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The reactivity of prospective capping-layer extreme-ultraviolet (EUV) mirror materials with hydrocarbons is
studied in the gas phase by use of mass spectroscopy of metal-oxide clusters. We report the results of chemistry
studies for Sim, Tim, Hfm, and ZrmOn metal-oxide clusters in which the reaction products were ionized with
little or no fragmentation by 26.5 eV photons from a desktop-size 46.9 nm Ne-like Ar laser. Hf and Zr oxides are
found to be much less reactive than Si or Ti oxides in the presence of EUV light. The results are relevant to the
design of EUV mirror capping layers that are resistant to carbon contamination. © 2008 Optical Society of
America
OCIS codes: 140.7240, 160.4670, 160.4760, 300.6170, 310.6860, 340.7480.

1. INTRODUCTION
The implementation of extreme-ultraviolet (EUV) lithography as a manufacturing tool for the fabrication of future
generations of computer chips requires a solution to the
problem of the degradation of the reflectivity of EUV mirrors and masks caused by carbon deposition in the presence of EUV light. This motivates the study of the reaction of prospective metal-oxide capping-layer materials
with hydrocarbons. An increased understanding of these
reactions could lead to the development of thin capping
layers that might protect EUV optics from carbon
buildup. Metal-oxide nanoparticles are widely used in
chemical reactions for industrial processes, and as of yet,
there is not a proper understanding of these chemical reaction processes due to complicated environments on condensed phase surfaces. Clusters provide a path to the elucidation of chemical activity under isolated, controlled,
and reproducible conditions through a detailed mechanistic model for condensed phase and surface reactivity and
reactions.
In general, two primary reactive threats contribute to a
loss of EUV mirror reflectivity: (1) growth of a carbonaceous layer on the mirror surface caused by the EUVinduced dissociation of adsorbed hydrocarbons and (2)
oxidation of the mirror surface by the radiative dissociation of adsorbed water [1–4]. Whether an optic is oxidized
or carbonized in a given environment depends in part on
the relative amounts of H2O and hydrocarbon in the gasphase environment. The surface chemistry is currently
not well understood. A better understanding could result
0740-3224/08/070B85-7/$15.00

from studies of clusters in the gas phase, where the clusters can serve as general models for multilayer mirror
coatings under ideal reproducible conditions.
Silicon is a material that is widely used as the top layer
in multilayer EUV optics that easily oxidizes on the surface leading to the growth of oxide layers upon EUV radiation [2–4] (see Fig. 1). During the oxidation process,
adsorbed water molecules are dissociated by secondary
electrons from the incident EUV radiation and the oxygen
atoms react with the Si surface to create SiO2 [5–7]. This
is considered to be an irreversible process causing reflection loss. However, Meiling et al. [3] have shown that the
oxidation process can be slowed by up to a factor of 6 by
using smart gas blends during exposure, such as ethanol.
Similarly, carbon contamination occurs when EUVinduced photoelectrons crack hydrocarbon molecules that
are adsorbed on the mirror surface causing reflection loss
[4,8,9]. Meiling et al. [3] found that carbon growth can be
suppressed by a factor of up to 50 by admitting O2 into
the vacuum system during exposure. Carbon contamination is a reversible process in which adding O2 to the system increases time between cleanings of the optics [2,10].
To reduce these reflection loss processes, researchers
are searching for materials that are robust to oxidation
and carbon deposition in the presence of EUV light and
that will extend multilayer mirror lifetimes using capping
layers consisting of, but not limited to, materials such as
SiC, SiN, Pt, Ru, Pd, and Rh [11]. Of these materials, ruthenium has emerged as the most promising [12]. Reportedly, a 5 nm Ru capping layer on a Si surface can increase
© 2008 Optical Society of America
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Fig. 1. Photograph of a Sc/ Si multilayer mirror that has been
exposed to 46.9 nm radiation from a capillary discharge laser for
⬃500 h. Carbon deposit has contaminated a large portion of the
mirror, greatly reducing its reflectivity.

