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Introduction

Due to hydrogen induced embrittlement and corrosion of
materials [1], development of a diffusion barrier for hydrogen
is crucial for applications such as nuclear fusion technology
[2—4], equipment for space applications [5], hydrogen storage
[6], construction materials in the oil/gas industry [7] and pro-
tection of optical elements for soft X-ray and extreme ultra-
violet optics [8]. Ru is often studied as protective layer or
material, since it is relatively inert, while having a lower
atomic mobility compared to more noble metals as Au and Ag,
due to its relatively high melting temperature. In addition, the
catalytic properties of Ru enhance the possibility to clean
oxide and carbon contamination by atomic hydrogen [9—13].

However, hydrogen transport in Ru has been poorly stud-
ied in comparison to other materials: to our knowledge, there
are no studies reported on hydrogen diffusion in Ru. Although
molecular hydrogen dissociatively adsorbs on clean Ru (0001)
surfaces [14], the heat of solution of hydrogen in Ru is positive
[15], indicating that H does not readily dissolve in bulk Ru. This
low bulk solubility makes Ru a good candidate as diffusion
barrier for hydrogen. There are many techniques (Neutron
Scattering, Solid State Nuclei Magnetic Resonance, Elastic
Recoil Detection Analysis etc.) that allow the hydrogen con-
tent and distribution in a metal film to be quantified, but they
are high-cost, not easily accessible, potentially destructive for
the investigated sample or not applicable for low hydrogen
concentrations in metal [16—18]. Ideally, a technique that al-
lows direct comparison of hydrogen transport in different
metals, which can also work with both atomic and molecular
hydrogen sources needs to be developed.

An alternative to directly sensing hydrogen is to infer
hydrogen transport via changes in material properties.
Yttrium (Y) is highly sensitive to hydrogenation, forming di-
and trihydrides, which causes a metal (Y and YH,) to insulator
(YHs) transition. The hydrogenation of a Y film can be easily
detected optically, for instance, with the hydrogenography
technique. Hydrogenography is a method that enables rapid
measurement of the change in optical transmittance of a film
due to hydrogen absorption [19]. First, hydrogen dissolves in
the Y lattice forming an «-phase and then the transition to the
YH, phase starts. When formation of YH, is complete, the
second transition to YH; takes place. Both transitions, Y-YH,
or YH,-YHs;, occur consecutive resulting in a two-phase
mixture at any given moment during Y hydrogenation. Ac-
cording to the Beer-Lambert law, the change in transmittance
depends exponentially on hydrogen concentration for such a
two-phase system. Thus, after applying a scaling factor to the
transmittance, the changes in hydrogen concentration in Y
can be readily obtained. Although hydrogenography only
provides a relative measure of hydrogen content, the mea-
surements can be implemented in situ, which allows the hy-
drogenation rate of a Y film to be obtained. The hydrogenation
rate may be used for estimation of hydrogen diffusivity in Ru.

It was demonstrated that Y films can be used for measuring
the hydrogen lateral mobility in metal films [20]. We here
propose to use a trilayer stack for hydrogen diffusion studies
through thin Ru films, similar to the structure used in a pre-
viously reported Mg,Ni hydrogenation kinetics study [21]. A

sketch of the structure is shown in Fig. 1a. A sensing Y layer is
covered with a diffusion barrier (Ru film) and a continuous Pd
cap is added on the top. The purpose of the Pd layer is to
accelerate hydrogen adsorption, protect the material under
investigation from oxidation, and dissociate molecular
hydrogen. Hydrogen uptake by such a Pd/Ru/Y structure can
be monitored by measuring the change in its optical
transmittance.

Generally speaking, the hydrogen uptake by Y depends on
both surface (ad- and desorption, sticking probability) and
bulk (enthalpy of solution, diffusion, interface penetration)
processes that hydrogen atoms undergo in the Pd/Ru/Y stack.
This complicates the analysis unless one process, such as
diffusion through the middle (Ru) layer, is the rate limiting
step. Under these conditions, all processes apart from the rate
limiting step can be neglected. In this study, a method,
demonstrated by Borgschulte et al. [22], was used to distin-
guish the rate limiting process (under the experimental con-
ditions given below) by measuring the hydrogenation rate at
varied hydrogen pressure. It is shown that the hydrogen
diffusion through the Ru layer is significantly slower than all
other processes, and, therefore, the hydrogenation rate can be
attributed to diffusion through Ru.

