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Abstract
The stability of micrometer sized particles in hydrogen plasma is essential for extreme
ultraviolet lithography, the ITER fusion program and the application of hydrogen plasma
etching. We experimentally investigated the morphological evolution of tin (Sn), lead (Pb), and
lead (II) oxide (PbO) micrometer sized particles on a surface that is exposed to a low pressure
hydrogen plasma. Post exposure particle cross sections obtained by a scanning electron
microscope accompanied by a focused ion beam demonstrated a significant influence of
hydrogen plasma exposure on both the surface and the bulk material of the particles. Chemical
sputtering at the surface and accumulation of pressurized hydrogen bubbles in cavities in the
bulk material are the main drivers of the morphological changes. These mechanisms may
influence the adhesion of particles to the surface through the introduction of asperities, increase
of contact spot area, or fragmentation after the accumulation of mechanical stress.

Keywords: EUV plasma, hydrogen plasma, contamination, tin, lead, particles

(Some figures may appear in colour only in the online journal)

1. Introduction

The retention of particles on a surface in a hydrogen plasma
environment is important for technologies with contamina-
tion control, such as extreme ultraviolet (EUV) lithography
[1–3], the ITER fusion program [4–6], and plasma-enhanced
catalytic activation [7]. All these technologies are sensitive to
particles in the size range from approximately 20 nm up to
a micrometer. Furthermore, hydrogen plasma etching might
replace halogen etching in semiconductor manufacturing as it
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is believed to be less aggressive and does not etch a too extens-
ive range of materials as halogens do [8].

EUV lithography enables the shrinkage of devices in the
semiconductor industry and improves the cost and energy effi-
ciency of integrated circuits. However, the total yield of the
production of integrated circuits is adversely affected by con-
tamination, i.e. the deposition of particles on critical surfaces,
such as a reticle or wafer. EUV radiation with the wavelength
of 13.5 nm ionizes the low pressure H2 in litho-scanners and
generates a low temperature and low density plasma used to
clean EUV optics [9–13]. EUV-induced hydrogen plasma was
found to enhance particle release from surfaces and to increase
particle transport to critical surfaces [14]. For instance, tin (Sn)
contaminants are traced back to Sn-based EUV source [15].
The proposed mechanisms for the enhancement of contamin-
ation include the production of solid hydrides at the surface
of the particle or hydrogen-filled pressurized cavities inside
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of the particles, both accompanied by accumulation of mech-
anical stress that can result in particles’ deformation or frag-
mentation. Alternatively, ion or radical-induced etching of the
particles may introduce (or amplify) asperities and result in the
gradual loss of the adhesion, enabling particles’ release [16].

It has been long understood that the transport of dust
particles is a major safety issue for ITER and future fusion
devices, owing to the possibility of radioactive or toxic dust
release to the atmosphere upon loss of vacuum accidents [17].
Moreover, dust transport has been consistently observed in
tokamaks [18]. Tolias et al broadly described the effect of dust
transport in the ITER fusion reactor and concluded that the
effect of nano-asperities due tomorphological changes appear-
ing during plasma operations is one of themain factors causing
particles’ mobilization [4]. The damaged surface of the reactor
wall (the tungsten foam) was demonstrated by Brezinsek et al
[5]. Atomic and ionic deuterium and tritium damaging tung-
sten by physical sputtering, ion implantation and trapping of
molecular deuterium and tritium under the surface may be
approximated to an extent by the low temperature hydrogen
plasma damaging tin and lead, which is reported in this work.

Hydrogen plasma may improve semiconductor etching
processes [7]. The etching of semiconductors, metals, and
insulators requires gas mixtures containing halogens and their
compounds. Such etch mixes are effective, yet hydrogen
plasma forms volatile hydrides with some of the relevant
materials and may have some benefits in terms of selectivity
for etching as a milder instrument [8]. Considering the adverse
effect of contaminants on semiconductor yield, one should
improve understanding of particle generation andmobilization
mechanisms in hydrogen plasma in such environments.

Materials chosen for the study of this paper are relevant for
EUV lithography or have high sensitivity to chemical sput-
tering and atomic hydrogen-induced transport. Sn, lead (Pb)
and lead (II) oxide (PbO) form volatile hydrides (e.g. stan-
nane SnH4, plumbane PbH4 and H2O) at room temperature
when exposed to H2 plasma; moreover, they have high diffu-
sion coefficient for atomic hydrogen and low diffusion coef-
ficient for molecular hydrogen, which is expected to enhance
the formation of pressurized H2 cavities.