mirror lifetime by a factor of ⬃40 while exhibiting minimal reflection loss of the MoSi multilayer structure [11].
Nonetheless, while Ru reduces oxidation effects, it does
not show the same promise in the reduction of carbon contamination. Other potential candidates to protect the reactive Si surface are thin coatings of titanium/hafnium/
zirconium oxide to help reduce the effect of hydrocarbon
growth. This report will focus on the reactivity of SimOn,
TimOn, HfmOn, and ZrmOn clusters in the gas phase. The
conclusions drawn from these studies can help elucidate
reactions on optical surfaces.
We have recently completed a series of studies that constitute the first demonstration of the use of EUV lasers in
photophysics and photochemistry [13–18]. These studies
have primarily focused on finding active catalysts for the
improvement of industrial processes. The experiments
were based on the use of a compact capillary discharge
EUV laser in the study of clusters and cluster reactions.
The EUV laser was used to provide single-photon ionization of the neutral clusters for mass spectroscopy studies,
with the significant advantage of reduced cluster fragmentation with respect to multiphoton or electron ionization sources. In the present study, we are searching for
materials that are not active, in the presence of common
vacuum system contaminants (e.g., water, carbon oxides,
nitrogen oxides, hydrocarbons) and EUV light, in the process of oxidation of carbon deposition on optical surfaces.
For this purpose, Si/ Ti/ Hf/ Zr oxide neutral clusters are
generated in a conventional laser vaporization/supersonic
expansion cluster source by laser ablation of the appropriate metal wafer/foil into a He carrier gas mixed with 5%
O2 at 80 psi (gauge). Neutral clusters pass through a reactor cell into which a reaction gas is input by a pulsed
valve. Single-photon ionization of the neutral clusters and
reaction products takes place using a 46.9 nm 共26.5 eV兲
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laser [19,20] in the ionization region of a time-of-flight
mass spectrometer (TOFMS). The capillary discharge
EUV laser emits pulses of ⬃1.5 ns duration with an
energy/pulse of ⬃10 J at a repetition rate of up to 12 Hz
[19,20]. A time-of-flight (linear/reflectron) mass spectrometer is employed for mass analysis.
The experiments were carried out in a flow tube reactor
that is similar to the one adopted by Geusic et al. [21]
(Fig. 2). A short summary of our flow tube experimental
equipment is given below.
MmOn (M = Si, Ti, Hf, or Zr) clusters are generated by
laser ablation with a focused 532 nm laser (Nd3+ : YAG,
10 Hz, 5 – 8 mJ/ cm2, 8 ns duration) onto a 12 mm diameter spring-loaded metal disk in the presence of a pulsed
helium carrier gas mixed with 5% O2, controlled by a
R.M. Jordan supersonic nozzle. A translational and rotational (spiral) motion of the disk is managed by a single
motor (Maxon) that is powered by a homemade controller
with a wide range of speed adjustments. Metal-oxide clusters are formed in an adjustable length gas channel with
a waiting room upstream. Typical dimensions used in this
system are 3 mm diameter by 5 mm length for the waiting
room and 1.8 mm diameter by 44 mm length for the rest
of the channel. The gas channel is directly coupled to a
tube/reactor (stainless steel, 6.3 mm inner diameter by
76 mm length). The reactant gases, C2H2, C2H4, water,
etc., are injected into the reactor by a second pulsed valve
(General Valve, Series 9) with a pulse duration of ⬃1 ms.
The delay time between the two valve openings is optimized to yield the best product signals. Pressure in the
flow tube reactor is estimated to be ⬃1 Torr in the presence of a reactant gas pulse. After reaction of MmOn with
hydrocarbons, or other constituents in the reactor, reactants, products, and the buffer gases are expanded into
vacuum (ca. 2 ⫻ 10−7 Torr) to form a molecular beam. The
beam enters the detection region of a mass spectrometer
chamber (ca. 10−6 – 10−7 Torr) through a 4 mm diameter
skimmer. The clusters and products in the beam are ionized by a 46.9 nm EUV laser that is described in detail in
the literature via [19,20].

