onward.
DC) for Ti and 0.18 nm s~ (50 W DC) for the custom-made Differences between the first and subsequent cycles are often
Pdy¢Aug35Cuggs alloy target. The exact sputter times and observed for thin film metal hydrides. These differences arise
powers can be found in Table S1. All targets have a diameter of from the settling of the microstructure, and also in this case, we
5.08 mm (2 in.) and a purity of at least 99.9% (Mateck GmbH, observe that the d-spacing is reduced and the preferred
Jiilich, Germany). To determine the deposition rates, each orientation of the Ta,_,M, layers is improved and the preferred
target was sputtered independently at a fixed power for a well- orientation improves (Figures 1 and S2 for Fe, Figures S3, S4,
defined time. Next, the sample was measured by X-ray and S$ for Co, and Figures S6, S7, and S8 for Ni).
reflectometry (XRR) to obtain the layer thickness of this 2.2. Structural Measurements. All X-ray diffraction and
reference sample on the basis of which we computed the reflectometry measurements were performed with a Bruker D8
sputter rate. Nitridation and oxididation of the Ta layers was Discover instrument (Cu Ka, 4 = 0.1542 nm). This
41980 https://doi.org/10.1021/acsomega.4c06955
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Figure 2. Ex situ X-ray diffraction (XRD) results of the 40 nm Ta,_,Fe, thin films with a 4 nm Ti adhesion layer and a 10 nm Pdg sAuy35Cug s
capping layer after exposure to hydrogen and measured in air. (a) Diffraction patterns (Cu Ka, 4 = 0.1542 nm) of the Ta,_Fe, thin films. The
continuous lines represent fits of two pseudo-Voigt functions to the experimental data to account for the bcc(110) Ta;_,Fe, and fec(111)
Pd, 6Aug35Cug 5 peaks. (b) Fe concentration dependence of the d,,, spacing in Ta,_,Fe,. The continuous line is an ordinary least-squares fit to the
data. (c) Rocking curves of the Ta,_,Fe, thin films around the bcc Tal,yFey(IIO) peak. In this figure, the intensity is normalized to the integrated
intensity across all rocking angles. (d) Fe concentration dependence of the total intensity of the (110) diffraction peak in Ta,_,Fe, by taking into
account the effect of both the changing amplitude and width. The intensity is computed by multiplying the integrated intensity of the fitted (110)
Ta,_,Fe, peak by the fwhm of the rocking curve of (b). The intensity is subsequently scaled to the intensity of the Ta sample. The continuous line

indicates an ordinary least-square fit to the data and the dashed line indicates the theoretically expected Fe concentration dependence of the

intensity according to eq 2.

diffractometer is equipped with a Gobel mirror and a
LYNXEYE XE detector (Bruker AXS GmbH, Karlsruhe,
Germany). The XRD measurements were performed with a
0.6 mm fixed slit on the primary and two 0.6 mm slits on the
secondary side with the detector operated in 0D mode. For the
XRR measurements 0.1 mm fixed slits were used. To avoid
saturation of the detector, 0 < 20 < 2° was measured with a 0.1
mm Cu foil attenuator, and stitched to the 1 < 20 < 4° using a
home-written Python code. The data were fitted with GenX3®’
to obtain estimates for the layer thickness, roughness and
density of the thin films.

In situ neutron reflectometry measurements were performed
using the time-of-flight neutron reflectometers ROG and
OFFSPEC. The ROG is located at the 2.3 MW HOR reactor
in the Delft University of Technology, Delft, The Netherlands;
whereas OFFSPEC is located at the ISIS pulsed neutron
source, Didcot, United Kingclom.58

