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ARTICLE INFO ABSTRACT

Available online xxxx The extreme ultraviolet (EUV, N = 13.5 nm) induced dissociation of water layers on Ru(0001) was investigated.

We irradiated amorphous and crystalline water layers on a Ru crystal with EUV light, and measured the surface

Keywords: coverage of remaining water and oxygen as a function of radiation dose by temperature programmed desorption
Water (TPD). The main reaction products are OH and H with a fraction of oxygen from fully dissociated water. TPD spec-
EUV . tra from a series of exposures reveal that EUV promotes formation of the partially dissociated water overlayer on
Ruthenium . . e .

Dissociation Ru. Furthermore, loss of water due to desorption and dissociation is also observed. The water loss cross sections

for amorphous and crystalline water are measured at 9 4+ 2 x 107'° cm? and 5 + 1 x 10~ '° cm?, respectively.
Comparison between the two cross sections suggests that crystalline water is more stable against EUV induced
desorption/dissociation. The dissociation products can oxidize the Ru surface. For this early stage of oxidation,
we measured a smaller (compared to water loss) cross section at 2 x 10~2° cm?, which is 2 orders of magnitude
smaller than the photon absorption cross section (at 92 eV) of gas phase water. The secondary electron (SE) con-
tributions to the cross sections are also estimated. From our estimation, SE only forms a small part (20-25%) of

Secondary electron
Reaction cross section

the observed photon cross section.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Since light with a shorter wavelength can provide better imaging
resolution, Extreme ultraviolet (EUV) light, with a wavelength of
13.5 nm, has been chosen for the current generation of high-end photo-
lithography system [1,2]. However, EUV light is strongly absorbed by all
materials. Therefore, EUV imaging systems operate in vacuum, and
require reflective optics. Photochemical reactions can then occur on
the surface of the reflective optics. With a photon energy well above
the dissociation energy of water [3], EUV and EUV-induced low energy
secondary electrons (SE) readily dissociate water adsorbed at the mirror
surface. The dissociation products can cause surfaces of mirrors to oxi-
dize, degrading imaging performance and throughput. To protect EUV
optics against oxidation, several metal and metal oxide capping layers
have been proposed [4]. The resilience of these capping layers has usu-
ally been studied using electron impact (EI) as a proxy for EUV radiation
[5-7]. Unfortunately, electrons do not fully emulate the near-surface
conditions generated during an EUV light pulse, leaving the relevance
of these experiments an open question [4,7,8]. For selecting the right
capping material and to predict accurately mirror's long term perfor-
mance, we need to study the photochemistry at water-metal interfaces
under realistic conditions.
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Ruthenium is a candidate material for capping EUV optics to protect
them from performance degradation due to carbon growth and oxida-
tion [4]. It has been demonstrated that the water/Ru interface is very
sensitive to both soft X-rays and low energy electrons. Hydroxyl groups
were found on the Ru surface after short exposure to soft X-rays [9] and
electrons [6]. Because oxygen up to monolayer coverage desorbs at a
relatively high temperature (above 1100 K for Ru) [10], after long expo-
sures, atomic oxygen from dissociated water can accumulate to form an
oxide that may penetrate several nanometers under the surface [7].
Electron irradiation studies, on the other hand, found no direct evidence
for atomic oxygen on the surface [6]. These differences highlight the
need for EUV irradiation studies in preference to electron irradiation
studies, and for the early stages of surface oxidation to be more carefully
investigated.

Unlike photochemistry in the visible and the UV range [11], SE from
EUV excited substrate are highly relevant for the surface reactions. In
order to put both photon and SE induced processes into perspective,
comparison should be made between their cross sections. However,
cross section data for EUV induced dissociation is still lacking. A well de-
fined surface, such as the Ru(0001) surface, is essential for a comparable
cross section measurement. Therefore, we revisit the well-known
water/Ru interface and explore how it reacts under EUV conditions.

The unique interplay between water-water and water-Ru interac-
tions makes the water/Ru(0001) interface an interesting system to be
studied. Depending on adsorption temperature, deposition geometry,
and flux, water clusters and aggregates can form [12]. Amorphous
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solid water (ASW) and crystalline water bilayers (CWB) are two intact
water structures that can be grown on a Ru surface. Crystalline water
wets the Ru surface at 150 K, while ASW has a less ordered structure
and remains physisorbed. Most importantly, CWB has a bilayer geome-
try [13], while ASW consists of three dimensional structures, such as
clusters [12]. As water molecules form strong hydrogen bonds, the hy-
drogen networks inside the two water structures are also intrinsically
different. Theoretically, it has been shown that dissociation barrier of
water on Ru depends on structure [ 14]. However, it is still an open ques-
tion how the structural difference and wetting influence water dissoci-
ation under EUV conditions. We will address this structural dependency
by comparing EUV induced dissociation of ASW and CWB.