Fig. 2. Schematic representation of the TOFMS experiment.
MmOn metal-oxide clusters are generated by 532 nm laser ablation of a metal target and the clusters are passed through a reaction cell. The products, reactants, and buffer gases are ionized
by a 46.9 nm laser and detected by TOFMS.
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The EUV laser pulse energy is ⬃10 J at the output of
the laser but is reduced to ⬃3 – 5 J at the output of a
z-fold mirror system placed just before the ionization region with the purpose of providing alignment capability of
the beam with respect to the cluster setup. The z-fold consists of two gold-coated mirrors at grazing incidence: a toroidal mirror with a 50 cm focal length that focuses the
incoming beam, and a planar mirror that directs the
beam into the ionization region. The cluster ions produced
are perpendicularly extracted to the molecular beam and
enter the 1.0 m long flight tube in which they are separated in arrival time according to their mass. At the end
of the flight tube, the ions are reflected back down the
flight tube by reflector plates, refocused, and detected by a
microchannel plate (MCP) detector operating with a
pulsed bias voltage in order to gate large He signals and
prevent saturation of the detector. Signals from the detector are fed to a digital oscilloscope through a 50 ⍀ miniature high voltage (MHV) connector. Time delays between
the pulsed valve opening, firing the ablation laser, injecting the reaction gas, firing the ionization laser, and gating
the MCPs are generated by three programmable digital
delay generators. All timings can be adjusted to maximize
the spectral signal strength.
In conventional cluster spectroscopy systems that
make use of visible or UV wavelength laser photoionization, multiphoton absorptions cause fragmentation of the
clusters (left side of Fig. 3). During the multiphoton ionization process by a nanosecond light pulse, at least two
processes can be responsible for cluster ionization: (1) a
cluster can absorb a photon through low-lying electronic
states and relax back to the ground electronic state many
times, thus heating the cluster until thermionic emission
occurs, and (2) vertical absorption of two or more photons
can occur without rapid relaxation between absorption
steps for both neutral and ionic species. In either case,
fragmentation of the cluster is likely [22]. The EUV laser
source drastically changes the ionization process (right
side of Fig. 3) so that multiphoton effects are eliminated.
For example, SiO has an ionization energy of ⬃11.5 eV.
Ionization using an ArF excimer laser at 193 nm 共6.4 eV兲
requires multiple photons, whereas ionization at 46.9 nm
共26.5 eV兲 has more than enough photon energy to ionize
SiO with a single photon. The photoelectron carries away
the remaining excess energy above the vertical ionization
energy, resulting in almost no fragmentation of the clusters [13–18] and neutral parent cluster information is retained.

The high energy per pulse 共⬃10 J兲 and the repetition
rate of several hertz of the capillary discharge 46.9 nm laser developed for this purpose is well matched with the
repetition rate of the cluster source that utilizes a commercial 10 Hz Nd: YAG laser for sample ablation. The
EUV laser is especially important for the study of metaloxide clusters because it ionizes the clusters by singlephoton transitions and thereby prevents subsequent cluster fragmentation and loss of parent cluster mass
information.

Fig. 3. Left, multiphoton ionization fragment molecules. Right,
26.5 eV photons from compact Ne-like Ar EUV laser allows
single-photon ionization of any cluster or molecule with little or
no fragmentation.

Fig. 4. SimOn cluster distribution (a) with no reactant in the reaction cell, (b) with water in the reaction cell, (c) with acetylene
共C2H2兲 in the reaction cell, (d) with ethylene 共C2H4兲 in the reaction cell, and (e) with ethane 共C2H6兲 in the reaction cell.

2. RESULTS
Water and hydrocarbon contaminants are a major problem in EUV optic environments because they are extremely difficult to remove even in high-vacuum enclosures and they readily adsorb onto surfaces. Secondary
electrons generated by the incident EUV flux, and to a
lesser extent the EUV radiation itself, dissociate the water and hydrocarbons and are believed to contaminate optics surfaces [23].
A. Silicon Oxide Cluster „SimOn… Reactions
Figure 4 depicts mass spectra of the SimOn cluster distribution with no reactant present [Fig. 4(a)] and reaction
products with water [H2O—Fig. 4(b)], acetylene
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[C2H2—Fig. 4(c)], ethylene [C2H4—Fig. 4(d)], and ethane
[C2H6—Fig. 4(e)]. In Fig. 4(a), the cluster distribution,
with no reactant, is dominated by oxygen-deficient clusters, such as Si2O2,3 and Si3O4,5. No oxygen-rich clusters
such as Si2O5 or Si3O7 are observed. These respective
clusters are labeled oxygen rich or deficient because the
most stable cluster configuration is of the nature 共SiO2兲n,
for example, Si2O4 and Si3O6. Silicon-oxide clusters tend
to lose one or more oxygen atoms upon EUV radiation.
To study neutral SimOn cluster reactions with water,
the reactant is pulsed into the reactor in its vapor phase.
When the neutral clusters generated from the ablation/
expansion source pass through the reactor cell, collisions
will occur between neutral SimOn clusters and the water.
A new distribution of neutral clusters and reaction products is obtained by using 26.5 eV laser ionization. As
shown in Fig. 4(b), when water is added to the reactor,
products from the reaction SimOn + H2O are generated
through an association channel,
SimOn + H2O → SimOnH2O,

共1兲

forming products SiO2H2O, Si2O4H2O, and Si3O6H2O.
Generally, the most stable silicon clusters of the form
共SiO2兲n are more active with water than oxygen-deficient
clusters are. The most stable silicon-oxide clusters are
also observed to take hydrogen atoms from water to form
SiO2H, Si2O4H1,2, and Si3O6H1,2 through reaction channels
SimOn + H2O → SimOnH + OH,

共2兲

SimOn + H2O → SimOnH2 + O.