Because industrial applications rely on process cleanli-
ness, understanding the plasma influence on particle genera-
tion or mobilization is of critical importance. The current work
demonstrates themorphological changes of tin and leadmicro-
meter sized particles under exposure to a low pressure hydro-
gen plasma, suggests underlying mechanisms and the possible
impact of such mechanisms on adhesion and in extreme cases
on particle fragmentation.

2. Experimental methods

The experiments were carried out in three steps. First, non-
spherical particles of Sn, Pb or PbO (yellow) from SigmaAld-
rich™ with an indicated size distribution of 1-30µm were
mechanically dispersed on a 1 inch sapphire wafer covered
with a 100 nm thick Cr coating. Second, the samples were

exposed to hydrogen plasma with various doses and con-
stant ion flux and energy. The samples were divided into sev-
eral groups by their exposure time: from nil (virgin, without
being exposed) to 70 h of H2 plasma exposure with one wafer
exposed at a time. Third, cross-sections of the particles were
analyzed in a scanning electron microscope/focused ion beam
(SEM/FIB). It should be noted that air exposure between
plasma exposure and analysis was unavoidable in the current
experiments, and the particles could be partially oxidized.

2.1. ECR hydrogen plasma setup

Figure 1 shows a schematic drawing of the plasma vessel
used in the experiments. Hydrogen plasma chosen for the
experiments represents the conditions of the afterglow of the
EUV-induced hydrogen plasma with a boost factor. The EUV
plasma fluxes of ions and radicals require hundreds of hours
of exposure to cause particle release in the vicinity of crit-
ical surfaces [9]. Having a hundredfold more intense flux and
approximately 5 times higher energy of the ions compared to
the EUV-induced plasma [19], the experiment conditions are
expected to accelerate the effects on the particles by approx-
imately 100 times. Working with low pressures, temperat-
ures and under supersaturation conditions of dissolved hydro-
gen, we assume the scaling is reasonable [20]. The hydrogen
plasma was driven by an electron cyclotron resonance (ECR)
plasma source [21] Aura-Wave™ from Sairem exhausting into
a vessel of 20× 20× 20 cm3 in size. The sample faced the
plasma head and was located 10 cm apart in the middle of
the vessel. The sample holder and the sample were connec-
ted to the rest of the vessel and served as ground. Hydro-
gen was supplied at 20 sccm into the chamber and evacuated
by a turbo molecular pump (Pfeiffer THU 200 MP) connec-
ted to a scroll dry pre-pump (Edwards XDS10). The pres-
sure inside the chamber was monitored by Philips vacuum
gauges (HPT 200 Pirani/Bayard–Alpert and PPT 200 AR,
both hydrogen calibrated). Before samples were exposed to
the plasma and without hydrogen supply, a base pressure of
less than 10−4 Pa was obtained. The plasma was maintained at
5 Pa pressure with 100–200W input RF power at 13.56MHz
in an automatically adjusting the resonance frequency mode
(tuning mode). During plasma exposures the sample tem-
perature remained in the range from 20◦C to approximately
60◦C.

The ECR source produces a low-temperature plasma with a
smooth distribution of the plasma characteristics, e.g. plasma
density and electron temperature decays with distance from
the source. Values for the electron temperature Te ∼= 5 eV and
density ne ∼ 1016 m−3 were used from Shirai et al [21]. From
those parameters, it is estimated that the substrate was exposed
to a uniform flux of ions of about I = ∼1015 cm−2 (1Am−2)
with energies obtained in the plasma sheath of about Ei = 2−
3×Te or 10–15 eV. The radical flux was 10–100 times higher
than the ion flux due to 1–10% chance of radical association at
stainless steel walls of the main vacuum chamber, compared
to 100% chance of ion recombination.
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Figure 1. Schematic drawing of the experimental setup. The setup
comprised the main vessel and the loadlock chamber, separated by
a gate valve. The sample with deposited micrometer sized particles
was mounted in the main vessel facing (and 10 cm apart from) the
ECR plasma head.

