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Abstract

Surface impurities can have a significant influence on hydrogen uptake
of materials. Examples such as the hydrogen spillover effect demonstrate
that even very small surface impurity quantities can lead to order-of-
magnitude changes in the total amount of hydrogen taken up by a ma-
terial. In this work, we report the first experimental demonstration of
promoted deuterium uptake in Ru thin films by Sn. Deuterium plasma
exposures were carried out for Ru-capped targets covered by Sn up to
a few atoms in thickness. After the exposure, the residual Sn content
and the deuterium retention were measured to quantify the Sn etching
and the deuterium uptake, respectively. By increasing the amount of Sn
from zero to one atomic layer on Ru, we found after the exposure that
the Sn content stays unchanged while the deuterium uptake rate severely
increases with the Sn content by 2-3 orders of magnitude. These results
can be understood by simulations using a reaction-diffusion model with
multiple surface species and the lateral surface migration of deuterium.
By contrast, as the as-deposited Sn content goes above one atomic layer,
Sn removal takes place, and the deuterium uptake rate decreases with the
as-deposited Sn content. Possible explanations are proposed by consider-
ing the interplay between Sn etching and deuterium uptake. In all, this
work provides insights into interactions between multiple surface species
in relation to plasma-induced hydrogen uptake. By further development,
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this could eventually lead to a potential mitigation method to circumvent
the promoted hydrogen uptake in Ru-capped films.
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surface coverage, reaction-diffusion model, extreme ultraviolet lithography

1 Introduction

Hydrogen uptake plays a crucial role in a wide variety of research fields where
hydrogen atoms have significant impacts on the surface or in the bulk. This
uptake can be desirable, such as in hydrogen storage materials, or undesirable,
such as in a nuclear fusion reactor, where hydrogen uptake leads to loss of fuel
atoms from the fuel cycle and hydrogen-induced embrittlement in pipelines.
These results all show the importance of hydrogen uptake and the need for a
detailed investigation of the influential factors.

Hydrogen uptake can be influenced by a trace amount of an additional sub-
stance on the absorbing material. Upon hydrogen gas exposure, Pt nanoparti-
cles with sizes of 3-9 nm on a carbon nanotube (CNT) support can cause an
increase in the hydrogen storage capacity by nearly 40 times [1]. This drastic
enhancement is attributed to the so-called spillover effect: the Pt catalyst fa-
cilitates dissociation of hydrogen molecules to generate hydrogen atoms, which
spill over the supporting CNTs due to strong interactions between Pt nanopar-
ticles and the CNT support [2]. Surface modifications can also affect hydrogen
uptake in materials irradiated by hydrogen ions. A recent study shows that a
submonolayer of oxygen on the W surface decreases the ion-induced deuterium
uptake because oxygen occupies the surface sites for deuterium adsorption [3].
This indicates that a tiny amount of surface impurities should not be easily
ignored because they can have a significant influence on the hydrogen uptake in
the absorbing material.

It has been extensively studied that hydrogen plasmas or radicals can be
used as a cleaning agent to remove the Sn deposition by forming volatile species



SnH, [4, 5]. However, van Herpen et al. reported that as the Sn layer deposited
on Ru is reduced by hydrogen radicals to a few nm thick, the removal rate
decreases to almost zero and delamination of the Ru film starts to occur [4].
The ceased Sn removal is attributed to SnH4 decomposition and subsequent Sn
redeposition on Ru due to strong interactions between Sn and Ru, as experi-
mentally demonstrated in [6, 7]. On the other hand, delamination of the Ru
film is commonly considered as a result of strong hydrogen uptake, leading to
blister formation and film ruptures [8, 9]. This could indicate enhanced hy-
drogen uptake in the Ru film in the presence of a small amount of Sn debris.
Recent density functional theory (DFT) studies also suggest that one atomic
layer of Sn on Ru induces charge transfer and effectively lowers the hydrogen
absorption barrier to the Ru subsurface [10, 11]. Nevertheless, this hydrogen
uptake promotion has never been studied experimentally, possibly due to the
difficulty with keeping the Ru film from cracking and analyzing the hydrogen
uptake quantitatively [4].

In this work, we demonstrate for the first time the promotion of hydrogen
uptake in Ru films in the presence of Sn. For quantitative analysis of the
hydrogen uptake, we performed ex-situ experiments which include the following
steps:

1. Ru and Ti films were deposited on a Si wafer to produce the Ru-capped
target.

2. A spatially varying layer of Sn of thickness was deposited on the Ru-capped
target.

3. Sn layer thickness on the target was quantified using ion beam analysis.

4. The Sn-coated target was loaded with deuterium by deuterium plasma
exposure.

5. The residual Sn layer thickness and deuterium retention in the target were
quantified using ion beam analysis.

The steps 1-5 were repeated for multiple targets to study the influence of the Sn
content, the plasma fluence, and the ion energy. These targets were stored under
ambient conditions between each step. The experimental results indicate two
regimes for the Sn content below and above one atomic layer. For a single atomic
layer of Sn, we found a termination of Sn removal and accelerated deuterium
uptake as van Herpen et al. discovered in [4]. A reaction-diffusion model is
applied to understand the deuterium uptake enhancement and to determine the
barriers for critical processes. In the other regime for more than one atomic
layer of Sn, Sn removal and deuterium uptake turn out to be quite different
from those for an atomic layer of Sn. This will also be discussed and possible
explanations will be proposed.
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Figure 1: Schematic of the film stack of the target before Sn deposition.

2 Materials and Methods

2.1 Target Preparation
2.1.1 Ru-Capped Ti Targets

The targets we used in this work were Sn-covered Ru and Ti films on Si (100)
substrates with a 25.4 mm (1 in.) diameter and flat orientation. The target was
prepared in two steps: first, the Ru and Ti films with nominal thicknesses of
40 and 30 nm, respectively, were prepared by magnetron sputtering at Philips
Engineering Solutions. After the deposition, RuO,; was formed on the surface
upon exposure to air, and the film stack is shown in Fig. 1. Second, the Sn layer
was deposited in an experimental setup at Advanced Semiconductor Materials
Lithography (ASML), which will be described in the next section. The detailed
characteristics of the Ru and Ti films have been described in [12] and a short
summary is given here. This target design deploys the Ti layer as a deuterium
absorption layer protected by the Ru capping layer against oxidation. When
the target is exposed to a deuterium plasma, deuterium has to permeate the
Ru layer before absorption occurs at the Ti layer. In this way, the deuterium
retention in the Ti layer can be measured to quantify the deuterium uptake
rate of the Ru capping layer. The Ru layer was a polycrystalline film with a
dominant (0001) orientation. The areal densities of the Ru and Ti films were
(2.9 £ 0.23) x 10?! and (1.75 £ 0.14) x 10?! atoms/m?, respectively, according
to Rutherford backscattering spectroscopy (RBS) measurements as described in
detail in [12]. If we assume a Ru density of 12.2 g/cm?® and a Ti density of 4.54
g/cm?, the Ru and Ti films had thicknesses of 39.9 + 3.2 and 30.6 £+ 2.4 nm,
respectively. Based on these experimental results, we assume a pure Ru(0001)
surface and define 1 monolayer (ML) as an overlayer with the atomic density of
the Ru surface, which equals 1.74 x 10! atoms/m? according to the measured
areal density of the Ru film. The RuO- layer on the surface was approximately
1 ML in thickness as confirmed in our previous work in [12].