Apart from the intactly adsorbed layers, water can form the partially
dissociated overlayer (H,0 + OH) on Ru(0001) surface, which is also
the most stable adsorption state on Ru(0001) [6,9,14,15]. Both intact
and dissociative adsorption layers are well distinguishable in tempera-
ture programmed desorption (TPD). Their coverages are also given by
the corresponding TPD peak area. On the other hand, reduction in the
integrated TPD area indicates dissociation/desorption of water. The
atomic oxygen created by the complete dissociation of water will adsorb
on Ru crystal surfaces [16]. The adsorbed oxygen can be removed by
heating to 1550 K. The desorbed oxygen can be detected by a mass spec-
trometer to provide surface oxygen coverage [16,17].

In this paper, the results of studies on the EUV-induced dissociation
of ASW and CWB on a Ru(0001) surface, along with the subsequent ox-
idation of the Ru(0001) surface are presented. We use TPD spectroscopy
to determine water dissociation and oxidation cross sections for the
Ru(0001) surface, which is a necessary first step for predicting degrada-
tion rates over longer terms and in an environment with more chemi-
cally active species present [10,16,17].

2. Methods

The experiments were performed in an ultra-high vacuum (UHV)
chamber with base pressure of 3 x 10~ ' mbar. The vacuum is achieved
using a turbo molecular pump and a Titanium sublimation pump [18].
The chamber is equipped with a quadrupole mass spectrometer (QMS,
Hiden HAL 301) for TPD measurements, and an ion gun for sample
cleaning. A retractable quartz tube doser is used to dose the ruthenium
sample with water, while minimizing the increase in background
pressure.

The sample consisted of a circular ruthenium (0001) single crystal
(Surface Preparation Laboratories, The Netherlands), mounted on a
manipulator. The diameter of the crystal is 11 mm. The sample temper-
ature is controlled via a combination of active heating to 1580 K, and
liquid nitrogen cooling to 80 K. The temperature is monitored using a
K-type thermocouple, spot-welded to the side of the crystal. The
temperature of the crystal is controlled by a Eurotherm temperature
controller, which is also used to provide a constant heating rate for
the TPD measurements.

Water is very sensitive to surface impurities [15]. Therefore, special
care is taken to limit the amount of surface carbon and oxygen. The crys-
tal surface is prepared by first removing surface carbon through anneal-
ing in 2 x 10~ mbar of O, at 1300 K, followed by repeated temperature
cycling between 100 K and 1550 K to adsorb and desorb oxygen. The
surface is then subjected to repeated cycles of Ar ion sputtering at
1 keV or 2 keV, followed by flash annealing to 1550 K [15,19]. This
cleaning process is repeated until reference water TPD spectra [15,19]
are consistently reproduced and no CO peak is observed above 800 K
in the TPD spectra [4]. Between each subsequent measurement, the
sample is flash annealed to 1550 K to remove remaining oxygen on
the surface.

The sample is dosed with deionized water that has been further pu-
rified by freeze-pump-thaw cycles. During dosing, the doser tube is
placed 1 cm away from the crystal surface to keep the chamber pressure
as low as possible. The water coverage is computed from the integrated

TPD signals, and calibrated against the saturation coverage dosed at a
sample temperature of 160 K [19].

The EUV light is produced by a Xe discharge plasma light source
(Philips), operating at a repetition rate of 500 Hz. The broad band light
from the plasma is first focused by a ruthenium coated grazing inci-
dence collector, then reflected by a Mo/Si multilayer mirror (Phystex,
central wavelength 13.5 nm), and finally passes through a 200 nm
thick Zr/Si multilayer spectral purity filter (SPF). Both Mo/Si multilayer
mirror and SPF have spectral bandwidths centred at 13.5 nm EUV with
full width half maxima of 0.5 nm and 2 nm, respectively. The EUV pulses
reaching the sample have a duration of 120 ns, and an energy flux of
32 /cm?. The beam diameter at the sample surface is 5 mm full
width half maximum, resulting in an average intensity of 16 mW/cm?.