2.2. SEM/FIB measurements

Prior and post-exposure to H2 plasma, the particles were
examined in a SEM/FIB (NovaNanolab 600i). The SEM
images comprising the top view of the particles were reported
earlier in our previous work [1]. Hereby we report on the addi-
tion of SEM images of the particles’ cross-sections produced
by an ion beam. In order to reduce damage, carbon depos-
ition, heating, and sputtering by electron and ion beams, the
SEM/FIB parameters were set to minimal values: SEM beam
energy was limited to 10 kV and current to 0.4 nA, FIB Ga ion
beam energy was limited to 10 kV and current to 0.46 nA.

3. Results

The results section of this paper is divided into three subsec-
tions according to the corresponding type of particles: tin, lead,
and lead monoxide. Each section contains the SEM/FIB cross
sections of particles prior and post exposure to the plasma to
various doses. Per subsection, we provide suggestions for the
possible damaging mechanism(s). The samples and the expos-
ure times are listed in the table 1.

3.1. Exposure of tin particles to H2 plasma

Tin particles exposed to hydrogen plasma show a signific-
ant change with respect to both surface and bulk properties
(figure 2). As can be seen fromfigures 2(b) and (c), tin particles
under high plasma load develop bubbles in their bulk mater-
ial and spikes at their surface. The number of these structural
changes appears to increase with the exposure time. Interest-
ingly, the bubbles are non-spherical and tend to be shaped
along a body-centered tetragonal lattice. The typical size of
these plasma-induced structures ranges from a few tens of nm
to a few tens of micrometers. One explanation for the appear-
ance of these H2 bubbles is that they build up at interstitial sites
in the host lattice and crystal defects, playing a role of a sink
for hydrogen atoms. Jumping between neighboring interstitial
sites hydrogen atoms can diffuse over a big distance from the
surface [20].

Table 1. The plasma exposure time and applied power of the
samples.

Material Exposure time (RF power)

Sn (figure 2) 0 h 7h (150W) 70h (100W)
Pb (figure 4) 0 h 3h (200W) 18h (100W)
PbO (figure 5) 0 h 3h (200W) 18h (100W)

Low energy hydrogen ion implantation is limited only
to a few nm. Ions are incident normal to the substrate,
while bubbles are, obviously, evenly distributed across the
Sn particle’s volume. This indicates the diffusive nature of
the process (while ion implantation may be more relevant in
the ITER diverter damaging), and the significance of the role
of hydrogen atoms supplied to a particle from every direc-
tion. Reactions with radicals and ions, relevant for etching
are barrier-free reactions. In this case the Gibbs free energy
(△G◦) fully defines kinetics of the reaction. For a molecule to
be unstable, the decomposition reaction Gibbs energy must be
negative and negativity determines the decomposition rate of
the molecules.

The bubbles, with trapped hydrogen pressure approaching
the ultimate tensile strength (UTS) of tin, which is 220MPa
[22], grow along the crystalline planes. The explosion or burst
of such bubbles may cause the fragmentation or release of the
particles from the surface exposed to plasma, and so this effect
must be accounted in applications that are critical with respect
to defectivity.

Spikes at the surface in figure 2(c) likely correspond to
the formation/decomposition of stannane (SnH4) as repor-
ted by Tamaru [23]. Stannane is a gas at room temperature
[24] for which the formation reaction with hydrogen radic-
als is endothermic with the standard entropy energy △S◦ and
enthalpy △H◦ at 298K being equal to −282 JK−1mol−1 and
−709.2 kJ mol−1, respectively (table 2). This yields a total
△G◦ = −625.2 kJ mol−1. The formation of stannane upon
the interaction between tin and hydrogen radicals follows the
reaction

Sn(s)+ 4H(g)→ SnH4(g) (1)

where s and g indicate the surface and gas phase respectively.
The reaction with molecular hydrogen is exothermic and, thus,
less likely.

According to our calculations, the decomposition of stan-
nane on catalytically active surface proceeds spontaneously
with the corresponding Gibbs free energy of△G◦=−187.8 kJ
mol−1 (which is close to those, reported by Ugur et al [25]).
Using x-ray photoelectron spectroscopy the authors confirmed
the decomposition of stannane on a metal surface into pure
metallic tin by

SnH4 → Sn+ 2H2. (2)

In this respect, Ugur et al suggested a possible mechan-
ism for the decomposition of SnH4 under various hydrogen
fluxes (ranging from 5.4 ×1016 to 3.2 ×1017 cm−2 s−1). The
author argued that for low radical flux (∼5×1016 cm−2 s−1)
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Figure 2. SEM images of tin micrometer sized particles’ cross-sections after exposure to hydrogen plasma. From left to right by exposure
time: not exposed (a), 7 h of exposure at 150W (b), 70 h of exposure at 200W (c).