共3兲

result is also observed when inert gases are added to the
reactor cell. Therefore, the decrease of cluster signals is
due to scattering by the C2H6 gas pulsed into the reactor.
No major reaction channel is observed.
The reactivity of SimOn clusters is not solely limited to
water and these three hydrocarbon species. In fact, we
find that SimOn clusters are highly reactive with many
unsaturated hydrocarbons, formic acid, and alcohols, suggesting that the oxidized Si surface in the condensed
phase will easily be contaminated by these and a number
of other reactants.
B. Titanium Oxide Cluster „TimOn… Reactions
The photocatalytic activity of titanium oxide results in
thin coatings of the material exhibiting self-cleaning and
self-disinfecting properties under exposure to UV radiation [24]. These properties make the material a candidate
for applications, such as protective capping layers on
EUV mirrors.
The reactivity of titanium oxide clusters is explored in
the gas phase and an example is shown in Fig. 5 that depicts mass spectra of the TimOn cluster distribution [Fig.
5(a)] and reaction products with H2O [Fig. 5(b)], C2H2
[Fig. 5(c)], C2H4 [Fig. 5(d)], and C2H6 [Fig. 5(e)]. The cluster distribution is once again dominated by oxygen-

Hydrocarbons are also commonly present in vacuum
enclosures, largely originating from the enclosed system
components (e.g., photoresist, outgassing products) and
these are similarly adsorbed and dissociated [23]. To
study neutral SimOn cluster reactions with hydrocarbons,
the reactants acetylene 共C2H2兲, ethylene 共C2H4兲, and
ethane 共C2H6兲 gases are individually and separately
pulsed into the reactor consequently causing collisions between neutral SimOn clusters and the reactants.
When C2H2 gas is added to the reactor, many new product signals, formed in the reaction of SimOn + C2H2, are
observed in the mass spectra, as shown in Fig. 4(c). The
major products, SiO2C2H2, Si2O4C2H2, Si3O6C2H2, etc.,
are generated from the association reactions
SimOn + C2H2 → SimOnC2H2 .

共4兲

Additionally, new products, SiOCH2, Si2O4H2, and
Si3O6H2, are found. In general, the most stable siliconoxide clusters are more active with acetylene than
oxygen-deficient clusters are.
As shown in Fig. 4(d), the major products of the reaction SimOn + C2H4 are assigned as SiO2C2H4, Si2O4C2H4,
and Si3O6C2H4 generated from an association reaction
channel,
SimOn + C2H4 → SimOnC2H4 .

共5兲

Figure 4(e) illustrates that all cluster signals decrease
in roughly the same proportion when the saturated hydrocarbon C2H6 gas is added to the reactor cell. A similar

Fig. 5. (Note that the scales on each section are different in order to better display the data.) TimOn cluster distribution (a) with
no reactant in the reaction cell, (b) with water in the reaction
cell, (c) with acetylene 共C2H2兲 in the reaction cell, (d) with ethylene 共C2H4兲 in the reaction cell, and (e) with ethane 共C2H6兲 in the
reaction cell.

Heinbuch et al.