During operation, the pressure in the EUV light source chamber
reaches 2 x 10~ mbar. However, the SPF can prevent the gas from
the source chamber entering the main chamber. As a result of this
isolation, the pressure in the main chamber can be maintained at
1 x 10~ 2 mbar during EUV exposure.

TPD spectra were measured by heating the sample at a constant rate,
and recording the amount of desorption for several masses. To improve
the signal-to-background ratio, the QMS is placed in a differentially
pumped housing with a cone-shaped aperture (entrance diameter of
4 mm diameter), which is placed approximately 1 mm from the sample
surface. This geometry ensures that the QMS signal is dominated by
surface desorption products and not background residual gases. Water
TPD spectra were obtained using a heating rate of 1 K/s over a temper-
ature range of 80-500 K. The oxygen TPD spectra were measured at a
heating rate of 5 K/s over a temperature range of 500-1570 K. The
absolute value of the oxygen surface coverage is calibrated to the
saturation value (0.5 ML) for p(2 x 1) oxygen overlayer obtained at
400 K with 2 x 10~8 mbar x 300 s back dosed oxygen [16,20,21].

3. Results

ASW and CWB were grown on Ru crystal by dosing water at 83
and 160 K respectively [9,15,22], and exposed to EUV. The resulting
photochemical reactions are reconstructed through the changes in the
post-irradiation TPD spectra.

In the TPD spectra, the desorption temperature of each desorption
peak is related to the strength of the adsorbate-substrate binding, or
the energy barrier for recombinative desorption in the case of partially
dissociated water. Peaks at relatively higher temperature originate
from the molecules which bind stronger with the surface [23]. Since
the QMS intensity is proportional to the desorption rate, the integrated
peak area is proportional to the surface coverage [23]. The TPD results
are divided into two separate subsections for ASW and CWB.

3.1. TPD of ASW

As shown by the bottom trace in Fig. 1(a), before exposure to EUV,
the ASW TPD shows three desorption peaks, which are the multilayer
water peak, C, the molecular water peak, A2, and the partially dissociat-
ed water peak, A1 [6,15,19]. Fig. 1(a) also shows the changes to the
water TPD spectra for different EUV doses. The most noticeable changes
are the peak height variations in A1 and A2, which are more clearly seen
in Fig. 2(a). In Fig. 2(a), the A2 and C peak are plotted as a sum of the
two, since the sum gives the total amount of molecular water on the sur-
face. As the EUV exposure dose increases, the A2 peak decreases, and the
A1 peak starts to increase, which is similar to the electron radiated
case [6]. By a dose of 7 x 10! photons/cm?, the A2 peak has almost
vanished, while the A1 peak has grown substantially. This indicates
that water, adsorbed directly to the Ru(0001) surface, is partially disso-
ciated (H,0 — OH + H) due to EUV exposure.

Furthermore, increases in EUV dose result in lower integrated TPD
spectra (Fig. 2(a)), indicating that the total amount of remaining
water is reduced. From Fig. 2(a), we see that the peaks change in two
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Fig. 1. Post-radiation TPD spectra (m/e = 18) of EUV irradiated ASW and CWB on
Ru(0001). (a) 1 ML[16] ASW, (b) CWB. EUV doses are indicated above each corresponding
TPD spectrum. The multilayer (C), molecular (A2) and partially dissociated (A1) water
peaks are indicated for unexposed water TPD.

stages. In the initial stage with EUV doses up to 2.5 x 10'7 photons/cm?,
asignificant interchange between molecular and dissociated water is
revealed by the difference in A2 + Cand A1 peak areas. In the second
stage, both molecular water and dissociated water reduce. However,
although the total amount of water remaining on the surface de-
creases by 42% between exposures of 2.5 x 10'7 photons/cm? and
7.5 x 10'7 photons/cm?, the A1 peak shows only a 35% reduction. In-
stead, the reduction of water appears to come mostly from the C/A2
peak. Furthermore, during all exposures, the A1 peak saturates just
above 0.5 ML at 2.5 x 10'7 photons/cm? with about 0.4 ML of intact
multilayer/molecular water still on the surface. More exposure does
not result in a higher coverage of partially dissociated water after the
A1 peak has been saturated. Interestingly, the A1 peak did not reach
the maximum A1 coverage (0.59 ML) obtained by O co-adsorption
reported in Ref. [15]. Although the EUV-induced dissociation is not
kinetically limited [14], a slower diffusion rate at 83 K could be a limit-
ing factor in this case. Arecent STM study [26] reveals that, due to strong
H-bonding, it requires 30 min annealing at 145 K for the high-lying
(multilayer) intact water to diffuse and rearrange to form the complete
partially dissociated layer. As we see in Fig. 2(a), A1 peak saturates at
2 x 10" photons/cm?, which is about 2 min of exposure. Before A1 sat-
urates, the remaining water in the multilayer may not diffuse fast
enough to be chemisorbed and dissociated. Therefore, the A1 peak did
not reach the maximum coverage. On the other hand, because the
slow diffusion at 83 K restricts intermixing between the high-lying
and low-lying water molecules [26], this allows us to make an estima-
tion on the maximum coverage of the low-lying water for 1 ML ASW
coverage, assuming all the low-lying water can be converted to partially
dissociated water. This upper limit is set at 0.5 ML according to the
saturation coverage of the A1l peak.