Figure 3. SEM images of tin particles particle before (on the left)
and after 1.5 h of exposure to hydrogen plasma at 100W (on the
right), during exposure tin remained below the melting point. The
arrow indicates the emerging bridge between the particles,
confirming tin transfer along the particle surface.

the majority of atoms will likely recombine on the sur-
face into H2 molecules with only a few of them interact-
ing with Sn as was suggested in the similar study on Ru
and resulting in the low etching rate [26]. At higher flux
∼3 × 1017 cm−2 s−1, corresponding to conditions similar to
our experiments (∼1017 cm−2 s−1), the efficiency of the reac-
tion of impinging radicals H with Sn is growing as more H2

molecules desorb and more Sn spots on the surface is avail-
able. This means the suggested mechanism of surface mass
transfer is reliable.

The catalytic activity of the tin’s surface for stannane seems
to be higher compared to the wafer’s surface coated with nat-
ive oxide Cr2O3. The figure 3 shows the surface migration of
tin atoms between two physically connected particles, mak-
ing a bridge. The effect was achieved already after 1.5 h of
exposure to the plasma. We did not observe such effects on the
particles, separated by a gap of the wafer surface. Furthermore,
the original particle was rough as can be seen in figure 2(a).
The exposed Sn particle in figure 2(c) is smoother except for
individual spikes, which also supports our hypothesis of tin
transport along the particle surface in a cycle of formation and
decomposition of stannane. In addition, for some tin particles
after exposure, we also observed the increased contact spot
area to the Cr-coated wafer (figures 2(b) and (c)), which is

unexpected for pristine aspherical particles. With this, we can
conclude the plasma-induced surface tin transfer contributes
to the growing adhesion force over time of exposure. It is in
contrast to commonly reported the effect of reducing the van
der Waals force.

3.2. Exposure of lead particles to H2 plasma

Similarly to tin, the formation of a lead hydride is very likely.
Plumbane (PbH4) was reported by many authors as a very
unstable hydride and it lacks accurate measurements [27, 28].
In table 2 we assessed plumbane’s formation and decompos-
ition △G◦ by extrapolating the enthalpies △H◦ of the sim-
ilar reactions with C, Si, and Sn. Indeed, plotting enthalpies
of the hydride formation/decomposition of the reactions lis-
ted in table 2 versus their bond energies C–H, Si–H, Sn–
H and Pb–H (337 kJmol−1, 300 kJmol−1, 267 kJmol−1 and
176 kJmol−1 respectively) [29], the formation and decompos-
ition enthalpies of plumbane can be assessed to−405 kJmol−1

and −460 kJmol−1 respectively. As can be seen, the entrop-
ies of the reaction are nearly equal. Assuming the entropies
for plumbane reactions as for stannane (−282 Jmol−1 and
84 Jmol−1 respectively), theGibbs free energywas calculated.

Plumbane, being formed in the reaction

Pb(s)+ 4H(g)→ PbH4(g) (3)

is much less stable compared to stannane molecule [30], con-
firmed by the strong negativity of the assessed △G◦ reac-
tion. Thus, the plumbane is likely to decompose on the sur-
face before having a chance to leave it, and the redeposition of
lead is even more likely than the redeposition of tin (figure 4).
Though, the assessed △G◦ of stannane production is more
negative compared to plumbane (which translates into the
higher etching speed for tin), from the figure 4 we can con-
clude that lead’s morphology changes faster than tin’s. There-
fore, the dominant mechanism for Pb morphology evolution is
the formation of bubbles. The bubbles inflate and rupture near
the surface (figure 4(c)), which explains the seemed ‘etching’
effect.
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Table 2. The Gibbs free energy, entropy and enthalpy of the formed and decomposed volatile hydrides given at 298K. The data for
materials interacting with hydrogen is given for solid bodies. Formation and decomposition of plumbane (PbH4) was empirically assessed
based on the stannane (SnH4) data.