deficient clusters, such as TiO and Ti2O3. Contrary to the
SimOn cluster distribution, oxygen-rich clusters, such as
TiO3 and Ti2O5 are observed although the signals are
weak. Also, the mass resolution of our experimental setup
allows us to observe the isotopic structure of the TimOn
clusters.
To study neutral TimOn cluster reactions with water or
hydrocarbons, the experimental method is exactly the
same as for SimOn cluster reactions where the reactant
gases are individually and separately pulsed into the reactor. As shown in Fig. 5(b), when water is added to the
reactor, products from the reaction TimOn + H2O are generated through an association channel to form Ti3O4H2O,
and products where TimOn clusters take H atoms from
water to form Ti3O4H and Ti4O8H are generated.
When acetylene gas is added to the reactor, many new
product signals, formed in the reaction of TimOn + C2H2,
are observed in the mass spectra, as shown in Fig. 5(c).
Generally, the most stable titanium clusters of the form
共TiO2兲n are more active with acetylene than oxygendeficient clusters are, generating association products,
such as TiO2C2H2 and Ti2O4C2H2. However, some reactions occur involving oxygen-deficient clusters to form
TiOCH2, TiOC2H, and TiOC2H2. Additionally, oxygenstable and oxygen-rich clusters generate new products,
TiO2H, TiO2C2, Ti2O4H1,2, and Ti2O6H2.
When ethylene is added to the reactor, we observe association products generated from TimOn + C2H4 [Fig.
5(d)]. Generally, the most stable titanium clusters of the
form 共TiO2兲n are more active with ethylene than oxygendeficient clusters, generating products, such as
TiO2C2H2,3,4 and Ti2O4C2H4. A few reactions involving
oxygen-deficient clusters are also observed to generate
TiOCH2 and Ti2O3C2H4. The most stable titanium clusters are also observed to take hydrogen atoms from ethylene and break apart ethylene to form products, such as
TiO2CH2, TiO2CH3, and Ti2O4H1,2.
Figure 5(e) illustrates that all the cluster signals decrease in roughly the same proportion when the saturated
hydrocarbon C2H6 gas is added to the reactor cell. Again,
the decreased cluster signal is due to scattering by the
C2H6 gas pulsed into the reactor. No major reaction channel is observed.
In a similar fashion to SimOn metal-oxide clusters, the
reactivity of TimOn metal-oxide clusters is not limited in
any way to any one reactant. We find that TimOn clusters
are highly reactive with many unsaturated hydrocarbons,
formic acid, water, and alcohols, suggesting that the oxidized Ti surface is similar to the oxidized Si surface and
in the condensed phase will also easily be contaminated
by these reactants.
C. Hafnium-Oxide Cluster „HfmOn… Reactions
HfO2 is characterized by good chemical, thermal, and mechanical stability that facilitates its use even under severe conditions [25], making it another good candidate for
a protective capping layer. The reactivity of hafniumoxide clusters is explored in the gas phase and an example is shown in Fig. 6, which depicts mass spectra of
the HfmOn cluster distribution [Fig. 6(a)] and reaction
products with H2O [Fig. 6(b)], C2H2 [Fig. 6(c)], C2H4 [Fig.
6(d)], and C2H6 [Fig. 6(e)]. The cluster distribution domi-
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Fig. 6. HfmOn cluster distribution (a) with no reactant in the reaction cell, (b) with water in the reaction cell, (c) with acetylene
共C2H2兲 in the reaction cell, (d) with ethylene 共C2H4兲 in the reaction cell, and (e) with ethane 共C2H6兲 in the reaction cell.

nance is shared by both oxygen-deficient and oxygenstable clusters of the type 共HfnO2n−1兲n and 共HfO2兲m, respectively. Oxygen-rich clusters, 共HfnO2n+1兲n, are
observed although the signals are smaller than the
oxygen-deficient and oxygen-stable clusters.
The experimental method is exactly the same as for
Sim / TimOn cluster reactions, in which case the reactant
gases are individually and separately pulsed into the reactor. As shown in Fig. 6(b), when water is added to the
reactor, products from the reaction HfmOn + H2O are generated through an association channel,
HfmOn + H2O → HfmOnH2O.

共6兲

Only association reactions involving oxygen-stable and
oxygen-rich clusters are observed for HfmOn + H2O.
When acetylene gas is added to the reactor, very few
new product signals, formed in the reaction of HfmOn
+ C2H2, are observed in the mass spectra, as shown in Fig.
6(c). Only the most stable hafnium clusters and oxygenrich hafnium clusters are active with acetylene, generating association products, such as Hf2O4C2H2, Hf2O5C2H2,
and Hf4O8C2H2. No reactions occur involving oxygendeficient clusters.
When ethylene or ethane, shown in Figs. 6(d) and 6(e),
respectively, are added to the reactor, the cluster signals
decrease in roughly the same proportion as when inert
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gases are added to the reactor cell. Therefore, the decrease of cluster signals is due to scattering by the C2H4
and C2H6 gas pulsed into the reactor in the presence of
HfmOn clusters. No major reaction channel is observed.
In contrast to the behavior of SimOn and TimOn metaloxide clusters, the reactivity of HfmOn metal-oxide clusters is limited to a few reactants. We find that HfmOn
clusters are highly unreactive with many unsaturated hydrocarbons and alcohols. Even when HfmOn clusters react, the reaction products are few and only involve
oxygen-stable and oxygen-rich structures through association channels. No significant chemistry is observed.
These data suggest that the oxidized Hf surface is less reactive than the oxidized Si and Ti surfaces and in the condensed phase will be contaminated to a much lesser extent by these reactants.
D. Zirconium-Oxide Cluster „ZrmOn… Reactions
ZrO2 is characterized by extreme thermal, chemical, and
mechanical stability, which gives rise to a wide range of
technical applications for ZrO2 thin films and coatings, especially in optics [26] and protective applications [27],
making the material a candidate for protective capping
layers on EUV mirrors.
The reactivity of zirconium oxide clusters is explored in
the gas phase and an example is shown in Fig. 7, which