This allows the diffusion kinetics of hydrogen through thin
polycrystalline Ru films to be studied. Assuming a steady
hydrogen flux through Ru, the diffusion coefficient and acti-
vation energy of hydrogen diffusion in Ru was estimated. The
validity of this estimation is further discussed.

Materials and methods
Sample preparation and characterization

In this study, all layered structures were deposited using DC
magnetron sputtering in a vacuum system with a base pres-
sure about 10~ mbar. For optical transmission measurements
at varied hydrogen pressure, 10 x 10 mm polished quartz
(PGO) substrates were used. For the measurements at
different temperatures, different kinds of substrates (quartz
from three different suppliers, sapphire and SrTiO; single
crystal substrates) were coated with identical Pd/Ru/Y tri-
layers in the same deposition run. The surface roughness of
the deposited samples was measured with AFM (the typical
root mean square values are 0.4—0.8 nm for quartz substrates
and 0.2 nm for single crystal substrates) before and after
loading with hydrogen. No significant roughening upon hy-
drogenation was detected.

Hydrogenography

Yttrium was chosen as an indicator due to its ability to change
optical transmittance during hydrogen absorption. Yttrium
forms hydrides with different structural and optical proper-
ties. First, the metallic YH, phase forms and then the transi-
tion to the dielectric YH; phase takes place. Measuring
changes in the sample transparency during either Y-YH, or
YH,-YH; transition allows to find the ratio of two phases at
every moment of hydrogen loading.
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Fig. 1 — The rate of hydrogenation (in terms of a time derivative of In(T /T,)) versus the applied hydrogen pressure for Pd/Ru/
Y (a) and Pd/Ru/Pd/Y (b) structures on PGO quartz substrates at room temperature. The dashed lines in (a) indicate two
extreme cases, when o = 0.5 (diffusion limited) and 1 (H, dissociation limited); (c) A sketch highlighting the rate-limiting

process for samples without and with a Ru layer.

A detailed description of the hydrogenography setup can
be found elsewhere [23]. A sample holder enabled simulta-
neous measurement of up to nine 10 x 10 mm samples. Pure
hydrogen gas was used in measurements at different tem-
peratures, while a mixture of 4% H, in Ar was used in mea-
surements at varied H, pressures. Discrepancies in time
needed for the YH, phase to form for identical samples was
observed during the first loading from Y to YH,. Therefore, the
data from the first cycle of hydrogenation to YH; and dehy-
drogenation to YH, was excluded from analysis. The YH,-YH3
transition in the following cycles was used for determination
of the hydrogenation rate. At higher temperatures the hy-
drogenation rate was faster than the pressure ramp, which
limited the temperature range up to 100 °C.

Results and discussion
Limiting processes for the hydrogenation rate

To identify the limiting step for hydrogen transport in a Pd/Ru/
Y trilayer, the pressure dependence of the hydrogenation rate
was measured for two structures, Pd/Ru/Y itself and Pd/Ru/Pd/
Y (with a spacing Pd layer between Ru and Y), which allows
the effect of the Ru/Y interface presence to be investigated. For
these measurements, the hydrogenation rate is calculated
from a linear fit of the In(T /Ty) slope, where T is transmission
and T is the initial transmittance before hydrogen loading,
when loading the yttrium film from YH, to YHs. The order, «,

of the rate dependence on the applied hydrogen pressure
R7p%, indicates whether the hydrogenation rate is limited
mainly by surface (H, dissociation, « =1) or bulk («=0.5)
processes involved in hydrogen transport to the Y layer. Prior
research [22] showed that a is close to unity in a Pd/Y structure
and, therefore, hydrogen uptake in this structure is mostly
limited by H, dissociation on the Pd surface. Here, we find that
inserting a Ru layer shifts the power very close to a square root
(e =0.58, Fig. 1a), which indicates that the measured rates are
mostly limited by the diffusion through Ru (but H, dissocia-
tion still has small influence). Adding a spacer Pd layer be-
tween Ru and Y (Fig. 1b) did not change « significantly, which
excludes that the Ru/Y interface in the original trilayer limits
the hydrogen transport. Similarly, we assume that the Pd/Ru
interface is not rate limiting. From reference experiments
performed in our group, it is known that the effective interface
width of the Pd-on-Ru interface is 0.7 + 0.2 nm [24]. Since this
is much smaller than the layer thicknesses of the Pd and Ru
layers, it is expected that the influence of the Pd layer on
hydrogen diffusion inside the Ru layer is negligible. In addi-
tion, the reported hydrogen diffusion coefficients at room
temperature of 1.9 x 10~ m?%s for Pd [25] and 3 x 10 * m?%/s
for Y [26] thin films are 4—5 orders of magnitude larger than
the H diffusion coefficient in Ru of 1.9x 10~*° m%s that follows
from this work. Thus, it can be concluded that for the test
stacks employed in this work, the hydrogenation rate is
mainly limited by transport through the Ru film. In view of the
much faster H diffusion through Pd and Y, compared to Ru, it
is expected that the exact layer thicknesses of Pd and Y will
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not affect the measured diffusion kinetics, as long as the Pd
film is thick enough to protect the Ru from oxidation.