During the measurements at the ROG, the double disc
chopper was set to a frequency of 17.7 Hz with an interdisc
distance of 0.280 m, the incident angle to 8.5 mrad, and the
first and second slit to 1.2 and 0.6 mm, respectively. The
spectrum between 0.11 < 4 < 1.0 nm was used. These settings
result in a wavelength resolution of A1/A = 2.5%, a Q-range of
0.11 < Q < 0.98 nm™, a footprint of 65/80 X 40 mm* (umbra/
penumbra) and a resolution of AQ/Q =~ 5%. The neutrons
were detected by using a *He detector. The measurements at
OFFSPEC were performed with an incident angle of 11 mrad
and with a vertical slit opening of 4.184 and 0.5025 mm for the
first and second slit, respectively. This resulted in a Q-range of

41981

0.1 < Q < 0.84 nm™’, a footprint of 44/75 X 30 mm” umbra/
penumbra and a resolution of AQ/Q = 0.04%. The neutrons
were detected using a position sensitive wavelength shifting
fiber scintillator detector.

The samples were hydrogenated at T = 22 °C inside a
temperature- and pressure-controlled cell as described else-
where.*” To vary the partial hydrogen pressure, the absolute
pressure of gas mixtures of 0.1% or 4.0% H, in Ar gas was
changed stepwise between 1.5 mbar and 6.1 bar (Acy,/cp,<
2%, Linde Gas Benelux BV, Dieren, The Netherlands).

All data were fitted with GenX3°"% providing estimates for
the layer thickness, roughness, and scattering length density
(SLD) for all three layers. Since we are predominately
interested in the thickness and SLD of the Ta,_ M, layer
and owing to a high correlation between the thickness of the
Ta;_,M, and PdgsAug35Cuys layers, we fixed the thickness of
the Ti and Pd; 4Aug 35Cuy o5 film to the value of the as-prepared
sample. As 10 nm Pdj4Au;35Cug s also expands slightly, this
approach results in a small overestimation of the layer
expansion of the Ta;_,M, layer. From the fitted parameters,
we can deduce the hydrogen concentration x of the layer using

SLD., dr,

1My H, 1 (1 _y)bTa +be
SLDpy v draut by

M H,

(1)
with SLD = ZN b, is the SLD of the layer; by, = 6.91 fm,

i=1"7

bge = 945 fm, be, = 249 fm, by; = 10.3 fm, and by, = —3.739
fm are the scattering lengths of tantalum, iron, cobalt, nickel,

https://doi.org/10.1021/acsomega.4c06955
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and hydrogen, respectively;’" and N; is the number of atoms i
per volume unit.”* The y? values of the fits vary between 1.1
and 1.6. Atomic force microscopy (AFM) measurements were
performed with a Bruker Multimode AFM in tapping mode.

2.3. Optical Measurements. Hydrogenography was used
to measure the optical transmission.”® This setup is equipped
with five Philips MR16 MASTER LEDs (10/50 W) with a
color temperature of 4000 K as a light source (Figure S9) and
an imaging source DFK 23UMO021 1/3 “Aptina CMOS
MT9MO021 1280 X 960 pixels” color camera with an Edmunds
Optics 55-906 lens. A 750 nm low-pass wavelength filter is
used in front of the lens. The camera records the red, green,
and blue domains separately, and the wavelength-dependent
sensitivity of each of these channels is provided in Figure S10.
From the raw camera images, we averaged the transmission
over an area of approximately 80 mm® corresponding to
roughly 100 X 100 pixels”. A reference sample that does not
hydrogenate is used to compensate for fluctuations of the light
source and account for the response of the 10 nm Pd; 4Auy 49
capping layer. The partial hydrogen pressures were varied
between 107" < Py, < 10° Pa by using 0.10%, 4.0% in Ar gas
mixtures (Acy,/cpy,< 2%, Linde Gas Benelux BV, Dieren, The
Netherlands) and 100% H, and changing the total pressure
inside the sample chamber between 0.15 < P,< 1.0 X 10° Pa.
Typical gas flows are 20 sccm for increasing pressure steps and
100 sccm for decreasing pressure steps.