2.1.2 Sn Deposition and Quantification

An ASML’s experimental setup called Diablo was used for physical vapor de-
position of Sn on Ru-capped targets via thermal evaporation. A schematic of
Diablo is shown in Fig. 2(a). It consists of a cylindrical vacuum vessel with
a 200 mm diameter (in the xy plane) and a 300 mm length (on the z-axis).
The setup was equipped with a Pfeiffer HiPace 80 turbo pump and a tectra
Boralectric heater. Our deposition process placed two Ru-capped Si targets
and a Sn-filled Mo crucible in Diablo. The Ru-coated sides of the targets face
the crucible as shown in Fig 2(a). The two targets were placed 150 mm away
from the crucible, and the distance between them was 5 mm. The Mo crucible
was prewetted with 5 g of Sn (Cleanpart GmbH, purity 99.9%) and placed on
the ceramic surface of the heater. After the setup was pumped to the pressure
of 10 mbar, Sn was evaporated by the heater into the vacuum chamber and
deposited on the targets. The corresponding temperature of the Sn crucible
was 880°C, based on thermocouple measurements, and the pressure was 10
mbar during Sn evaporation. We set the deposition time in the range of 120 to
1200 s based on the desired content of Sn. The content of deposited Sn was less
than 1.5 ML, which corresponds to 2.61 x 10! atoms/m? when we use the Ru
substrate as the reference layer. We assume (-tin in our experiment because it
is stable at room temperature. Based on earlier experimental and theoretical
studies, we assume that for the Sn content less than 0.67 ML, a two-dimensional
layer of Sn is formed on the Ru surface [13, 14, 15, 11]. More than 0.67 ML of
Su leads to three-dimensional (3D) growth on the first atomic layer of Sn.

It is important to note that in Diablo, the two Ru targets sat close to the
pump duct and did not receive a uniform sublimation flow from the Sn crucible.
Therefore, we typically had a one-dimensional gradient of the Sn content on
both Ru-capped targets as shown in Fig. 3. We assume in each deposition
process, the areal density of Sn deposited on both targets had the same spatial
distribution. This gradient made it convenient to scan the Sn content within
a single target. Together with the capability of detecting local concentrations
using RBS and elastic recoil detection (ERD), we were able to investigate the
correlation between the Sn and D contents of the target exposed to a deuterium
plasma.

2.2 Deuterium Plasma Exposures

The work on deuterium plasmas was performed using the nano-PSI device at
DIFFER. The details of nano-PSI can be found in [16, 12] but a short description
is given here. Nano-PSI is an experimental setup at DIFFER to study plasma
surface interactions (PSI) [17]. Plasmas in nano-PSI are generated by a cascaded
arc source [18, 19]. During operation of the plasma source, the gas flow into the
source was 1.5 slm, the vessel pressure was 45 Pa, the cathode current was set to
40 A, and the characteristic cathode voltage was 130 V for deuterium plasmas.
At this setting, the electron temperature was 0.21 £ 0.024 €V, the ion flux (4.2 £+
0.47) x 101 m2s!) the radical flux (2.3 + 0.32) x 10*2 m%s’!, and the FWHM
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Figure 2: Schematic of ASML’s Diablo in Veldhoven. In this work, Diablo
serves as a vacuum setup for physical vapor deposition of Sn on two Ru-capped
Si targets. Their surface normals and the flats point toward the +z and -x
directions, respectively. Both targets have the same x- and z-coordinates in the
setup, and they are placed at different locations on the y-axis.

of the plasma beam was 67.2 + 2.6 mm, according to measurement results using
a double Langmuir probe described in [16]. A target was mounted on a water-
cooled target holder, and the target surface was 100 mm away from the nozzle
of the plasma source. The target had a circular area with a diameter of 18 mm,
which is much smaller than the plasma diameter, such that the loading of the
surface can be considered uniform. The energy of ions arriving at the target
was expected to be 1 and 20 eV when the target was floating and biased to -20
V, respectively [12].

2.3 Ton Beam Analysis

We used RBS to determine the Sn content on the target before and after plasma
exposure, and we used ERD to measure the amount of deuterium in the target
after plasma exposure. The details of the measurement techniques are described
in [12], and here we give a brief summary as well as the measurement strategy
for each target. The experiments were carried out at the DIFFER ion beam
facility (IBF), where we used a *He™ beam at 2.4 MeV, and a fraction of the
incident beam was backscattered by a chopper for relative ion dose control [20].
The irradiation area on the target was 1x1 mm? for both RBS and ERD. As
mentioned in Sec. 2.1.2, there was a gradient in the Sn content on each target
after the deposition process in Diablo. To investigate the influence of the Sn
content on the deuterium uptake, we performed IBF measurements at multiple
locations along the x-axis of each target, which was the direction of the gradient



as shown in Fig. 3(a). These locations can be the same before and after the
plasma exposure for each target. However, surface impurities such as carbon can
be introduced to the target surface by ion beam irradiation in the presence of
hydrocarbon background gas [21]. Carbon on the surface can act as a sacrificial
layer and lower the deuterium retention induced by the plasma exposure [22].
To minimize the influence of impurities on the deuterium uptake, before the
plasma exposure, we performed RBS measurements to quantify the Sn content
at five locations 4 mm away from the x-axis as indicated by the triangles in
Fig. 3. After the plasma exposure, we performed RBS and ERD measurements
at five other locations on the x-axis as indicated by the squares in the same
figure. These five squares have the same x-coordinates, respectively, as the
five triangles. Since there was no gradient in the Sn content along the y-axis
according to the measurements shown in Fig. 3(a), we can assume the same Sn
content at locations with the same x-coordinate. As a result, we can determine
the Sn content before and after plasma exposure as well as the plasma-induced
deuterium retention at multiple locations of each target.

In the RBS configuration, we set the incident angle o = 4° and the scattering
angle of 170° in Cornell geometry. A Si target coated with (6.5 &+ 0.52) x 102!
atoms/m? of Pt was used as the RBS reference target and we obtained its RBS
spectrum in the same configuration as the Sn-deposited Ru-capped targets.
Typical RBS spectra of Ru-capped targets before and after Sn deposition are
shown in Fig. 4. Compared to the spectrum of the as-deposited Ru-capped
target, the spectrum of Sn-covered target has an extra peak in the 2072-2122
keV range, which corresponds to the Sn deposited on the Ru surface, according
to analysis using SIMNRA [23]. The Sn areal density (Nt), can be obtained
using the equation below [20],

_ AIUTQT
B ATJI’Q.’E

where (Nt), is the Pt areal density in the RBS reference target. A;, o;, and
Q; (i = z,r) refer to the spectral area of the element of interest, the average
RBS cross section, and the ion dose on the target, respectively. The subscripts
x and r refer to Sn on the Sn-covered target and Pt on the RBS reference target,
respectively. For the RBS reference target with (Nt),. of 6.5 x 102! atoms/m?,
A, is obtained using the Pt peak in its RBS spectrum, and the average RBS
cross section of *Het in Pt (0,) can be determined using SIMNRA. For the
Sn-covered target, A, is calculated using the Sn peak in the RBS spectrum as
shown in Fig. 4, and o, is obtained using SIMNRA by assuming the energy loss
of *He™ in Sn is negligible since we have only MLs of Sn. By setting Q, = Q,
using the chopper in the measurement, we can determine the Sn areal density
using Eq. 1.