Fig. 7. ZrmOn cluster distribution (a) with no reactant in the reaction cell, (b) with water in the reaction cell, (c) with acetylene
共C2H2兲 in the reaction cell, (d) with ethylene 共C2H4兲 in the reaction cell, and (e) with ethane 共C2H6兲 in the reaction cell.
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depicts mass spectra of the ZrmOn cluster distribution
[Fig. 7(a)] and reaction products with H2O [Fig. 7(b)],
C2H2 [Fig. 7(c)], C2H4 [Fig. 7(d)], and C2H6 [Fig. 7(e)].
The cluster distribution dominance, much like HfmOn, is
shared by both oxygen-deficient and oxygen-stable clusters of the types 共ZrnO2n−1兲n and 共ZrO2兲n, respectively.
Oxygen-rich clusters, 共ZrnO2n+1兲n, are observed although
the signals are smaller than the oxygen-deficient and
oxygen-stable clusters.
The experimental method is the same as for
Sim / Tim / HfmOn cluster reactions in which case the reactant gases are individually and separately pulsed into the
reactor. We find that ZrmOn clusters are highly unreactive
with any reactant that we introduce into the system.
These data suggest that the oxidized ZrmOn surface is less
reactive than the oxidized Si, Ti, and even Hf oxide surfaces. The results suggest that a zirconium oxide film will
be contaminated to a much lesser extent by these reactants.

3. CONCLUSIONS
In general, two primary reactive threats contribute to a
loss of EUV mirror reflectivity: (1) the growth of a carbonaceous layer on the mirror surface caused by the EUVinduced dissociation of adsorbed hydrocarbons and (2) the
oxidation of the mirror surface by the radiative dissociation of adsorbed water. We have studied four different materials in the gas phase with the intention of relating our
data and observations to the application of protective
coatings for EUV mirror surfaces. Silicon mirror surfaces
are readily oxidized and contaminated upon EUV irradiation [2–4]. Our spectra involving SimOn metal-oxide clusters and their reactions with many unsaturated hydrocarbons, water, and alcohols, show that SimOn clusters are
reactive in the gas phase. This suggests that an oxidized
Si surface in the condensed phase will be highly reactive.
Titanium-oxide photocatalytic activity has demonstrated
thin coatings of the material exhibiting self-cleaning and
self-disinfecting properties under exposure to UV radiation that would be desirable for protecting EUV optic surfaces. Nonetheless, our spectra involving TimOn metaloxide clusters and their reaction with many unsaturated
hydrocarbons, water, and alcohols show that TimOn clusters are reactive in the gas phase. The data show that
silicon- and titanium-oxide capping layers in optical coatings may be easily contaminated by residual gases in
vacuum and should be avoided and protected in the presence of EUV irradiation.
Conversely, our spectra involving zirconium and
hafnium metal-oxide clusters and their reaction with
many unsaturated hydrocarbons, water, and alcohols
show that they are unreactive in the gas phase. These
data suggest that oxidized hafnium and zirconium surfaces in the condensed phase are much less reactive than
Ti or Si oxide surfaces. Zirconium oxide is less reactive
than hafnium oxide. Hf and Zr oxides should make good
protective coatings for EUV optical surfaces and extend
optical lifetimes upon EUV irradiation.
Also, it is observed that oxygen-deficient clusters in all
four cases are less reactive than oxygen-rich and oxygenstable clusters. This result suggests that if a surface is
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tailored to be oxygen poor, this condition could also help
protect an EUV optic surface from carbon contamination
and help increase the lifetime of EUV optics.
Currently, we are undergoing studies that involve the
contamination of Sim / Tim / Hfm / ZrmOn surfaces in the condensed phase. Preliminary results parallel the cluster
studies presented in this paper, but further work is required to arrive at definitive conclusions.
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