3. RESULTS

3.1. Structural Behavior. 3.1.1. Ex Situ X-Ray Diffraction.
As a first step, we study how the substitution of Ta with Fe,
Co, and Ni affects the structural properties of the thin film
materials. Most importantly, we focus on whether: (i) a solid
solution is formed between Ta and the alloyant and (ii) there
is no phase coexistence. This is important, as in this way the
favorable hydrogen sensing properties are likely retained, while
the alloying allows one to tune the hydrogen sensing range. In
the main text, we focus on the result of substituting Ta with Fe.
Additional results on substitution of Ta with Co and Ni are
reported in the Supporting Information.

Figures 1 and 2 present X-ray diffraction (XRD) measure-
ments of the Ta;_,Fe, based thin films, before and after
exposure to hydrogen, respectively. Both sets of measurements
show qualitatively similar results. For the Ta,_,Fe, layer, only
the 110 bee a Ta peak is observed, implying a strong texture of
this layer with the (110) direction pointing out-of-plane. For
the Pdy¢Auy;35Cugos layer, which has an fcc structure, we
observed the (111) diffraction peak. The intensity of this peak
varies with Fe concentration as the mosaicity of this layer is
affected by the layer underneath. No additional diffraction
peaks are observed for any of the compositions (see also Figure
S2 for the full diffraction patterns). Comparing the XRD
measurements before (1) and after (2) exposure to hydrogen,
we observe that the lattice contracts substantially after
exposure to hydrogen, which is often observed for metal
hydrides after exposure to hydrogen. Furthermore, comparing
the rocking scans, we see that the preferential orientation of
the film improves and that the fraction of the a phase
decreases. This settling of the microstructure of thin film metal
hydrides is irreversible and often seen after the first exposure to
hydrogen (see, e.g.,28'64

Most importantly, two important conclusions can be derived
from Figures 1 and 2. First, we observe that the (110) bcc a-
Ta peak position is hardly affected by the substitution of Ta by

Fe. This is reflected in the d,,, spacing [Figure 2b], which is
only changed by a maximum value of 0.3%. This is strikingly
different from similar amounts of substitution of Ta by Ru
(3%).* In fact, one would expect a much larger lattice
suppression of about 7% based on Vergard’s law for y = 0.2. It
suggests that the Fe substitution is not effective in reducing the
lattice constant of bce a-Ta for sputtered thin films.

Furthermore, we observe a sharp decline of the intensity of
the 110 bcc @-Ta peak until the point where no (110) bec a-
Ta peak can be discerned for y = 0.21. While a small decrease
is expected due to a reduction of the total amount of electrons
in the material that diffract the X-rays, such a reduction may
also be due to a less perfect preferential orientation or indicate
the formation of other phases in the material. To analyze
whether preferential orientation plays a role, we performed
rocking scans at the (110) bcc a-Ta peak position. In such a
rocking scan, the diffraction angle is kept constant while the
direction of the film that is probed changes and is no longer
out-of-plane (i.e., the momentum transfer vector changes in
direction but not in magnitude). The results, displayed in
Figure 2¢ show that there are small changes in the degree of
preferential orientation, but that these changes are too small to
explain the dramatic decrease in peak amplitude.

As a next step, we calculate the total peak intensity by taking
into account the effect of preferential orientation. We report
this in Figure 2d alongside an (i) ordinary least-square fit of
the data to a linear function and (ii) the theoretically expected
decrease in peak intensity for a solid solution of Ta and Fe. For
this, we expect a decreasing intensity, as a replacement of Ta
(Z = 73) by Fe (Z = 26) reduces for a bcc structure the
fraction of X-rays diffracted by the material according to