In the ERD configuration, we set the incident angle o = 75° and the recoil
angle of 30° in IBM 1 geometry [23]. A Mylar foil of 1.26 x 10?* atoms/m? (13.2
pm in thickness) was placed in front of the ERD detector to stop the scattered
4He at the recoil angle, such that only signals of recoil hydrogen and deuterium
particles were received at the ERD detector. Similar to our RBS measurements,

(Nt), (Nt), (1)
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Figure 3: (a) Sn contents measured by RBS at various locations on the Ru-
capped target. The origin refers to the center of the target, and the x- and
y-axes are defined in Fig. 3(b). The surface normal and orientation flat point
toward the +z and -x direction, respectively. Note that when the target sits in
Diablo, the x- and z-axes of the target are the same as those of Diablo, as defined
in Fig. 2. The left plot shows a similar one-dimensional gradient along the x-axis
for different y-coordinates, which originates from the orientation of the target
during the deposition process. The right plot shows a similar Sn content at the
locations with the same x-coordinate. (b) Measurement locations on the target
for ion beam analysis, as described in detail in the text. The irradiation area
on the target was 1x1 mm? for both RBS and ERD. The grayscale gradient
on the wafer illustrates the gradient of the Sn thickness along the x-axis. The
dark area has a thicker Sn layer than the light area according to the measured
distribution shown in (a).
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Figure 4: Typical RBS spectra of the target before and after Sn deposition.
The dashed and solid lines refer to RBS spectra for the Ru-capped target before
and after a Sn deposition, respectively. The Sn peak after the Sn deposition
appears in the region between the dotted lines as shown in the inset. We use
the spectral area of the Sn peak to determine the Sn content.

the ERD measurements involved an ERD reference target with a predetermined
deuterium content [12]. The spectrum of the ERD reference target was obtained
in the same configuration as those of plasma-exposed Sn-covered targets. This
way the deuterium areal density in the Sn-covered target could be determined
based on the corresponding spectral area relative to that of the ERD reference
target, as described in [12].

3 Experimental Results

3.1 Saturation of Ti with Deuterium

After plasma exposure, deuterium was retained in the Ti layer of the target. We
can use this retention to quantify the deuterium uptake induced by the plasma
as long as the Ti layer is not saturated by deuterium under our experimental
conditions. We examined this criterion by performing a plasma fluence scan
for the target which contains the Sn content of interest, approximately 0.6 ML.
The ion energy (E;,,) was 1 €V during the plasma exposures and the deuterium
retention in these targets was measured using ERD as shown in Fig. 5. For
targets without deposited Sn, our previous work shows that the retention in
the target linearly increased with the exposure time (t.;,) up to 1080 s, and
the uptake rate was 2 x 10'7 atoms/m?/s for the same plasma setting as this
work [12]. In contrast, for targets with approximately 0.6 ML of Sn, the deu-
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Figure 5: Deuterium retention in the Sn-covered and Sn-free targets exposed to
the deuterium plasma at an ion energy of 1 eV. RBS measurements give the Sn
content on the Sn-covered target before the plasma exposure. There was 0.58
+ 0.07 ML of Sn on the targets exposed for 30 and 60 s, and 0.61 £ 0.07 ML of
Sn on the targets exposed for 90 and 120 s. After the exposures, the deuterium
retention was measured using ERD.

terium retention rose to (2.15 & 0.21) x 10%! atoms/m? after 30 s of exposure
and almost reached saturation within 120 s as shown in Fig. 5. This clearly
demonstrates a great influence of this 0.6 ML of Sn on the deuterium uptake
rate, given that the average deuterium uptake rate for the first 30 s was (7.16
+ 0.72) x 10" atoms/m?/s, which is more than 300 times higher than that
without Sn. At 120 s, the deuterium retention reaches (3.4 + 0.34) x 10!
atoms/m?, which can be explained by deuteration of almost the entire Ti layer
to form TiDs since we had (1.75 £ 0.14) x 10?! atoms/m? of Ti in the target
[24]. Therefore, in this work, we chose the plasma parameters for exposures so
that the deuterium retention was kept below the theoretical saturation level at
3.5 x 10! atoms/m? (defined later in Sec. 4 as Nyrap maz) and can be used for
quantification of the deuterium uptake rate. It is also worthwhile to note that
in this fluence scan, we did not observe cracks or ruptures of blisters on the
target, which indicates that deuterium implanted by the plasma stayed in the
target without being released via opening of the capping layer. This is also an
important criterion for our experiments in addition to the deuterium retention
being less than 3.5 x 10?! atoms/m?. These two criteria are applied to all the
experiments presented in this work.
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3.2 Influence of Sn

To investigate how Sn affects the deuterium uptake, we varied the as-deposited
Sn content on the target as described in Sec. 2.1.2, and measured the residual
Sn content and the deuterium retention after a plasma exposure as shown in
Fig. 6. Focusing first on Sn less than one atomic layer, we scanned the as-
deposited Sn content from 0 to 0.67 ML, which was repeated four times for
plasma exposures with different plasma parameters. A fluence scan by varying
the exposure time (teyp) was performed at an ion energy (Ej,,) of 1 eV and a
series of 60 s exposures was performed at an ion energy of 20 eV. During all the
plasma exposures, the gas flow was 1.5 slm and the pressure was 45 Pa.

We also investigated the residual Sn content after the exposure, since it
has been reported that Sn etching occurs in the presence of hydrogen plasma
[25, 26, 27]. However, given the error of the RBS measurement, we cannot prove
a correlation between the etched Sn content and the plasma exposure time as
shown in in Fig. 6(a). There appears to be no loss of Sn on the target after all
the exposures, which means Sn effectively stayed at the Ru surface of the target
throughout the plasma exposure. Similar phenomena have been reported for Sn
etching from Ru surfaces using hydrogen radicals [4, 7]. Further experiments
with high accuracy are needed to verify our preliminary conclusion regarding the
stagnant layer of Sn on Ru. On the other hand, as already indicated in Sec. 3.1,
we observe the deuterium retention drastically increases with the as-deposited
Sn content as shown in the logarithmic plot in Fig. 6(b). These results, for the
first time, exhibit the influence of Sn on plasma-induced deuterium uptake in
Ru films as predicted in a recent study based on DFT [10].