Reaction △G◦ kJmol−1 △H◦ kJmol−1 △S◦ JK−1mol−1 References

C+ 4H→ CH4 −864.7 −946.9 −276 [24, 41]
CH4 → C+ 2H2 50.7 74.9 81 [24, 41]
Si+ 4H→ SiH4 −757.0 −837.5 −270 [24, 41]
SiH4 → Si+ 2H2 −46.2 −34.3 40 [24, 41]
Sn+ 4H→ SnH4 −625.9 −709.2 −282 [24]
Sn+ 2H2 → SnH4 187.8 162.8 −84 [24]
SnH4 → Sn+ 2H2 −187.8 −162.8 84 [24, 25]
Pb+ 4H→ PbH4 −321.0 −405.0 −282 assessed
PbH4 → Pb+ 2H2 −485.0 −460.0 84 assessed
PbO+ 2H→ Pb+H2O −455.0 −503.7 −160 [24, 42]

Figure 4. SEM images of lead micrometer sized particles’ cross-sections after exposure to hydrogen plasma. From left to right by exposure
time: not exposed (a), 3 h of exposure at 200W (b), 18 h of exposure at 100W (c).

The different phases within the lead particles’ cross
sections can be associated with lead’s response to the elec-
tron beam. The pristine particle (figure 4(a)) may have a native
oxide shell with a different density which seems darker in the
SEM images. The hydrogen exposed particles (see figures 4(b)
and (c)) appear to have a hydrogen-rich zone which appears
as a dark area, whereas the pristine (hydrogen-free) lead area
appears brighter.

3.3. Exposure of lead (II) oxide particles to H2 plasma

Lead (II) oxide particles demonstrate even the fastest change
when exposed to hydrogen plasma compared to the tin and
lead particles (see figure 5).

Note that the retrieving of oxygen, occurring in the reaction

PbO+ 2H→ Pb+H2O (4)

is a more likely process than plumbane formation, since fewer
reactants are needed to form it and since the water formation
Gibbs free energy (−237.1 according to Dean [31]) is more
negative than, for instance, plumbane formation △G◦. Thus,
the dominant process in PbO particles is etching and it is likely
to proceed via PbO→ (partialoxide)→ Pb→ PbH4. The low
density partial oxide will yield a low density lead that in turn
is easier to etch or blister due to the abundance of active sites.

4. Discussion

We can classify various cases of hydrogen interaction with
the particles based on the observations. The particle may be
subjected to three independent mechanisms: etching, bubble
formation, and physical sputtering. Some properties of the
materials must be considered, when evaluating the domin-
ant mechanism: formation/decomposition rate of the hydrides
(if present), diffusion properties of hydrogen atoms in the
particle, and the material’s UTS. The diffusion of radicals was
studied only in C and Si. There is a lack of information about
diffusion in Sn, Pb, and PbO.

4.1. Etching and surface mass transfer

The ability of somematerials to form volatile hydrides determ-
ines the possibility of etching those materials in hydrogen
plasma, and consequently the chance of material transfer in
the cycle of formation and decomposition of hydrides. The
stability of volatile hydrides decreases moving from C to Pb
within the fourth group of the periodic table along with the
formation of the Gibbs free energy (table 2). It is likely that
hydrides fromC to Si are so stable that redeposition andmater-
ial transfer are insignificant. Sn hydride is intermediate in its
stability, so the material transfer is noticeable. Pb hydride is
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Figure 5. SEM images of lead oxide micrometer sized particles’ cross-sections after exposure to hydrogen plasma. From left to right by
exposure time: not exposed (a), 3 h of exposure at 200W (b), 18 h of exposure at 100W (c).

so unstable that material transfer is likely happening on the
small scale, possibly smaller than the particle itself. Pb is not
on the list, as plumbane may even decompose before it dif-
fuses far from the surface. However, PbO is etchable, because
of the oxygen extraction by the plasma. As an example, dry
etching of Si in hydrogen and halogen-containing plasmas was
widely studied [32]. The etching of C by hydrogen plasma was
assessed by Park to 0.1 nmmin−1 at room temperature [33].
Carbon etching in EUV plasma was calculated by Astakhov
and van Leuken, resulting both in about 0.3 nmmin−1 [34,
35]. The etching of amorphous Si by hydrogen plasma was
found to be of an order of 1 nmmin−1 [36]. The etching of
Sn by hydrogen radicals in EUV-induced plasma applications
was studied by van Herpen et al [37], resulting in etch rates of
about 50 nmmin−1 on a silicon substrate and 28 nmmin−1 on
a Ru substrate. The etching of Sn particles by hydrogen plasma
was described by Elg et al [38]. with etch rates at room temper-
ature of about 1–10 nmmin−1 for typical capacitively coupled
plasma or typical conditions for hydrogen radical generators.
There is no literature data regarding lead etching by hydrogen
plasma.