The peak area changes are also accompanied by small shifts in the
peak positions. The peak temperature is plotted as a function of fluence
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Fig. 2. Surface coverage of the A1, A2 and total TPD peak of ASW (a) and CWB (b) plotted
against EUV dose. The coverage is normalized to the saturation coverage of CWB (0.67 ML)
[13,15,24,25]. The dashed line is only a guide for the eye.

in Fig. 3. For ASW, at low fluence (up to 2.5 x 10'7 photons/cm?), the A2
peak shifts from 171 K to 164 K before it is completely merged with the
C peak, and A1 shifts from 210 K to 212 K. At higher dose (from
2.5 x 10'7 photons/cm? to 7.5 x 10'7 photons/cm?), the multilayer
peak C and the A2 peak is replaced by a new peak around 161.7 K,
which is very close to the lowest A2 peak temperature seen at
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Fig. 3. A1, A2 and C peaks temperature of ASW and CWB plotted against EUV dose.
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163.2 K. Meanwhile, the A1 peak shifts to a lower desorption tempera-
ture (from 210 to 208 K). Similar peak shifts are also obtained in the
irradiated crystalline water dosed at 160 K (see Fig. 3).

The observed TPD peak shifts can be analysed to provide useful in-
formation on binding energy and coverage in the EUV exposed water
layer [27]. However, the difficulty in this analysis is that the binding en-
ergy cannot be assumed to be coverage independent for water. As we
see in Figs. 1 and 2, the shifts of the TPD peaks are accompanied by a
change of the total water coverage. Therefore, we compared our results
to reference TPD spectra with multiple coverages [19], and look for sim-
ilarities in the peak shift trends. Based on this comparison we can con-
clude that the shifts of the A1 and A2 peaks can be well associated
with increased coverage of partially dissociated water on the surface.
They both share similar features with water TPD on an O pre-covered
surface [19]. A small amount of O pre-coverage is known to enhance
partial dissociation significantly [15]. However, atomic oxygen alone
cannot explain the observed changes fully (see the Discussion section).
Therefore, we consider the new C/A2 peak at ~161 K which develops for
higher photon dose (Fig. 1(a)) as a desorption peak for EUV damaged
water layer which consists of water, partially dissociated water and pos-
sibly atomic oxygen. These water fragments might influence the ad-
sorption and desorption of intact water. More specifically, the broken
OH bonds can weaken the hydrogen bonds in the water layer, which
reduces clustering and favours diffusion to the metal surface [12]. More-
over, because the C peak shifts continuously into the temperature range
where A2 starts to desorb, we can also see this as an evidence for diffu-
sion of water from the multilayer to the first layer on the Ru surface. To
support this hypothesis, we point out that the surface coverage of water
drops from 1 ML to 0.5 ML at the highest EUV fluence, leaving enough
adsorption sites for the multilayer water to be re-adsorbed at the
surface. The re-adsorption could take place during the TPD ramp or
the exposure. However, it is most likely that this process happens dur-
ing the exposure. Since the heating rate during each TPD measurement
is 1 K/s, it only requires about 60 s to heat up the surface from 80 K to
140-150 K. This amount of time might be insufficient for diffusion. As
shown in the STM experiment [26], significant removal of the high-
lying water only appears after 30 min annealing.