The plasma parameters also have effects on the deuterium uptake rate. At
an ion energy of 1 eV, the deuterium retention increases with fluence regardless
of the as-deposited Sn content. On the other hand, the deuterium uptake rate
appears to increase with the ion energy only when the as-deposited Sn content
is less than 0.5 ML. Besides qualitative comparison, these results can help us to
gain understanding with a reaction-diffusion model and identify relevant pro-
cesses to the deuterium uptake. The details of the model will be discussed later
in Sec. 4.

To gain a greater understanding of the influence of Sn, we also performed
experiments for more than one atomic layer of the as-deposited Sn. We varied
the as-deposited Sn content from 0.67 to 1.5 ML, and the target was exposed
to the deuterium plasma for 30 and 60 s at an ion energy of 1 eV. As shown in
Fig. 7, both the residual Sn content and the deuterium retention have totally
different behaviors from those for less than one atomic layer of the as-deposited
Sn. First, the residual Sn content is less than the as-deposited Sn content, which
is expected to occur as a result of plasma-induced Sn etching [6]. This process
of Sn loss probably lasts for less time than 30 s given no significant difference
in the residual Sn content between the 30 and 60 s exposures. Second, contrary
to the drastic acceleration for less than one atomic layer of Sn, the deuterium
uptake decreases with the as-deposited Sn content for the 30 s exposures. Note
that we lose Sn within this 30 s based on the measured residual Sn content,

11
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(b) The deuterium retention in the Sn-covered target.

Figure 6: Results of ion beam analysis of the Sn-covered target exposed to the
deuterium plasma. The Sn content before plasma exposure ranged from 0 to 0.67
ML, and the exposures were performed with four different plasma parameters.
Note that the residual Sn content is plotted with a linear scale, whereas the
deuterium retention is plotted with a logarithmic scale. (a) Residual Sn content
is expressed in ML. The dashed line refers to equal amounts of the residual and
as-deposited Sn, which indicates effectively no Sn etching. (b) Measured and
calculated deuterium retention in the target. The calculation is performed using
the model described in Sec. 4 with the fixed parameters in Tab. 1 and 2, and
the best-fit values of the free parameters in Tab. 3. The deuterium retention is
expressed in the fraction of the filled traps in the Ti layer, which becomes fully
filled for the deuterium retention of 3.5 x 102! atoms/m?.
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possibly leading to a time-evolving influence of Sn during this period. As we
increase the exposure time from 30 to 60 s, the deuterium retention increases but
becomes independent of the as-deposited Sn content. This indicates that from
30 to 60 s, the amount of retained deuterium increases with the as-deposited Sn
content, which is the opposite of the trend we observe for exposures from 0 to
30 s. The change of the deuterium retention will be used for estimation of the
uptake rate to investigate the interactions between deuterium, Sn, and Ru, as
discussed later in Sec. 5.

4 Model

A reaction-diffusion model has been built to understand the influence of Sn
on the deuterium uptake in Ru films. This is an extension of our previous
model to study plasma-induced deuterium uptake in Ru films in absence of
Sn, as described in detail in [12]. In that work, deuterium is implanted into
a Ru-capped target covered with a ML of Ru oxide under plasma exposure.
Our previous model incorporates surface processes related to the deuterium
uptake and fits the measured deuterium retention. According to the model,
the deuterium uptake occurs only after the Ru oxide surface is removed by the
plasma because hydrogen desorbs from Ru oxide at a lower temperature than
metallic Ru [28]. After the onset of the deuterium uptake, the uptake rate is
governed by the deuterium surface coverage and the absorption barrier at the
Ru surface. These surface parameters are expected to be important also for
Sn-deposited Ru films since a different absorption barrier for Sn than Ru is
predicted by the DFT work in [10, 11]. Therefore, in this work, we leverage the
parameters for metallic Ru from [12], and extend our previous model by adding
parameters for RuOs and Sn as well as relevant surface processes.

It is very important to note that the extended model only deals with less
than one atomic layer of Sn deposited on Ru. In this situation, we can sim-
plify the interactions between Sn, Ru, and deuterium by making the following
assumptions for the model:

1. For less than 0.67 ML of the as-deposited Sn, the Ru surface is wetted up
to a single layer of Sn atoms without 3D islands. This is supported by the
experimental and computational work in [13, 14, 15] and [11], respectively.

2. The target is exposed to air after Sn deposition. As a result, before the
plasma exposure, the Ru bulk is partially covered by an atomic layer of
tin oxide. The rest of the surface area is covered by a ML of RuO-.

3. The time for reducing an atomic layer of tin oxide using the deuterium
plasma is much shorter than the exposure time, which ranges from 30 to
120 s. This assumption holds based on a reduction rate of 40 nm/min for
SnO- achieved using hydrogen radicals generated by hot tungsten wires
[29]. This reduction rate is equivalent to 1 ML/s in respect to our definition
of ML if we assume a SnO, density of 6.95 g/cm®. It has been also

13
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Figure 7: Results of ion beam analysis of the Sn-covered target exposed to the
deuterium plasma. The Sn content before the plasma exposure was above 0.67
ML, and the exposures were performed for 30 and 60 s at an ion energy of 1
eV. (a) Residual Sn content is expressed in ML. The dashed line refers to equal
amounts of the residual and as-deposited Sn, and the dotted line refers to a
linear fit of the amount of the residual Sn, as discussed in detail in Sec. 5.2.
(b) Deuterium retention is expressed in the fraction of the filled traps in the Ti
layer.
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demonstrated that approximately one ML of SnO5 can be reduced by
hydrogen plasma exposure in less than 14 s [30]. We therefore neglect
Sn oxide in the model and assume we start with a mixed Sn and RuO-
surface.

4. No Sn etching occurs upon deuterium plasma exposure, which means the
residual Sn content equals that of the as-deposited Sn, based on the exper-
imental result shown in Fig. 6. This result appears to be counterintuitive
given that Sn removal can be achieved using a hydrogen plasma due to
formation of volatile SnHy [27]. On the other hand, experiments in [4, 6, 7]
also show that Sn etching can be strongly hindered for a thin Sn layer on
Ru surface. Therefore, we can make the valid assumption that during the
plasma exposure, this single layer of Sn does not leave the Ru surface so
the Sn content stays unchanged.