2
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=) £, 6) exp [2i(ha, + ky, + I2,)]

x 7*
= [(1 - y)ZTa + yZFe]Z
= [(1 - )73 + y26° ©)

with Fyy as the structure factor, N and x;;z; as the number
and relative coordinates of the atoms in the primitive (bcc)
unit cell and f,(4,0) the form factor that can be approximated

as fj(/l, 0) ~ Zrg(0, A). We observe that the deduced

decrease in the peak intensity is much larger than the
theoretically expected one. As such, additional phases are
formed. There could be various possibilities for one or more
phases being formed. Following the Ta—Fe phase diagrams, it
is possible that intermetallic compounds are formed.*’ ™'
Furthermore, it could also be that an X-ray amorphous phase is
formed or a combination of the two. For all options, we cannot
find conclusive evidence. In the out-of plane diffraction
patterns we do not observe any other diffraction peak that is
not related to either fec-Pdy¢Auy;5Cugs or bec-Ta, while
additional in-plane X-ray diffraction measurements (Figures
S11—S13) also do not reveal the presence of an crystalline
additional phase. In addition, AFM measurements show that
the morphology of the surface of the Tay,oFej,; surface is
substantially different (Figure S14). Whereas, the Ta surface is
completely smooth with a low roughness, there are regions on
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Figure 3. In situ NR results of the 40 nm Ta,_Fe, thin films with a 4 nm Ti adhesion layer and capped with 10 nm Pdg¢Aug35Cuygs at T = 22 °C.
(a—c) Reflectograms of the Ta,_,Fe, thin films with (a) y=0, (b) y = 0.06, and (c) y = 0.12 measured for the hydrogen pressures indicated in the
legend and for increasing pressure steps. The continuous lines represent the fits of a model to the data, on the basis of which estimates for the
scattering length density and layer thickness are obtained (see Figure 4). (d—f) Scattering length density (SLD) profiles for (d) y = 0, (e) y = 0.06,

and (f) y = 0.12.
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Figure 4. In situ NR results of the 40 nm Ta,_,Fe, Ta,_,Co,,
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and Ta,_,Ni, thin films with a 4 nm Ti adhesion layer and capped with 10 nm

Pdy¢Aug35Cuq s at T = 22 °C. A selection of the data with the corresponding fits and SLD profiles can be found in Figures 3 and S15. (a) Fe/Co/
Ni concentration dependence of the amount of hydrogen absorbed by the Ta,_,M,H, layer at Py, = 24600 Pa. (b) Fe/Co/Ni concentration
dependence of the relative layer expansion of the Ta,_,M H, layer at Py, = 24600 Pa. (c) Hydrogen pressure dependence of the amount of
hydrogen absorbed by the Ta,_ Fe H, layer. (d) Hydrogen pressure dependence of the expansion of the Ta,_,Fe, layer. The lines are an ordinary

least-squares fit to the data.

the Tay,9Fey,; surface that are substantially higher, which may
point toward that the material is not completely homogeneous
and that phase separation may occur. Nevertheless, the fraction
of these regions is relatively small, which is in agreement with
the XRR/NR measurements that do show a relatively modest
roughness and a good fit, which should not be possible if the
surface fraction of these regions is large. In addition, we do

41983

know from the XRR measurements of Figure S1 and the
corresponding fitted SLD/atomic number density that the
number of atoms per volume unit is unaffected by Fe
substitution, suggesting that the Ta,_ Fe, layers have a similar
atomic density as the bec Ta-phase.

Similar conclusions can be obtained for the substitution of
Ta by Co (Figures S3, S4 and SS) or Ni (Figures S6, S7, and
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Figure 5. Changes of the green light optical transmission 7~ of the 40 nm Ta,_,Fe, thin film. All samples have a 4 nm Ti adhesion layer capped with
a 10 nm Pd; 4Aug 35Cug s layer, the contribution of which was subtracted by subtracting the response of a non-hydrogenating 40 nm TagsPd, s
with the same capping and adhesion layers. The film was exposed at T = 28 °C to various increasing and decreasing pressure steps of (a)

(b)

15X 107" <Py, £1.0x 10" Pa,

1.0 X 10' < By, £ 1.0X 10° Pa,

(c) 40x10*<Py, <40x10" Pa, and (d)

1.5 x 10* < Pp < 10X 10° Pa. The dashed lines indicate levels of the same transmission (top panel) and pressure (bottom panel). The

hydrogen concentrations indicated correspond to an environment with a total pressure of B, = 10° Pa.