3.2.TPD of CWB

Compared to ASW, the CWB exhibits some similarities. As shown in
Fig. 1(b), exposure to EUV promotes the dissociation of water, as evi-
denced by the growth of the A1 peak at low exposures (see Fig. 2(b)).
From the disappearing of the A2 peak, it suggests that the bilayer is
converted to partially dissociated overlayer at fluence in excess of
5.7 x 10'7 photons/cm?. On the other hand, the A1 peak marks a
much smaller change from 2.7 x 10'7 to 5.7 x 10'7 photons/cm?,
which appears as a flat plateau in Fig. 2(b), similar to ASW in
Fig. 2(a) from fluence 1.2 x 10'” to 2 x 10'7 photons/cm?.

Unlike the ASW case, the C peak is missing in the CWB TPDs, because
water is dosed above the desorption temperature for multilayer water.
The CWB is already a well ordered structure, which results in less vari-
ations in the evolution of the A1 and A2 peaks. The A1 peak of CWB re-
mains at saturation coverage of 0.45 ML, while the A1 peak of ASW
reduces to 0.4 ML after reaching the saturation coverage of 0.5 ML. In
Fig. 2(b), the A2 peak area is constantly dropping compared to a
slowing-down between 2.4 x 10'7 and 3.9 x 10'7 photons/cm? for
ASW (A2 + C) in Fig. 2(a). Overall, after A1 has reached saturation,
the peak areas of CWB (A1 and A2) oscillates apparently less than
ASW (A1 and A2 + C). The coverage changes of CWB appears to be
more consistent in Fig. 2(b), which suggest that the formation of the
partially dissociated layer is more direct without the interference of
the multilayer.

Since a multilayer is absent, separate coverage for the A2 peak can
be obtained. This allows us to evaluate the competition between
partial dissociation and desorption of water from the changes of the

A1 and A2 peak areas, respectively. In Fig. 2(b), Up to fluence of
2.7 x 10'7 photons/cm?, only small decreases occur in the total amount
of water on the surface. In this region, one thirds of the molecular water
is converted into partially dissociated water. As a result, surface cover-
age of water drops slower than the A2 peak. From EUV fluence of
2.7 x 10'7 t0 5.7 x 10'7 photons/cm?, the A1 peak is reaching saturation
coverage. Meanwhile, the A2 peak still decreases constantly due to
desorption/dissociation. The total amount of water on the surface also
marks more drop in this fluence range.

The shifts in the peak desorption temperatures are clearly visible
in Fig. 3. The A1 peak first increases from 226 K to 235 K between
doses of 0 and 2.7 x 10'7 photons/cm?. At doses higher than
2.7 x 10'7 photons/cm?, the peak gradually returns to its original tem-
perature. The A2 peak, however, shows a larger difference. The peak
position reaches the lowest point 169 K at 4.1 x 10'7 photons/cm?.
Then, it becomes almost invisible at 5.7 x 10'7 photons/cm?.

The desorption temperature of the CWB peaks provides a good indi-
cation of the waters surface structure and binding before it leaves the
surface. It is clearly seen in Fig. 1(b) that the peak desorption tempera-
ture of the molecular layer moves towards that of multilayer water,
which we also observe in the ASW case. This may indicate that intact
water is becoming less stable on the Ru(0001) surface. Similar result
can be found on water TPD on H pre-adsorbed Ru(0001) surface [15],
where pre-adsorbed H destabilizes adsorbed water layer and cause
water to desorb at a lower temperature [15]. As atomic H is one of
the dissociation product of water, it can accumulate on the surface
and destabilize the intact water [15].

Following the stoichiometry of water dissociation, we can
predict the coverage of atomic H after exposure. The reaction
2H,0 — H,0 + OH + H produces one H per two water molecules
[15], which gives 0.22 ML atomic H coverage at the highest fluence
5.7 x 10'7 photons/cm?. The desorption temperature of hydrogen mol-
ecule is higher (from 260 K to 450 K) than the partially dissociated
water (H,0 + OH). It is then more favourable for atomic H to desorb
as water rather than H,. This is also consistent with the small increase
(15%) of H, desorption signal we observe after exposure.

3.3. Reaction cross sections

Due to differences in excitation mechanisms, electron and photon
induced processes often have different reaction cross sections. The reac-
tion cross sections can be considered as a signature for each reaction.
We adapt the definition of reaction cross section for direct excitation
in Ref. [11], in which the photon cross section o (cm?/photon) is defined
as

0
o:—lne—o/nph (1)

where 6 and 6° are the remaining coverage and the initial coverage of
the adsorbate, respectively, and n,, is the photon fluence. By plotting
the relative coverage 6/6° against the fluence, we can obtain the reaction
cross section from the slope of the linear fitting.