Surface migration of tin atoms by formation and decom-
position of stannane is significant for both: the particle’s shape
and the region of contact (translated into the particle’s adhe-
sion force). The exposed tin particle presented the increased
plane-to-plane contact area, which is unexpected as typic-
ally plasma is known to suppress the van der Waals force by
inducing nanoaspherities. For contamination control, it might
be relevant to investigate which of the processes wins: the
emerging spikes increasing the particle/substrate separation
and promoting the release or the increasing sticking coef-
ficient, preventing the particle from release. The mechan-
ism of surface migration seems to be important for mater-
ials with unstable volatile hydrides. As a result, such an
effect was not reported for silicon, i.e. the silane molecule
is stable and does not decompose near the particle. How-
ever, in our experiments, we did not observe the increased
contact spot for lead particles that could confirm the trend,
presumably due to the dominant bubbles rupturing near the
surface.

Due to the lack of reliable information regarding the etch-
ing of lead and lead oxides by hydrogen plasma, we will refer
to our experiments and the previous publication [1]. As was
demonstrated before, lead oxide has a higher tendency toward
etching (figure 5) because of the production of water. Etching-
induced asperities or stress-induced dislocations in subsurface
layers may impede the diffusion of atomic hydrogen deeper
into the bulk by trapping it and so promote bubbles near the
surface and suppress bubbles in the bulk.

4.2. Bubble inflation/particle fragmentation

Trapping of H2 under the particle’s surface in bubbles and sub-
sequent particle fragmentation may occur even if the incident
energy of ions is too low to create a physical displacement. The
atomic or ionic hydrogen from the plasma adsorbs on a surface
or near the surface (some nm after implantation), diffuses into
the bulk, and precipitates on low energy sites such as cavit-
ies and vacancy clusters or dislocations. The recombination
of hydrogen atoms to H2 in such cavities or at such vacancy
sites leads to the accumulation of H2 gas at increasing pres-
sure and deformation. This eventually leads to the formation
of blisters (f.i., figure 2(c)). Growing blisters are associated
with stress, centered on the blister (see figure 6, the enlarged
scheme) which exponentially relaxes towards the surface of
the particle.

As shown in the figure 6, blister growth depends on the
relative rates of hydrogen supply by diffusion process to
and escape from the cavity and on the equilibrium between
molecular and atomic hydrogen densities locally [14, 39]. If
outgassing exceeds the supply of hydrogen, the blister will
collapse.

The rate of hydrogen supply to the cavity depends on bulk
diffusion properties and on the occupancy of sites on the sur-
face. The dissolved hydrogen atoms energetically tend to accu-
mulate into bubbles on vacancy defects and near dislocations.
The bubbles distribution is determined not only by the diffu-
sion length of hydrogen atoms but also by screening effects
of defects and existent bubbles. For instance, the higher dif-
fusion coefficient for lead compared to tin is compensated by
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Figure 6. An illustration of a particle exposed to hydrogen plasma
and a schematic displaying the propagation of atomic hydrogen
within the crystal, i.e. the diffusion of hydrogen radicals to
low-energy sites such as cavities or crystal defects. The pointed
spots promote the formation of molecular hydrogen leading to an
increased hydrogen pressure locally.

a larger number of dislocations (the number of dislocations is
inversely proportional to the material’s UTS [40]), so in lead
(and in partial lead oxide) bubbles are concentrated in the layer
at a fraction of amicrometer from the particle surface. In tin, as
expected, the bubbles are distributed evenly in the bulk, which
indicates that diffusion spreads atomic hydrogen concentra-
tion only after the precipitation takes place.

In order to form a blister or even a bubble, some conditions
must be fulfilled. First, materials with high enthalpy of solu-
tion △H and, as consequence, with a high concentration of
dissolved hydrogen (when subjected to hydrogen plasma) are
naturally prone to bubble formation [20]. Alternatively if H
dissolution is a barrier reaction, ion implantation should pro-
mote saturation of the bulk. Second, the diffusion of radicals
must be sufficient to supply atomic hydrogen to the emerging
bubble faster than outgassing that tries to deflate it. Hydrogen
radicals, as was discussed before, diffuse in metals by jump-
ing between interstitial sites. It was found that the dense pack-
ing of the silicon structure enabled an H incorporation depth
of only about 10 nm under incident energies of 300 eV and
once implanted, atomic hydrogen stayed in place. That means
that the formation of blisters in silicon is excluded and etching
is dominant. Third, the mechanical properties of the particle
must be taken into account. The pressure inside of the grow-
ing bubble exceedsUTS, somaterials with lowUTS also prone
to bubble formation.