S8). In both cases, the peak position is hardly affected by the
substitution of Ta by the metal alloyant, while the peak
intensity is sharply decreased until the point at y = 0.21 that no
more bcec Ta peak can be observed. It suggests that as for the
substitution of Ta by Fe, the substitution by Co or Ni results in
the formation of another phase of which the fraction increases
with increasing concentration of the alloyant.

3.1.2. In Situ Neutron Reflectometry. The amount of
hydrogen absorbed and the expansion of the material when it
absorbs hydrogen are two important quantities for a hydrogen
sensing material. The absorption of hydrogen is directly related
to the optical response of the hydrogen sensing material. As
such, it should be within the pressure window of interest.
Furthermore, a too large absorption of hydrogen may cause
long response times as more hydrogen needs to be dissociated
from molecular into atomic hydrogen and subsequently
transported.””*' On the other hand, a too small absorption
may not give a large optical contrast. In addition, too large
absorption of hydrogen may cause a large expansion of the
material, which can compromise its stability. As such, it is
beneficial to be able to tune both the absolute amount of
hydrogen absorbed and the pressure range in which the
material absorbs hydrogen.

Neutron reflectometry is used to determine both the amount
of hydrogen absorbed and the expansion for several
compositions as a function of hydrogen pressure. The neutron
reflectograms, collected for different compositions are
presented in Figure 3. These neutron reflectograms are
subsequently fitted to a model to obtain estimates of the
thickness and scattering length density. From these quantities,
the expansion and hydrogen concentration of the layer can be
obtained (see Experimental Section for more details). We note
that we did not observe substantial off-specular scattering,

41984

which indicates that within the coherence length of the
neutron, no domains are formed with substantially different
SLDs.

Figure 4 reports the hydrogen concentration and thickness
expansion of the Ta,_ M, layer. We can derive three important
conclusions from the data. First, with increasing doping we
observe a small decrease in the hydrogenation of the layer at a
given hydrogen pressure of Py, = 24600 Pa (cHy, = 25% when
measured at 1 atm) from x &~ 0.6 for TaH, to x ~ 0.4 for
Tag;9My, H, [Figure 4a]. However, this decrease is much
smaller than for Ru alloying, where a reduction to x & 0.1 was
observed for Tay-oM,, H,.* Correspondingly, we see only a
small reduction of the expansion of the Ta,_ ,MH, layer from
about 8% for Ta to 5% for y = 0.21 [Figure 4b]. Second, we
observe the same trends for substitution with Fe, Co, and Ni.
Third, nonbcc Ta,_,M, absorbs substantial amounts of
hydrogen. Indeed, we observe a substantial hydrogenation of
the Tagy,oMy, H, layer to x ~ 0.4 [Figure 4a] while XRD did
not show any reflection of a crystalline phase for this sample
(Figure 2).

All these observations are consistent with the fact that
substitution of Ta by either Fe, Co, and Ni hardly reduces the
size of the (crystalline) unit cell, and therefore hardly the
hydrogenation of the layer.***® The small reduction observed
may simply be the result of the fact that Fe, Co, or Ni atoms
block the interstitial sites were hydrogen can be inserted in the
bec structure of Ta** or sites in the additional phase, or
decreases the average distance between the atoms within the
additional phase. This would then be similar to the case of
doping Pd with, e.g., Au or Ag, alloyants that itself do not bond
with hydrogen and thereby block sites where hydrogenation
may occur.
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Figure 6. Partial hydrogen pressure dependence of the green light optical transmission 7~ of 40 nm Ta,_Fe, sensing layers measured relative to the
optical transmission of the as-prepared state (7'Prep) at (a—c) T = 28 °C and (d—f) T = 120 °C. Each data-point corresponds to the optical
transmission after exposing the film for at least 30 min to a constant pressure of Py, =107'—10° Pa, where the closed data points correspond to
increasing pressure steps, and the open points to decreasing pressure steps. The data in panels (a,d) correspond to the red, in panels (b,e) to the
green, and in panels (c,f) to the blue spectrum (see Figure S10).
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Figure 7. Partial hydrogen pressure and temperature dependence of the green light optical transmission 7~ measured relative to the optical
transmission of the as-prepared state (‘7';,@) at T =28 °C of the 40 nm Ta,_,Fe, sensing layers with () y=0,(b) y=0.03, (c) y=0.06, (d) y =