By plotting the total TPD signal as a function of EUV-dose on a semi-
logarithmic scale (see Fig. 4), the cross section for water loss is obtained
from the slope. We do notice that there is an induction period when sig-
nificant exchange (up to 70% increase in peak area) between A1 and A2
peak takes place. However, in the same series of EUV exposures, only
small amount (~6%) of water is lost. The cross section we obtained is,
thus, an average from fluence 0 to 5.7 x 10'” photons/cm? and
7.3 x 10'7 photons/cm? for CWB and ASW, respectively. From Fig. 4,
the water loss cross sections [6,28] for ASW and CWB are found to be
9+2x10" ¥ cm?and 5 + 1 x 10 ~'° cm?, respectively.

The relative stability of the water layers can also be compared
via their water loss cross sections. Despite the fact that CWB is irradiated
at higher temperature, the CWB appears to be more stable on Ru(0001)
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Fig. 4. Semi-logarithmic plot of the relative change of the integrated TPD spectra as a func-
tion of EUV fluence. The TPD spectra are obtained from EUV exposed ASW and CWB. The
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from the slope of the dashed line is 9 x 10 ~'° cm? and 5 x 10 ~'° cm? for ASW and CWB,
respectively.

compared to ASW, based on the smaller water loss cross section. The
greater stability of the CWB is possibly related to chemisorption on Ru
and the bilayer geometry of the layer, which has three H-bonded neigh-
bours per water molecule [13]. The hydrogen bonding in the bilayer
significantly stabilizes water, therefore, hampers desorption. As CWB
is also chemisorbed, excitations can be quenched by the substrate.

The reduction of the TPD signal is partially due to the partial and
complete dissociation of water and partially due to desorption of
water and water fragments during exposure. Fully dissociated water
that cannot recombine to form a water molecule during the TPD ramp
will remain on the surface as atomic oxygen and hydrogen. The dissoci-
ation pathway most likely follows H,O — H 4+ OH — 2H + O, or by one
step dissociation H,O — 2H + O.

The reaction product atomic O can then oxidize the surface. The sig-
nificance of the oxidation reaction is then given by the amount of atomic
oxygen left on the surface. An oxygen TPD is performed directly follow-
ing the water TPD to determine the amount of oxygen adsorbed on the
Ru(0001) surface. Fig. 5 shows the atomic O coverage resulting from
EUV induced full dissociation of water, which includes the measured
small amount (0.003 ML) of oxygen due to complete thermal dissocia-
tion of water on Ru(0001) [6,15,25].

As with the water TPD spectra, a cross section for the photo-induced
reaction H,O + Ru — RuO + 2H was obtained by the same method used
for the water loss cross section. In the calculation, the loss of water
coverage is replaced by O coverage. To exclude the O coverage due to
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Fig. 5. Post-irradiation water (left axis) and oxygen (right axis) coverage after irradiation
of CWB/Ru(0001). The coverage of water (A1 + A2) is reproduced from Fig. 2(b) for
comparison.

thermal dissociation, we subtract each point by 0.003 ML from thermal-
ly dissociated water. The data is then linearly fitted in a semi-
logarithmic plot, in which the slope of the fitted line yields the cross sec-
tion. The cross section for the combined processes of full dissociation
and O adsorption was found to be 2 x 10 ~2° cm?, which is about 25
times smaller than the water loss cross section obtained from Fig. 4.
Consequently, complete dissociation only partially explains the reduc-
tion of the integral TPD signal observed in Fig. 2, meaning most of
the decrease in post-irradiation water desorption can be attributed to
desorption of water (fragments) during EUV exposure.

4. Discussion
4.1. Increase in A1 peak

As suggested by many studies, understanding the structure and ki-
netics of the water-metal interface is still a challenging task [6,15]. Al-
though much progress has been made over the years, there are still
open questions on the water-Ru interface. One difficulty is the interpre-
tation of the TPD spectrum of water. Based on the existing experimental
results on water/Ru(0001) interface, the A1 peak increase can be origi-
nated from many causes. We will discuss a few of the plausible causes.