Condon proposed three basic criteria in order to conclude
if the blisters appear to qualify for growth [43]. The first cri-
terion is the supersaturation of dissolved hydrogen. The rest
of the criteria depend on the level of hydrogen supersatura-
tion. In cases where the saturation is under a certain threshold,
the additional criterion of vacancy supersaturation is needed.
To make this mechanism possible, the concentration of metal
vacancies must be greater than expected for the equilibrium
state. This may happen in the presence of impurities or crystal
defects. The upper limit of supersaturation determines whether
the process goes to the formation of cavities or to the forma-
tion of hydrides. This criterion says that the supersaturation

level must remain below the concentration for hydride forma-
tion. The supersaturation effect was also observed by Ou and
co-authors [44]. As an example, for instance, the research of
Kamada related to hydrogen implantation in aluminum [45].

Xie et al [46]. showed that, in general, the growth of a
blister near the surface begins with the appearance of a nano-
scale gas bubble (with a certain radius of curvature R), pro-
moted by the internal gas pressure P, plastically deforms the
covering layer that becomes visible on a particle’s surface
in SEM. Based on their review for hydrogen blistering in
aluminum, the pressure P within this blister with saturated
hydrogen must exceed the yield strength σY of the material
in covering layer and its surface energy γ. The critical blister
radius RC before explosion depends on P with the following
relationship [46]:

P− 4σYt2

3RC
2 − 2γ

RC
> 0 (5)

where t denotes the thickness of the capping layer. Using the
values (220MPa, 0.5× 10−6m, 0.5× 10−6m, 10−9 Jm−2) for
the given parameters (σY , RC, t and γ) respectively, which are
typical in these experiments, the pressure within the bubble
reaches of about 290MPa that exceed the material’s yield
strength and therefore corresponds with the observations.

4.3. Physical sputtering damage

The maximum momentum transfer in a collision between the
heaviest hydrogen-ion (H+

3 ) in the ECR hydrogen plasma used
in this work and the lightest target element (Sn) with a bond
energy of about 3eV is limited to 10% with a total threshold
for ions of around 25eV. Therefore, the effect of physical sput-
tering by hydrogen ions can be neglected [14].

One should note here that, probably, all the damaging pro-
cesses listed above might act on each of the chosen materials
collectively. However, the bulk properties dictate which mech-
anism is dominant. The relative sensitivities of Pb and PbO
particles to hydrogen plasma compared to that of Sn particles
is denoted by the decreasing stability of their hydrides as mov-
ing down in the periodic table (from carbon to lead). As dis-
cussed in this section, the increasing stability of hydrides at
hydrogen supersaturation conditions decreases blister form-
ation and promotes chemical etching. Furthermore, the low
yield strength of 16–17MPa [47] for Pb and PbO compared to
220MPa for Sn particles means a much lower pressure inside
the bubbles is required to enable bubble inflation in these
low yield strength materials. However, the bubbles are barely
formed deep in the bulk of Pb and PbO particles as atomic
hydrogen precipitate on the abundant dislocations and lattice
defects, more concentrated in Pb and PbO (partially reduced,
stressed), compared to Sn.

5. Conclusions

Tin, lead and lead (II) oxide particles exposed to hydrogen
plasmawere investigated using SEM in combination with FIB.
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The core objective of this study is elucidation of the plasma
interaction with the selected particles.

With the obtained results we confirm that reactive mater-
ials (subjected to etching or trapping of molecular hydrogen
under the surface) in hydrogen or EUV plasmas may impact
the adhesion. The adhesion alteration is associated with two
mechanisms. In the first mechanism the surface mass trans-
fer leads to the morphology change and increased contact area
between the particle and the substrate. The second mechan-
ism is the rupture of blisters that is associated with particle
fragmentation.

We found that despite the different energies, themechanism
of chemical sputtering in lead is similar to the tungsten foam
production in the ITER reactor.

In order to use hydrogen plasma as a tool for selective etch-
ing we advise avoiding the materials with a high coefficient of
atomic hydrogen diffusion due to the bubbling inflation in the
bulk and their subsequent rupture.
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