0.09, (e) y = 0.12, and (f) y = 0.1S. Each data-point corresponds to the optical transmission after exposing the film for at least 30 min to a constant
pressure of By, = 107" Py, =107'=10° Pa.

Despite that the maximum hydrogenation is not reduced
substantially by alloying with Fe, Co, or Ni, there may still be
an advantage if the partial hydrogen pressure dependence of
the hydrogen content, i.e., the pressure composition isotherm,
of the Ta;_,MH, layer is affected. Indeed, the sensitivity/
resolution of a hydrogen sensor is directly related to the
derivative of the hydrogen content of the layer with respect to
the partial hydrogen pressure. Here, we define the sensitivity/
resolution as the accuracy with which one can determine the
hydrogen pressure. Shifting the pressure composition isotherm
thus changes the hydrogen pressure range of the sensing
material, while a change in slope affects the resolution.

To study how alloying alters the pressure composition
isotherm, we have, for the case of Ta, Tagq.Feos TaggsFeq 12
TayoFe,1, Tage4Nig o6 and Tay;9Niy,, determined the partial
hydrogen pressure dependence of the hydrogen concentration
in these layers. These data are reported in Figures 4c and S1§
and the slope of these curves is thus directly related to the
resolution of the sensing material. Indeed, a steeper slope
provides ceteris paribus a better resolution. On the other hand,
if the slope is too steep, the sensing range may be
compromised as the maximum hydrogen concentration in
the material is reached within a smaller pressure window. Here,
we observe with increasing partial hydrogen pressure a gradual
increase in hydrogen concentration for all materials, which is
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beneficial for hydrogen sensing with a constant resolution
across a large pressure window. In addition, we observed a
slight steepening of the slope with respect to Ta. This indicates
that if the optical contrast changes induced by the absorption
of hydrogen are similar for all materials, then the sensitivity/
resolution can be increased.

3.2. Optical Response and Sensing Range. The X-ray
diffraction and neutron reflectometry results indicate that
phase coexistence occurs for y > 0 where the bcc-Ta;_ M,
phase coexists with another unidentified phase. The fraction of
this unidentified phase increases with increasing doping, until
for y = 0.2 no more crystalline bcc phase is present. At the
same time, the sizes of the bcc-Ta;_,M, unit cell are highly
similar for all compounds. Furthermore, neutron reflectometry
results indicate that the Fe substitution only slightly reduces
the amount of hydrogen absorbed by the alloy and that all
compositions gradually absorb hydrogen.

As a next step, we see how these structural properties are
reflected in the optical ones and test whether the materials
feature a monotonic, gradual change of the optical properties
over a large range of partial hydrogen pressures (concen-
trations) without any dependence of the optical properties on
the (pressure) history of the sensor, i.e., free of any hysteresis.
To do this, we measure the changes of the optical transmission
7 relative to that of the as-prepared state 7, when applying
a series of increasing and decreasing partial hydrogen pressure
steps at T = 28 °C. To change the partial hydrogen pressure,
we varied the total pressures of 0.1%, 4%, and 100% of H, in
Ar gas inside a temperature- and pressure-controlled cell.
Figure 5 depicts the green-light optical transmissions for four
different hydrogen pressure and concentration regions for the
Ta,_,Fe, compositions.