These assumptions lead to three possible surface compositions in the model. The
target surface starts with less than an atomic layer of Sn and a submonolayer of
RuOs,. The Sn surface coverage 0g,, is an important constant controlled by the
deposition process on Diablo. For any given 0g,, 0r, = 0 and 0ruo, =1 —0sy,
at the start of the plasma exposure, where 0r, and Og,0, refer to the Ru
and RuQO; surface coverages respectively. During the plasma exposure, the Sn
content remains constant while the Ru surface content emerges as a result of
the reduction of the RuQO, surface, which implies that 6r, increases, Or.o,
decreases, and the relationship O, + 0ruo, = 1 — fs, always holds. The oxide
removal rate depends on the ion flux and the ion energy as shown in our previous
work [12]. Owing to different energy barriers for deuterium at Sn, RuOs, and
Ru surfaces, we differentiate the deuterium content and uptake rates associated
with the three surfaces. The model calculates the time evolution of one Ru
concentration at the surface and eight deuterium concentrations at different
locations, as described below,

1. The areal density of metallic Ru at the surface (ng,) in m=2

2. The deuterium areal density at the surface covered by RuOs (nsurf, Ruo,)
in m
3. The deuterium areal density at the surface covered by Sn (nsyurfsn) in
2
m

4. The deuterium areal density at the metallic Ru surface (nsy,f,ry) in m™

5. The deuterium concentration at the subsurface underneath the Sn-covered
surface (Csup,sn) in m™3

6. The deuterium concentration at the subsurface underneath the metallic
Ru surface (csyp, ry) in m™

7. The concentration of mobile deuterium in the Ti layer (cpyx) in m>

8. The concentration of trapped deuterium in the Ti layer (ctpqp) in m™
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Figure 8: Potential diagram to describe the energy barriers which deuterium
atoms need to overcome when migrating from the Ru surface to the bulk or the
vacuum. Time evolution of the deuterium concentrations is described by Eq. 2
and the relevant deuterium fluxes indicated by single-headed arrows are defined
in Eq. 3.
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These concentrations are relevant to the main processes in this model to cor-
relate the deuterium fluxes from the plasma to the deuterium retention (cirqp)-
These processes can be associated with depth-wise or lateral surface transport
of deuterium in the system as depicted in Figure 8. The depth-wise transport
through the layers are described in detail in [12], and a brief outline is given
here. All the concentrations start with zero in the initial condition. During the
plasma exposure, deuterium coming from the plasma first sticks to the surface
given weak desorption and abstraction at room temperature, leading to a high
surface concentration cgy,r; where ¢ =Sn, Ru. Next, deuterium penetration of
the surface causes a high deuterium concentration at the subsurface ¢y ; (Where
i =Sn, Ru), followed by deuterium diffusion from the subsurface to the Ti layer
with a deuterium concentration cp, ;. These deuterium atoms become trapped
in the Ti layer when cyqp is below the maximum concentration of trapped deu-
terium. Similar processes occur both for Ru and Sn surfaces with different
penetration fluxes. Note that this model excludes deuterium concentrations be-
low the RuO» surface and the associated deuterium uptake is neglected due to
a high barrier for hydrogen penetration of a RuO; surface [31]. It is also worth-
while to note that this model excludes direct implantation by deuterium ions
at energies of 1 and 20 eV, which was treated in the same way in our previous
model [12].

In addition to the depth-wise transport described above, this model includes
processes for the lateral surface transport of deuterium at the surface with three
possible compositions. Deuterium on the Sn surface can “escape” to the RuO»
or Ru surface as indicated by I'cs ; (where j =RuO,, Ru) in Figure 8. These
escape fluxes are energetically possible given that hydrogen is 0.75 — 1.33 eV
higher in energy in the presence of Sn than without Sn on Ru, based on a recent
DFT study [11]. Deuterium can quickly spread out on the Ru surface after
the escape since the deuterium diffusion coefficient is 4.2x 10! m? /s for the Ru
surface [32], approximately 100 times that for the Ru bulk [33]. We assume I, ;
is determined by the associated deuterium surface coverages and an activation
barrier E.s, which deuterium needs to overcome for the state transition. This
model also includes the complementary deuterium fluxes from RuO- or Ru to
Sn as indicated by I'y.; (where j =RuO,, Ru) in Figure 8. However, these
“return” fluxes are expected to be much lower than I'., ; because a large barrier
(Fre) needs to be overcome to reach the high-energy state of deuterium on Sn
[11]. Note that we exclude the deuterium flux from the Ru to RuO, surface in
the model because it is energetically more favorable for hydrogen atoms to stay
adsorbed on Ru than RuOs [34, 31]. The deuterium flux from the RuO; to Ru
surface is also excluded in the model due to strong deuterium desorption from
the RuO, surface [28] and scarcity of empty sites on the Ru surface [12].

Depth-wise and lateral deuterium fluxes constitute the model for calculation
of nine concentrations in the system. Based on Ru oxide removal and conserva-
tion of deuterium atoms, we have the following differential equations
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d?’LRu
dt

dnsurf,RuOg

dt

dnsu'rf,Sn

dt

dnsurf,Ru

dt

ARu
o0t

)\Ru dt
dcpy

dr; C; tlk

dctrap

dr;
Tt

dcsub,Sn

dcsub,Ru

= Fremoval
= FES,RUOQ - Fre,RuOQ - Fdesorp,RuOQ

= _Fes,RuOg + FTS,RUOQ - Fes,Ru + Fre,Ru+
I‘adsorp,Sn - Fabsorp,Sn + Fresurf,Sn

= 1_\es,Ru - Fre,Ru + Fadsorp,Ru - Fabstr,Ru

- Fdesorp,Ru - 1_\absorp,Ru + Fresurf,Ru

= Fabsorp,Sn - Fresurf,Sn - Fdiff,Sn
= Fabsorp,Ru - Fresurf,Ru - Fdiff,Ru
=Tairr.sn +difr,rRu — Utrap + Ldetr

= Ftrap - Fdetr

where the fluxes are defined as
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Fremoval = onn€(1 - 9571 - eRu - GD,RUOQ)
Les,Ruos = kesNsurf,sn(1 —0sn — Oru — 0D, Ru0O,)
Fes,Ru = kesnsurf,Sn(eRu - QD,Ru)
FTE,R’MOQ = k'rensurﬂRuOg (95% - eD,Sn)
Fre,Ru = krensurf,Ru(esn - GD,Sn)
Fadsorp,Sn = Fatom(GSn - 0D,Sn)
1_‘adsorp,Ru = Fato’rnaadsorp,Ru (nRu - nsurf,Ru)
Fabstr,Ru = Fatomaabstr,Runsurf,Ru
Fdesorp,RuOQ = deesorp(2E‘desor;o,RuOg)niurﬁj{uo2
Fdesorp,Ru = 2kdesorp(2Edesorp,Ru)n§urf7Ru
Fabso’r‘p,Sn = kabsorp(Eabsorp,Sn)nsurf,Sn
Fabsorp,Ru = kabsorp(Eabsorp,Ru)nsurf,Ru
Fresurf,Sn = kresurfcsub,Sn (05’71 - eD,Sn)

Fresurf,Ru = kresurfcsub,Ru(eRu - HD,Ru)