Hydrogen flux calculation

To estimate the diffusion coefficient of H in Ru, the hydrogen
flux should be calculated first. For that, since the change in the
optical transmission, T, during the hydrogen loading is
attributed to the formation of yttrium hydrides (the trans-
mittance change in the Pd layer is negligibly small and,
therefore, omitted), the transmittance is translated into
hydrogen concentration x in YH,. According to the pressure
concentration isotherms [27], thermodynamic equilibrium for
hydrogen concentrations within the YH,-YH; transition is
achieved at a constant (plateau) pressure. The Beer-Lambert
law then can be applied within this concentration range.
Therefore, the hydrogen concentration, x, is proportional to
In(T /To) during the YH,-YH3 transition. Assuming that the
saturation state corresponds approximately to x = 2.7 [28] and
a ‘shoulder’ in the time evolution of transmittance corre-
sponds to x 2.1 (see Supplemental Information), the
hydrogen concentration can be calculated for each T value
from the initial loading from Y to YH; (since the ‘shoulder’ can
be reliably measured only during the first loading). The initial
loading from Y to YH, is not used for the analysis due to
irreversible changes in the film structure. However, the dif-
ference between times needed to reach the YH, state in a
sample without and with a Ru layer is evident in the initial
cycle as well (SI).

All further analysis is based on repeated cycles of the YH,
to YH; transition. One such cycle is shown in Fig. 2b. Once the
pressure ramp is finished, the H concentration grows linearly
with time. Extracting the slope from a linear fit yields the
hydrogenation rate of the Y film. Taking into account the
thickness of the Y layer, the hydrogen flux can be calculated.

The following non-linear saturation to the YH; phase is
probably caused by slowing down of the reaction rate due to
limited amount of YH, [29]. On the other hand, Mooij et al. [30]
showed in their study of magnesium hydride that similar
behavior happens due to the non-homogeneous nucleation of
metal hydride (in our case, nucleation of YHs).

b)
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H pressure, mbar

Diffusion coefficient of hydrogen in Ru

Within the chosen concentration range for cycles, x grows
linearly with time (see Fig. 2b). This means that the hydrogen
flux throughout the Pd/Ru/Y stack is constant and, hence,
Fick's first law can be applied:

oC

F=D(r)—
oz’

D(r) (1)

where F is the hydrogen flux, D is the hydrogen diffusion co-
efficient in Ru (diffusion in Pd and Y is assumed to be instant),
C is the hydrogen concentration distribution along the z-axis
(normal to the sample surface). We can assume that F(r) «D(7)
only when the concentration gradient is kept constant for all
measurements. Let us consider the main factors that influ-
ence this concentration gradient. From the top side of the Ru
film, there is a concentration of dissolved hydrogen in Pd, C},.
It is constant within one measurement for a given tempera-
ture and hydrogen pressure, since equilibrium with H, gas is
reached much faster than transport through Ru (see Fig. 3a).
With Ru having a low hydrogen solubility and forming no
hydride [31], the yttrium layer acts like a sink, binding
hydrogen as soon as it reaches the Ru/Y boundary due to low
chemical potential and fast diffusion of H atom in Y [32,33].
Also, a prior XRD study [34], where no interstitial free
hydrogen was detected during the YH, — YH; transition,
supports this assumption. Thus, the hydrogen concentration
on the Ru/Y boundary can be assumed to be zero. The con-
centration gradient then only depends on CY; and the thick-
ness of the Ru layer dg,, which results in a concentration
gradient along the z-axis, ¥ = Cl, /dg,. Taking into account
that the concentration x = Cy/Cy, where Cy is the yttrium
atomic concentration, the calculated rate, R = dx/dt, can then
be used to calculate the hydrogen flux, F, through the Ru film
in the following way: F = RCydy (dy is the Y thickness). Thus,
the diffusion coefficient can be estimated as:

F Cydydgy

D) =Gciaz = &

R(7) (2)

We make use of the saturation of hydrogen concentration
in palladium to ensure that Ci, is kept constant. This is
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Fig. 2 — (a) The initial loading of Pd/Ru/Y trilayer on quartz (MaTeck) substrate at room temperature. The moment of
switching on 1000 mbar of hydrogen coincides with zero of time axis (b) The calculated hydrogen concentration in Y during
loading at 100 mbar hydrogen at 40 °C. The bottom subplot shows the H pressure during loading. The pressure ramp leads

to a §jump’ of x in the beginning of the top subplot.
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Fig. 3 — (a) A sketch of the Pd/Ru/Y structure and the hydrogen concentration profile in the Ru layer when the steady state
regime of the diffusion is achieved: a linear H concentration profile with Cps on Pd/Ru and zero on Ru/Y boundary; (b)
Loading-unloading cycles at 40 and 60 °C for the S1 sample on a MaTeck substrate; (c) Arrhenius plot for each sample: the
diffusion coefficient in Ru (log scale) versus inverse temperature for the same Pd/Ru/Y structure on different substrates
(marked with symbol types). The rms roughness derived from AFM scans is indicated for each substrate type in the legend.
Different samples within one substrate type are marked with different colors (S1 and S2). The standard error of the data
points is smaller than symbol size; (d) The results of a linear fit in (c) for each sample. The error bars correspond to the
standard error of the linear fit. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

achieved by using earlier results [35] to set the applied
hydrogen pressure such that the final optical transmission
corresponds to a fixed value for x (x = 2.6). The starting con-
centration, x, is chosen to be greater than 2.1 to keep the co-
efficient of the proportionality between the concentration and
the intensity ratio the same during the measurements (see
Supplemental information). As a result, in these experiments,
the hydrogen concentration in yttrium was cycled between
x = 2.2 and x = 2.6 (Fig. 3b).

By measuring the hydrogenation rate for various tem-
peratures, we can estimate the activation energy, E,, of
this diffusion process wusing the Arrhenius equation
D =Dgexp(— Eq/kg7), where Dy is the pre-factor of the

diffusion constant, kg is the Boltzmann constant and 7 is the
temperature. However, this expression is only valid when
the hydrogen diffusion through Ru is the rate limiting step
for the entire temperature range. As shown in the previous
section, the hydrogen uptake by the Y layer is limited by
hydrogen transport through Ru at room temperature. An
increase of temperature leads to acceleration of the H,
dissociation, but the kinetics of the hydrogenation is
assumed to remain limited by the Ru layer. On the other
hand, higher temperatures lead to a lower equilibrium con-
centration of hydrogen in Pd. This affects the hydrogen
concentration gradient through the Ru layer and complicates
the analysis of the diffusion through Ru. To compensate for
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this, at each temperature the hydrogen pressure is adapted
such that the same hydrogenation state of Y is achieved. In
this way, we measure the temperature dependence of the
hydrogen transport in Ru with the same driving force.

It is well known that the surface roughness of a substrate
can influence the structure of an overlaying thin film. This will
also change the rate of diffusion through the layer. In order to
understand the influence of the substrate on diffusion, the
experiment and calculation described above was performed
for several different substrate types. An Arrhenius plot of the
diffusion coefficient of hydrogen in Ru is shown in Fig. 3c.
Because of the large difference between the data points of
identical samples (S1 and S2, Fig. 3c), the fit is performed for
each sample separately. Since the largest deviations are
observed between identical film stacks on quartz substrates
(see the legend of Fig. 3c), we believe that the substrate
roughness has an impact on the hydrogen flux. The results of
the fit are shown in Fig. 3d. The higher error in the activation
energy obtained for sapphire, SrTiO; and quartz (Esco) sam-
plesis due to increased uncertainty in the final hydrogenation
state of the yttrium layer (YH,¢ for these conditions). This
uncertainty is induced by a mismatch between the needed
hydrogen pressure to reach x = 2.6 and its set value. The
average Dy and E, over all samples are 5.9 - 107** m?%s and
0.33 eV.