Figure S shows that for all compounds with y < 0.15 and for
all four pressure regions, well-defined and stable levels of
transmission are observed in response to a change in hydrogen
pressure. With an increase in hydrogen pressure, the optical
transmission decreases gradually but monotonically. Most
importantly, the level of optical transmission is exactly the
same for each pressure level after increasing and decreasing
steps in hydrogen pressure. This implies that the response is
completely free of any hysteresis across the entire hydrogen
pressure range of 0.1 < Py, < 10° Pa.

Figure 6 summarizes the optical response across the entire
pressure range measured of 1.0 X 107" < Py, < 10° Pa, for
various Tal_yFey compositions with 0.0 <y < 0.2 at both room
temperature and at T = 120 °C. Data for Ta,_,Co, and
Ta,_,Ni, can be found in Figures S16 and S17, respectively,
and data for additional temperatures in Figure 7. These figures
display the pressure—transmission-isotherms (PTIs) of the
sensing layers, for red, green, and blue lights, where each closed
data-point corresponds to the optical transmission obtained
after exposing the material for a minimum of 30 min to a
constant hydrogen pressure after an increase in pressure, while
the open points indicate the optical transmission deduced after
decreasing stepwise the hydrogen pressure.

For the Tay-oFe),;, Tag79Co0g,), and Tay,9Niy,; films hardly
any optical response can be discerned in the red, green, and
blue spectra despite the fact that these films absorb
considerable amounts of hydrogen (Figure 4): only a small
increase of the red-light optical transmission is observed with
increasing hydrogen concentration. It suggests that in this
sample in which no more bcc phase is present, the absorption
of hydrogen by the material hardly affects the optical

properties of the material for the probed wavelengths, making
it unsuitable for optical hydrogen sensing purposes.

For all Ta,_,Fe, Ta,_,Co,, and Ta,_,Ni, films with y < 0.1S,
the PTIs do indicate a gradual, monotonic decrease of the
optical transmission over the entire sensing range of 7 orders of
magnitude with no hysteresis. With increasing alloyant
concentration, the absolute change of the optical response at
a given pressure becomes smaller, but also its slope is slightly
reduced (Figure S18). This is undesirable, as the slope of the
optical read-out parameter, in this case In(7/7 ), defines the
accuracy with which one can deduce a hydrogen pressure
(sensitivity/resolution). Although small, we do observe a slight
shift of the pressure window, in which the contrast is provided.
This becomes especially clear at elevated temperatures [Figure
6d—f].

To further analyze the sensitivity, one can consider the two
contributions to the sensitivity: the change in the hydrogen
concentration within the sensing material with a change in

hydrogen pressure ;P—x, and the amount by which the optical
H2

transmission changes in the material for every hydrogen atom
absorbed w The sensitivity d(In(7/ 7o)

X H2

the product of these two terms:

d(ln(T/Zef)) _ d(ln(T/ﬂef)) dx
dpy, B dx dp, 3)

is then simply

We first consider the second term, ddx

by revisiting the
PHZ
neutron reflectometry results of Figure 4c. In this figure, the

slope equals jp—x, and this slope is larger for Tayg,Fej s and
H2

TaygsFeg 1, than it is for Ta. On the basis of these results, one
would thus expect a larger sensitivity for all these materials as
compared to tantalum. However, this is not observed. This
implies that the other contribution to the sensitivity,

M, should thus be reduced with Fe substitution.
X

To deduce how 27/ Tw))

plot in Figure 8 the changes of the green-light optical
transmission In(7/7,) as a function of the hydrogen
concentration in the Ta, ,FeH, layer. To construct this
plot, we have matched for every partial hydrogen pressure
measured with neutron reflectometry in Figure 4c the obtained
hydrogen concentration in the Ta,_,Fe H, layer with the value

changes with Fe substitution, we

1.0
e Ta
0.8 Ta94Fe06
Ta88Fel2

Ta79Fe21

306/
=
< 0.4
0.2 Green
Light
0.0+ . : : .
0.0 0.2 0.4 0.6 0.8 1.0

xin Tay_yFeyHy [-]

Figure 8. Relation between the hydrogen-to-metal ratio x and the
absolute changes of the green-light optical transmission relative to the
as-prepared state 7., of the Ta, JFeH, layer. The lines serve as
guides for the eyes.
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of In(7/7,) at exactly the same partial hydrogen pressure
from Figure 6.