Daiss.r
Caipf.sn = 755 % (Csub.Sn — Chulk)
U
Daiss.r
Taiffru = LB (0o R — Chutr)

dRu
Ctrap,max - Ctrap
Ftrap = ktrapcbulk
Niate,Ti

Fdetr = kdetr(ctrap,ma:r - ctTap)

where the parameters are divided into fixed parameters in Tab. 1 and Tab.
2, and free parameters in Tab. 3. Since the Ru-capped targets in this work
are provided by the same supplier as that for our previous work [12], we use
the parameters determined using our previous model as fixed parameters in this
model as shown in Tab. 2. For the Sn-covered surface, we neglect the desorption
process and assume a sticking coefficient of unity for deuterium atoms, since hy-
drogen radicals and Sn atoms lead to exothermic and spontaneous formation of
stannane [35, 6]. By keeping all of the fixed parameters constant and varying
the free ones, we fit the D retention with this model for all the exposure condi-
tions in Fig. 6. As shown in Fig. 6(b), the model describes our experimental
data reasonably well for the best-fit values of the free parameters in Tab. 3. In
the next section, we will discuss possible mechanisms responsible for the drastic
increase in the deuterium uptake based on the model. Moreover, we will also
address the different trend of deuterium retention for more than one atomic
layer of Sn as shown in Fig. 7, which is beyond the scope of the model.
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fixed parameter symbol value note
atom flux Tatom 2.3x1022 m2¢71 experimental data
Tion flux Tion 4.2x1019 m2g1 experimental data
target temperature T 23°C experimental data
Ru layer thickness dRru 40 nm experimental data
Ti layer thickness dri 30 nm experimental data
Ru lattice density Niatt, Ru 7.25)(1028 m'3 experimental data
Ti lattice density Niatt,Ti 5.83)(1028 m'3 experimental data
Ru lattice parameter ARu m
Ti lattice parameter AT {/Niase,1i
maximum surface coverage Nmax /\1_?,5 defined as 1 ML
adsorbent surface coverage 0; m’:;T i = Ru, RuO9, Sn
D surface coverage 0p,; % i = Ru, RuO9, Sn
pre-exponential factor Vo 1013 1 [36, 37]
adsorption cross section Cadsorp 3.2 A2 metallic Ru [38]
abstraction cross section Cabstr 1.1 A2 metallic Ru [39]
Ru desorption barrier 2Fdesorp, Ru 1.04 eV metallic Ru [40]
detrapping barrier FEietr 1.53 eV [41]

maximum trapped concentration

Ctrap,max

Ntrap,mazx
dri

21 -
Dgrap,max — 3-0x107" m

2

diffusion coefficient for Ti Daisyri 1.03x10714 m? /5 [42]
escape rate constant kes v exp(— ,f;ST) [36]
return rate constant kre vo exp(— ,i’%) (36]

desorption rate constant Edesorp(2Edesorp) | YoM Ry exp(—w,f;%) [36, 43, 37]
absorption rate constant kavsorp(Eabsorp) 0 exp(f%) [36, 43, 37]
resurfacing rate constant Eresurs VoARu exp(—%) 36, 43, 37]
trapping rate constant ktrap % (37]
detrapping rate constant Kdetr VoAT; eXp(*%) [37]
20

Table 1: Fixed Parameters in the Reaction-Diffusion Model.




fixed parameter symbol value

note

oxide removal yield 13 2%1073 for Eion =1eV

1x10°2 for Eion = 20 6V

Ion energy dependent [44, 12]

absorption barrier Eabsorp,Bu 0.87 eV [10, 34]
resurfacing barrier Ercsurs 0.62 eV [10, 34]
diffusion coefficient for Ru | Duaiff, ru 5.33x 10713 m2/s [33]

Table 2: Fixed Parameters in the Reaction-Diffusion Model, Determined in [12].

free parameter symbol best fit note
escape barrier E.s 0.44 eV [45, 46]

return barrier FE.e 1.19 eV [11]

RuO9 desorption barrier | 2Fgcsorp, Ruo, 0.55 eV [28]
Sn absorption barrier Eobsorp,Sn 0.73 eV [10, 11]

Table 3: Free Parameters in the Reaction-Diffusion Model.
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5 Discussion

5.1 Less than One Atomic Layer of As-Deposited Sn

The acceleration of the deuterium uptake induced by Sn, as shown in Fig. 6, is
qualitatively consistent with the predictions based on DFT in [10, 11]. According
to these studies, when a Sn atom or a Sn hydride molecule is adsorbed on the
Ru(0001) surface, charge transfer from Sn to H and Ru reduces their atomic
volumes, making hydrogen penetration more favorable. This also holds for a
complete atomic layer of Sn on Ru because hydrogen can access the Ru lattice
through the Sn layer, given the larger atom size of Sn than Ru. The presence
of Sn on Ru increases the energy of hydrogen at the surface with respect to
the subsurface and a significant drop in the absorption barrier. The hydrogen
with Sn on Ru is 0.75 — 1.33 €V higher in energy than only Ru. The calculated
absorption barrier is 1.06 eV for only hydrogen on Ru, and drops to 0.28 — 0.83
eV for SnH, molecules (x=1, 2, 3, and 4) on Ru [10, 11]. In our model, the
best-fit value of the absorption barrier is 0.73 eV for the Sn surface, which is
reasonably close to the computed value for the SnH case (0.80 eV). We assume
a constant absorption barrier with respect to the Sn content, since a DFT study
shows that the energy barrier of hydrogen only slightly changes when the Sn
content increases from 1/9 to 1/4 ML [47]. It is also worthwhile to note that
[47] reports a negligible influence of the Sn content on the energy barrier of
hydrogen, which is different than the results from [10, 11]. Further studies are
needed to clarify this discrepancy before the influence of Sn that we observed
can be applied to other systems.

Nonetheless, if we only consider depth-wise transport of deuterium through
the layers, the drastic increase in the uptake rate cannot be quantitatively ex-
plained by the lower absorption barrier. As described in [12] and Sec. 4, our
model indicates that the deuterium uptake is surface-limited, which means the
uptake rate depends on the deuterium surface concentration and the absorption
barrier. For less than 0.67 ML of Sn on Ru, the surface is covered by less than
an atomic layer of Sn atoms; therefore, the Sn surface coverage (6s,) increases
linearly with the as-deposited Sn content. Assuming similar deuterium surface
concentrations on Sn and Ru, the uptake rate for the Sn surface is expected to
be much higher than Ru due to the Arrhenius relationship with the absorption
barrier. If there is no interaction among RuQOs, Sn, and Ru surfaces, one would
expect the uptake rate to linearly increase with 6g,, which is obviously not
what we observe in the experiment. This discrepancy also shows the necessity
of using our model to find out more relevant processes to the deuterium uptake.

To explain the nonlinear increase in the uptake rate, we propose lateral
surface transport of deuterium in the model, including escape and return fluxes
(Pes,; and Ty ;). These fluxes in combination with the desorption flux from
the RuO- surface act as a drain for deuterium on the Sn surface. As shown in
Tab. 3, the determined E.,, Ere, and 2Fgecsorp, Ruo, are 0.44, 1.19, and 0.55
eV, respectively, while 2Eges0rp ru i 1.04 eV. This indicates high escape fluxes
from the Sn surface to the other surfaces and a high desorption flux on the
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Figure 9: Tlustration of the deuterium fluxes in the target during the plasma
exposure for the as-deposited Sn content of less than one atomic layer. The
arrows represent the deuterium fluxes and the width of the arrow refers to the
magnitude of the flux. The arrows from the surface to the plasma and to the
Ti layer represent the deuterium thermal desorption and implantation fluxes,
respectively. Two cases are used to illustrate the strong dependence of the
draining process and the deuterium uptake on the Sn surface coverage. (a) Sn
surface coverage is less than the RuO, surface coverage, leading to a strong
draining process and weak deuterium uptake. (b) Sn surface coverage is more
than the RuO» surface coverage, leading to a weak draining process and strong
deuterium uptake.