First of all, as suggested by Faradzhev [6], the increased A1 peak can
be due to EUV and SE induced layer conversion of intact water to partial-
ly dissociated water. The amount of dissociated water is increased,
therefore, less intact water is available to desorb at lower temperature.
However, although rapid interchanges are observed for the A1 and A2
peaks, we do not observe a similar effect on the multilayer peak,
which means the multilayer can undergo a different process than the
layer underneath it. For example, desorption has a much smaller
(about 7-10%) cross section than layer conversion [6]. Since the multi-
layer has no direct contact with the Ru surface, it cannot be converted
into the partially dissociated phase. Therefore, desorption might be
dominant inside the multilayer.

Secondly, the increase in the A1 peak can be O adatom related. As
pointed out by Clay et al., surface impurities can influence the adsorp-
tion of water [15]. It has been shown that, by predosing the Ru surface
with 0.04 ML of O, the A1 peak is increased by 50%. However, using
the reaction cross section obtained above, no more than 0.01 ML of
EUV produced oxygen can be expected on the surface. This coverage is
insufficient to explain the entire increase of the A1 peak.

Thirdly, the water molecules on the Ru surface at 80 K form a
hydrogen-bonded network. Radiation by EUV or electrons can have a
profound influence on this network. Indeed, at photon excitation energy
0f 92 eV, the predominant desorbing products from the ice layer are H
and H;0™" [29,30]. With H' and H30" leaving the surface, hydroxyl
groups are created inside the water layer. Although desorption of hy-
droxyls is not detected, it is still an open question on how this will
change the competition between desorption/dissociation during the
TPD ramp. Nevertheless, we expect it to have an effect similar to surface
atomic oxygen on the thermal dissociation, which leads to increase in
the A1 peak.

4.2. The role of SE

Although we irradiate water with EUV, the resulting reactions could
be due to processes induced by both photons and secondary electrons
[4,7,11,30]. In surface photochemistry, direct photon induced chemistry
is only a special case [11], in which excitations from the substrate does
not play a role. On the opposite, the adsorbate could as well be transpar-
ent for the excitation wavelength. Instead of photons, the SE from the
substrate drives all the surface reactions. An electron counterpart of
the photon cross section can be likewise formulated as

0
Oe = —lng/nsE (2)
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where o, is the electron cross section (cm?/electron) for the SE induced
reaction. Since the electrons are produced by absorption of photons, the
number of electrons 1, depends on the number of the photons and the
secondary electron yield of the substrate, which is defined as

Yse = Nge /Nph. (3)

Replacing n,. in Eq. (2) by Yy, = npy, the effective photon cross section
is given by
(7;“ =0¢ * Yee. (4)

In a more general case, such as in EUV surface photochemistry, both
direct excitation and indirect excitation are present. Identifying the role
of the electrons is not straightforward, since the secondary reactions
due to the electrons cannot be separated from the photon induced reac-
tions. Consequently, the quantity 6o-6, which is the coverage of the
reacted adsorbate, is only measured as the sum of the two processes.
Therefore, only the photon cross section was possible to be measured.
However, the electron cross section 0, can usually be obtained in a
separate electron impact experiment [6]. By applying Eq. (4), we can
estimate the partial cross section o for the secondary reactions to
compare with the measured photon cross section . This comparison
provides a way to justify the role of the SE in a photochemical reaction
on a particular substrate.

Taking water dissociation for instance, the most probable pathway
for SE to dissociate water is through dissociative electron attachment
(DEA). To dissociate from a transitory anion state, water must capture
resonantly an incoming electron with sufficient energy. For instance,
the desorption yield of H™ for amorphous ice on Pt starts from 5 eV
electron energy and peaks at 6.5-7 eV. Below 5 eV, the yield is too low
to detect [31].

Roughly 50% of the SEs have an energy higher than 5 eV [32]. The
high energy tail of the SEs extends to 20 eV. Therefore, a fraction of
the SEs can be captured to desorb ions such as H~ and O~ [31]. The sig-
nificance of this pathway can be estimated by electron cross sections.
First of all, electron capture cross sections depend strongly on the ener-
gy of the electrons and the phase of water [33,34]. In the condensed
phase, water has a charge trapping cross section of 1.8 x 10 ~!7 at
7.5 eV, which is more than double that of the gas phase DEA value
[35]. Taking this into account, the average cross section for H™ desorp-
tion from 5 eV to 12 eV is estimated to be 6 + 2 x 10~ '8 cm?. This
value is the average of the gas phase values given in [35] and the con-
densed phase values given in [34]. The gas phase value is multiplied
by an enhancement factor 2 [34] to match the condensed phase value
before averaging.