Similar to reports for other metal hydrides, e
observe a linear relationship between the amount of hydrogen
absorbed by the Ta,_ Fe H, layer and the optical contrast for
all three compositions. In fact, such a scaling is not trivial at all
for solid solutions, intermetallic compounds, or amorphous
materials. Indeed, this would imply that the effect on the
optical properties of absorbing hydrogen is completely
independent of the hydrogen concentration within the solid
solutiol% and only affected by the composition of the host metal
lattice.

The most important message of Figure 8 is that with

AT/ 7)) decreases
dx

25,28,31,37,40,66

increasing Fe concentration, the slope

substantially. In other words, doping with Fe has a negative
influence on the sensitivity of the hydrogen sensing material.

w decreases from W% 1 for Ta to
X
W% 0.4 for TaygsFey,. Said differently, the

absorption of the same amount of hydrogen results in a
lower optical contrast. This explains why the sensitivity of the
hydrogen sensing material drops with increasing alloyant
concentration, while a similar hydrogenation is observed.

d(In(7/ Toer))

The decrease of with Fe doping is unwanted. In

the ideal world, one would have an as high as possible value of

AT/ 7o) 45 different from =
dx PHZ

such as potentially longer response times owing to more
hydrogen that needs to be dissociated/transported, or possibly
a reduced mechanical stability owing to a larger volumetric
expansion.

The facts that the optical contrast is reduced with increasing
concentration of the alloyant, that the reduction of the
hydrogen concentration in the materials with increasing
alloyant is relatively small, and that alloying only causes a
small shift of the pressure range of the material shows that the
ability to tune the sensing properties of Ta by alloying with Fe,
Co, or Ni is limited, especially compared to alloying with Pd**
or Ru*® Nevertheless, thin film Ta,_,Fe, Ta;_,Co, and
Ta,_,Ni, do show favorable hydrogen sensing properties for
< 0.1S with a pressure range of 7 orders of magnitude that is
stable and completely free of any hysteresis.

it has no negative side effects,

4. CONCLUSION

In conclusion, we have studied the structural and optical
properties of tantalum—iron, tantalum—cobalt, and tantalum—
nickel sputtered thin films both ex situ and while being
exposed to various hydrogen pressures/concentrations with a
focus on optical hydrogen sensing applications. While the idea
was to reduce the unit cell size by doping Ta with a smaller
element to shift the pressure composition isotherms to higher
pressures, X-ray diffraction measurements indicate for all three
alloyants little to no lattice compression but the coexistence of
a crystalline bec phase and another unidentified phase, that
could, for example, be an amorphous phase or intermetallic
compound. The fraction of this unidentified phase increases
with increasing alloyant concentrations and at y = 0.2 only an
amorphous phase is observed. Neutron reflectometry indicates
that no large reduction in hydrogen concentration is observed
at a given hydrogen pressure and that also the sample without
any bcc phase absorbs considerable amounts of hydrogen (H/

M > 0.5). Despite the phase coexistence, optical measurements
indicate a gradual hydrogenation of the materials with
increasing hydrogen pressure/concentration, ensuring a
sensing range of over 7 orders of magnitude in pressure up
to 15% alloyant concentration, while hardly any optical
response is observed for the samples that have no bcc phase.
As such, this makes the materials applicable to hydrogen
sensing applications. However, the ability to tune the sensing
properties of Ta with Fe, Co, or Ni is relatively small and
provides less flexibility than substitution with earlier consid-
ered Pd or Ru.
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