RuO, surface. When deuterium from the plasma sticks to the Sn surface, it can
easily migrate to the RuOs or Ru surfaces via the escape process, and hardly
returns to the Sn surface due to the high return barrier F,.. The migration can
lead to a deuterium saturated Ru surface, which extinguishes the escape flux
to Ru. On the other hand, deuterium migrating to the RuOs surface can leave
the system via strong desorption I'gesorp, Ruo,- The empty sites created on the
RuO, surface can therefore accommodate the next deuterium atoms migrating
from the Sn surface, which will be drained by another desorption process. Note
that in this model we assume the deuterium migration from Ru to RuO; is
negligible compared to that from Sn to RuOs because hydrogen tends to be
energetically more stable at the Ru than Sn surface [11].

This series of processes significantly drains deuterium on the Sn surface for
a high RuO; surface coverage (6ry,0,), leading to the nonlinear increase in the
uptake rate. When 6g,, is low (0s,< 0ruo,), there can be more empty sites
on the RuO, surface than the deuterium atoms occupying the Sn surface. In
this case, the combination of the escape and desorption processes can effectively
lower the deuterium surface coverage on the Sn surface (6p s»), as illustrated
in Fig. 9(a). However, when 0g,, is high (05, > 0ru0,), there are not enough
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Figure 10: Calculated deuterium surface coverage on the Sn surface at the end of
the deuterium plasma exposure. The calculation is performed using the model
described in the text with the fixed parameters in Tab. 2 and Tab. 1, and the
best-fit values of the free parameters in Tab. 3.

sites on the RuO- surface to accommodate the migrating deuterium from the
Sn surface. Therefore 0p g, increases drastically with 6g,. Once g, is close
to unity, the draining process has little effect because there is hardly any RuO4
surface for deuterium to escape to, as illustrated in Fig. 9(b). Overall, our
calculation using the model indicates that 6p_ s, increases nonlinearly with g,
as shown in Fig. 10. This accounts for the nonlinear increase in the uptake rate,
which is dominated by the absorption flux I'qpsorp,sn and therefore dependent
on 0p sn-

The time evolution of the RuO, surface also has an influence on the uptake
rate. As shown in Fig. 6(b), at an ion energy of 1 eV, the retention generally
increases with the fluence due to the absorption processes. It is important to
note that the escape flux to RuO, decreases with the fluence because 6gr.,0,
drops during the Ru oxide removal. This results in an increase in 0p g, and
consequently an increase in the deuterium uptake rate. The effect of oxide
removal also accounts for the higher uptake rate at an ion energy of 20 eV than
1 eV only for the low Sn surface coverage. As shown in Tab. 2, the oxide removal
efficiency at 20 €V is 5 times that at 1 eV. When g, is low, there is initially a
large RuOs surface, which becomes reduced very quickly at an ion energy of 20
eV, leading to a lower escape flux and a higher 6p g, than with an ion energy of
1 eV. Therefore, the uptake rate is elevated at an ion energy of 20 eV compared
with 1 eV. On the other hand, when 6g,, is high, there is limited RuO- surface
to be reduced by the plasma and the escape flux is low from the beginning of the
exposure. Hence, the difference of 6p g, between 20 and 1 €V is small, leading
to the similar uptake rate. The calculated 6p s, as a function of fg,, clearly
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shows the influence of the ion energy on the interplay between 0p g5, 655, and
Oruo, as depicted in Fig. 10.

We also investigate the possible mechanisms related to the draining process
based on the determined parameters Ecs, Ere, and 2Egesorp, Ruo,- 10 compare
with results in the literature, we use 2Egcsorp, Ruo, t0 estimate the peak tem-
perature Tpeqp in thermal desorption spectroscopy (TDS) measurements. When
the desorption flux I gesorp, Ruo, reaches its peak, the relation between T}, and
2Edeso7‘p,Rqu is given by [48]

2Edesorp,Rqu _ QD,Rqu,OVO (_2Edesorp,RuOg)

kBT;eak B ﬁ kBTpeak:

where 0p ruo0,,0 and B refer to the initial deuterium surface coverage and
the heating rate, respectively. Assuming 6p ruo,0 = 0.5 and g = 1 K/s, the
numerical solution of Eq. 4 for T, is 205 K, which is reasonably consistent
with the peaks at 100 K and around 260 K in the TDS experiments in the
literature [49, 28, 50]. Interestingly, these TDS studies suggest that the peak at
100 K results from deuterium desorption at coordinatively unsaturated Ru sites
(Rucys) [50] while the broad feature around 260 K is related to defects such as
Ru islands on the RuQO, surface. [28]. This indicates that the preparation of the
target surface could have a strong influence on the deuterium desorption from
the RuQO, surface and subsequently the draining process. Nevertheless, even
starting with a clean RuQO, surface, the target is expected to be fully reduced
to Ru after long deuterium plasma exposure. Therefore we expect the draining
process eventually ends due to lack of RuO5 on the surface.

The escape and return barriers F s and E,.. are also determined by using our
model. Here, we focus on the escape process that leads to deuterium migration
from the Sn to RuQOs surfaces, since it is an important part of the draining
process. Unfortunately, the underlying theory has never been studied, so here
we propose two possible mechanisms to account for this escape process. One
mechanism is the spillover effect, as mentioned earlier. It has been shown that
for the spillover effect, hydrogen diffusing from the metal catalyst to the support
could leave the support via thermal desorption as hydrogen molecules [51, 52],
which is consistent with the draining process in our model. As described in
Sec. 4, the spillover effect is energetically possible since hydrogen on Sn has
a higher energy than Ru by 0.75 — 1.33 eV based on DFT results. We expect
it is also energetically favorable for deuterium to escape from the Sn to RuO,
surfaces because deuterium on the RuQO, surface is only higher than Ru by
Edesorp,Ru — Fdesorp,Ruo, = 0.24 €V in energy in our model. For the spillover
effect to occur, DFT studies suggest that one needs dissociated hydrogen atoms
on the metal catalyst and strong interactions between the metal and the support
[2]. These two criteria could be applied to our model, since we have dissociated
deuterium atoms available on Sn upon deuterium plasma exposure and strong
atomic interactions between Sn and Ru based on DFT studies [10, 11]. The
details of this proposed mechanism may still need to be verified by further
computational studies.

(4)

25



D ol

(a) Sn-covered target (b) Plasma etching of (¢) Strong deuterium
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face

Figure 11: Schematics of the time evolution of the film stack during plasma
exposure. The width of the arrow from the surface to the Ti layer represents
the magnitude of the deuterium implantation flux. (a) Target surface is initially
covered by an atomic layer of Sn and a 3D Sn island on the first atomic layer.
(b) Upon plasma exposure, the deuterium uptake in Ru is accelerated by the
atomic layer of Sn but hindered by the Sn island, on which Sn etching takes
place during this period. (c) After the Sn island shrinks due to Sn etching, the
deuterium uptake is accelerated all over the target surface.