To check the validity of the used steady state approxima-
tion, the hydrogenation times were calculated with a diffusion
model, which takes into account the diffusion through the Ru
layer only, based on Fick's second law:

ac d°C
Ny DRIA (RT) 7: (3)

where Dg,(RT) = 1.9:10° m? /s, is the diffusion coefficient in
Ru at room temperature calculated with obtained D, and E,
values. The boundary conditions for the Ru diffusion layer are
(Fig. 3a, top):

C(Zparust) = Chyy C(Zruyv,t) =0,

with the initial concentration distribution

Cra>
C(z,0) =
0, Z> Zpd/Ru

Z = Zpd/Ru

Using this model, we can assess the number of accumu-
lated hydrogen atoms in the Y layer as a function of time.
According to this calculation, it takes about 80 s to reach 90%
of a steady H flux through the Ru layer (i.e. time to establish a
linear concentration profile in the Ru layer) and about 1000 s to
accumulate enough hydrogen atoms to form the YH; phase.
Thus, steady state diffusion is reached in the beginning of the
whole process, which justifies the use of Fick's first law for
diffusion coefficient extraction.

The hydrogen solubility in Ru is expected to be very low
and this would change the hydrogen concentration distribu-
tion across the Ru layer. As described by Borgschulte et al., the
chemical potential of hydrogen (not the concentration) in a
multilayer system should be a continuous function [21,32].
When the heat of solution of hydrogen (or the heat of hydride
formation) in two layers forming an interface is different, this

will result in a sudden change in hydrogen concentration at
the interface [32]. The concentration jump at Pd/Ru interface
was estimated from the chemical potential equality at the
interface (see Pasturel et al. [13]) using the H enthalpy of so-
lution in Ru, 40.55 eV/at H [36] and the enthalpy of formation
of palladium hydride, —0.26 to —0.1 eV/at H [21]. The calcu-
lated H concentration in Ru is ten orders of magnitude
smaller, which would lead to a ten orders higher diffusion
coefficient than calculated.

From the other hand, even though the hydrogen concen-
tration in defect-free Ru should be negligibly low, Ru is ex-
pected to have a significant H concentration at grain
boundaries and defects, since hydrogen readily adsorbs at
clean Ru surfaces with coverage up to unity, when exposed to
molecular or atomic hydrogen [14,37]. Additionally, the cata-
lytic activity of Ru should be noted [38,39], which can have an
impact on hydrogen migration along the grain surfaces. The
local H concentration at Ru grain boundaries near the Pd/Ru
interface is therefore expected to be similar to the concen-
tration in Pd. If we assume that transport along grain bound-
aries is the dominating diffusion mechanism, this justifies the
usage of Cpq'/dpy, as approximation of the concentration
gradient over the diffusion pathways through the Ru film. It
has been demonstrated that our 7 nm Ru films are above the
threshold thickness for polycrystalline growth [40,41]. We
therefore expect that diffusion will be dominated by hopping
between defects or transport along grain boundaries. All film
stacks in this work were deposited using the same coating
procedure, or even produced within the same deposition run.
This should give a negligible difference in film thicknesses,
although some structure difference may occur due to different
roughness of the starting substrate. It should be noted that
other Ru deposition methods or Ru thicknesses may lead to a
different grain structure, which may result in Ru films with a
different diffusion constant from the value reported in this
work.

Conclusion

In summary, hydrogen diffusion through a thin Ru film was
studied for the first time using hydrogenography on specially
prepared multilayer films. Combination of (a) the promotion of
H, dissociation by a Pd cap and (b) slow permeation in the Ru
layer compared to Pd and Y enabled a direct measurement of
the hydrogen diffusion rate through Ru. This method can be
applied to materials with hydrogen solubilities and diffusivities
much lower than in yttrium and Pd. The pre-factor, Do, of the
hydrogen diffusion coefficient of Ru and the activation energy
was estimated from loadings at different temperatures and are
5.9 - 107 m?%s and 0.33 eV, respectively. The main advantage
of the presented method for measuring the H diffusion con-
stant through Ru, is that the method provides direct evidence
that the measured diffusion rate is limited by diffusion through
the Ru film and not by surface or interface processes. In addi-
tion, the method can readily be applied to materials that have a
low solubility for hydrogen, unlike other common methods as
volumetric or desorption measurements.
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