The other half of the SEs has energy below 5 eV. Although the energy
is too low to desorb ions, electron impact can still cause water loss on
the surface. The experimental cross section for water (D,0) loss is
7 x 10 ~'® cm? per 5 eV incident electron [6]. However, the results in
[6] were inconclusive about the exact desorption product. It was as-
sumed that water molecules were desorbed, based on the absence of
detectable levels of atomic oxygen.

We listed both photon (experimental) and SE (estimated) cross sec-
tions in Table 1. As shown in the table, SE cross sections only add up to
less than half of the observed water loss cross section and oxidation
cross section in our experiment. This is mainly due to the low SE yield
(0.02) for Ru. However, we should point out that the SE yield only ac-
counts for the electrons that have energy above the vacuum level of
Ru [32], which is caused by a SE cut-off at the work function of the sam-
ple [36]. On the other hand, using two photon photoemission spectros-
copy, charge transfer between metal and ASW interface is observed for
energies 2.0-4.0 eV above the fermi level [37], which suggests that a
certain amount of electrons can be injected into the water layer. It has
been reported that hot electrons above conduction band of ASW (3 eV
on Ru) can cause desorption of water molecules [38]. Nonetheless, hot

Table 1

Photon cross sections for EUV and (estimated) SE induced water dissociation on Ru(0001).
Reaction EUV (CWB, 92 eV) EI (5eV)? DEA Oyax”
Water loss 5x10 ~'9cm? 1.4 %10 ~ "9 cm? H™:6x10 ~2°cm?
Oxidation 2% 10 729 cm? <3.2x10 "% cm? 07:2x10 2! cm?

¢ Electron cross sections from Ref. [6] multiplied by SE yield 0.02.
b Electron cross sections from Refs. [35] and [34] multiplied by SE yield 0.01 for SEs with
energy higher than 5 eV.

electron induced desorption of water can be excluded from our experi-
ment, since our excitation density is orders of magnitude smaller than
the observed threshold [38]. Based on the considerations above, we
attribute the remaining part of the water loss cross section to photon
induced desorption of water and water fragments.

On the other hand, Ru is a good catalyst for dehydrogenation. The
activation energy for conversion of an intact water overlayer to the
partially dissociated water overlayer on Ru(0001) is just 0.64 eV [14].
5 eV electrons can convert intact water to a partially dissociated
overlayer efficiently with a cross section around 1 x 10 ~'¢ cm? for
D,0. Multiplied by the SE yield 0.02, the photon equivalent value is
2 x 10 ~'8 cm?, which lies closely to the photon absorption cross
section at 92 eV [39]. Therefore, it is very likely that the conversion to
the partially dissociated layer is entirely dominated by SE on Ru.

4.3. Oxidation cross section

Finally, we comment on the total reaction kinetics of EUV + water/
Ru — RuO,. The reaction cross section is rather small compared to the
photon absorption cross section of water in gas phase [39]. However,
dissociation to oxygen is a much slower process than dissociation to hy-
drogen in condensed phase water [30]. For instance, the DEA cross sec-
tion for H™ is 30 times larger than for O~ (See Table 1). The surface
oxygen was undetectable by X-ray photoelectron spectroscopy (detec-
tion limit 0.01 monolayer) after an electron dose of 4 e/molecule [6].
This puts an upper limit for the electron cross section for complete dis-
sociation, which is at least two orders of magnitude smaller than that for
conversion from intact to partially dissociated water on Ru (Table 1).

5. Summary

The EUV-induced photochemistry of water on Ru(0001) has been
studied. The main reaction products left on the surface were determined
to be partially dissociated water (OH + H) and a small fraction of atomic
oxygen. We observe that, under EUV radiation, water rapidly forms a
partially dissociated overlayer on Ru surface. Dissociation of water and
desorption of the reaction products also reduce the total amount of
water on the surface. From the reduction of the water coverage, the pri-
mary dissociation pathway of water under EUV radiation is identified to
be H0 — OH + H. The reaction cross sections for loss of water were
measured to be 9 x 107! cm? and 5 x 10~ !° cm? for ASW and CWSB,
respectively. The smaller cross section for CWB indicates that it is
more stable under EUV radiation. The complete dissociation of water
(H,0 — 2H + 0) is also identified by detection of adsorbed oxygen
after the exposure. The cross section for this reaction is measured to
be 2 x 10~2° cm?. The role of the SE was also investigated. Because of
the relatively small SE yield of the Ru crystal, we estimate that SE has
only minor contributions in the reactions which cause water loss and
oxidation.
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