The other possible mechanism for the escape process is decomposition of
SnDy (x = 1, 2, 3, and 4) on Ru. As mentioned in Sec. 4, volatile species
SnDycould form near the target surface upon exposure to deuterium plasma.
Due to strong interactions between Sn and Ru, SnH, can decompose into Sn and
H on the Ru surface, as experimentally demonstrated in [6, 7, 46], effectively
leading to H migration from Sn to Ru. However, we do not find the correspond-
ing energy barrier to compare with E.s = 0.44 eV in our model, whereas 0.39
and 0.47 eV are reported in [45] and [46], respectively, for the energy barrier for
SnH, decomposition on Sn. Furthermore, although DFT studies show that H
released by SnHy can penetrate into the Ru subsurface [10, 11], there is still lack
of computational investigation of lateral H migration from SnH; to RuO; or Ru
on the surface. More computational studies are certainly required to validate
this hypothesis.

5.2 More than One Atomic Layer of As-Deposited Sn

0sn of unity is a turning point for both the Sn etching and deuterium uptake,
based on comparison of the results shown in Fig. 6 and Fig. 7. As g, goes
above unity, the model described in Sec. 4 cannot be applied, because DFT
studies show that 3D Sn islands form on the first atomic layer of Sn on Ru
[11], which contradicts with the first assumption of our model. In contrast to
no Sn loss for fg, < 1, the Sn content clearly drops after the plasma exposure
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for s, > 1, which can be explained by Sn etching by forming volatile SnD
upon exposure to hydrogen plasmas or radicals, as extensively investigated in
[6, 27, 5]. However, all these studies were carried out for Sn layers with thickness
of several tens to several hundreds of nanometers, which is much more than
MLs in our experiments. To explain removal of the MLs of Sn, we speculate
that the Sn etching is facilitated by weak SnDy decomposition for fg, > 1
because SnDy molecules cannot easily access the Ru surface which is already
covered by a single layer of Sn. After the Sn etching, the residual Sn content
is higher than that of the as-deposited Sn, which means the as-deposited Sn
islands cannot be fully removed, even by increasing the exposure time from 30
to 60 s. This finding could be explained by formation of 3D Sn islands on the
Ru surface upon hydrogen radical exposure in the presence of Sn as reported
in [35]. The competition between removal and formation of the 3D Sn islands
might determine the residual Sn content upon the plasma exposure. Note that
the residual Sn content is always higher than one atomic layer because the first
atomic layer of Sn cannot be removed due to strong SnDy decomposition, as
discussed in Sec. 4.

More importantly, the residual Sn content could help us to understand the
trend of the deuterium retention. The Sn etching appears to occur only during
the first 30 s or less because the plasma exposures for 30 and 60 s yield similar
amounts of the residual Sn. The system reaches an equilibrium state within 30 s
upon plasma exposure and the resulting amount of residual Sn increases with the
as-deposited Sn content, as indicated by the dotted line in Fig. 7(a). This line
corresponds to data fit with a linear function 0.43ng,, + 0.39, where ng,, is the
as-deposited Sn concentration at the surface in ML. Based on this linear fit, the
calculated amount of the etched Sn is ng,, — (0.43ngs, + 0.39) = 0.57ng, — 0.39
ML, which linearly increases with ng,. If we assume the same etch rate for
all ng, in the experiment, the time for etching also increases with ng, before
the residual Sn reaches its minimum content at equilibrium. DFT studies show
that hydrogen uptake is seriously suppressed for fg,, > 1 compared with fg, < 1
[11], so we assume during the first 30 s, Sn etching first occurs on the 3D islands
where the deuterium uptake is hindered. Intuitively, when deuterium is partially
consumed by forming SnDy, a lower amount of deuterium can penetrate the Ru
surface. However, this cannot fully explain the seriously hindered deuterium
uptake as shown in Fig. 7(a). For the as-deposited Sn content of 1.5 ML, the
first 30 s of plasma exposure yielded an etched Sn content of about 4.65x10'®
atoms/m?, which consumes only 1.86x10'® atoms/m? of deuterium while almost
no Sn is etched for the as-deposited Sn content of 0.8 ML. On the other hand, as
shown in Fig. 7(b), the deuterium retention for 1.5 ML of Sn is lower than that
for 0.8 ML by 15% of the total traps, which corresponds to 5.25x 10?°atoms/m?
of deuterium. This suggests that a small amount of deuterium consumption on
the surface can lead to more than 10 times more loss of the deuterium retention.
Therefore we conclude that Sn islands not only consume deuterium but also slow
down the deuterium penetration through the underlying Sn and the Ru surface.

When the Sn island concentration reaches the equilibrium, the deuterium
uptake rate goes up in the presence of the residual Sn as depicted in Fig. 11.
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Therefore, since the etching time increases with ng,,, the time for the deuterium
uptake decreases with ng,, leading to the decreasing trend of the deuterium
retention after exposures for 30 s. Furthermore, as we increase the exposure
time from 30 to 60 s, the deuterium retention becomes similar for all ng, in
Fig. 7. Since the system already reaches the equilibrium during this period, we
assume no Sn etching and only deuterium uptake in the presence of Sn. This
means the deuterium uptake rate from 30 to 60 s could increase with ng,, and
compensate for the delayed deuterium uptake due to Sn etching during the first
30 s. Combining our results for g, < 1 and 6g,, > 1, we hypothesize that when
the Sn etching is hindered, the deuterium uptake rate always increases with
ngn up to a few MLs of the residual Sn. However, the interplay between Sn
etching and hydrogen uptake in Ru in the presence of Sn still needs to be further
investigated with support of computational studies to validate our hypotheses.

6 Conclusions

We present the first experimental demonstration of the promoted deuterium up-
take in Ru films in the presence of Sn upon plasma exposure. For the deposited
Sn of less than one atomic layer, no Sn removal occurs, and the deuterium uptake
rate increases nonlinearly with the Sn content by 2-3 orders of magnitude. This
result is consistent with the low hydrogen absorption barrier induced by a single
layer of Sn as reported in recent DFT studies. Furthermore, we successfully sim-
ulate the deuterium uptake using a reaction-diffusion model, including multiple
surface species and relevant processes. This model shows the importance of the
proposed draining process, which requires deuterium lateral migration from the
Sn to RuO; surfaces and strong deuterium desorption from the RuO, surface.
Possible mechanisms, such as the spillover effect, are proposed to account for the
deuterium lateral migration. On the other hand, Sn removal starts to occur and
the measured deuterium retention behaves differently when the as-deposited Sn
content exceeds one atomic layer. Based on the residual Sn content and the
deuterium retention, we hypothesize that upon plasma exposure, the deuterium
uptake is first partially suppressed during the Sn removal, after which the deu-
terium uptake rate increases with the as-deposited Sn content in the ML range.
This study is possibly helpful for understanding the interactions between Sn,
Ru, and hydrogen in relation to the hydrogen uptake. More studies are still
needed in order to develop a potential mitigation strategy for the blistering of
Ru films in the presence of Sn.
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