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ABSTRACT

A Particle-in-Cell Monte Carlo model is used to simulate extreme ultraviolet driven plasma. In an extreme
ultraviolet lithography tool, photons of a pulsed discharge source will ionize a low pressure argon gas by pho-
toionization. Together with the photoelectric effect, this results in a strongly time dependent and low density
plasma, which is potentially dangerous to the optical elements, the collector in particular. Plasma sheaths will
develop and ions are accelerated towards the collector, which might lead to sputtering. A spherical geometry
is used to study the plasma between the point source and collector. Simulations are performed to study the
influence of background pressure and source intensity on the damage to the collector by sputtering.
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1. INTRODUCTION

In semiconductor industries there is a continuous demand for printing smaller structures on silicon wafers to
increase both the speed and the density of transistors on a chip. To accomplish this, the wavelength of the light
used for imaging is reduced into the extreme ultraviolet (EUV). EUV lithography tools1 using 13.5nm EUV
radiation are developed, reflecting the radiation several times by multilayer mirrors. Those mirrors only reflect a
small bandwidth around 13.5nm. Although the use of shorter wavelengths is one of the most promising methods,
it faces many technological challenges.

Because of the approximately 68% reflectivity2 of multilayer mirrors and around ten mirrors between source
and wafer, only a small fraction of the initial photons will reach the wafer. A powerful pulsed tin source typically
operating at a frequency of 2.5-10kHz and a pulse duration of 100ns is used. The collector, which is the first
optical element in the system, is the crucial component, since it has to deal with by far the highest photon
flux. Another problem is the debris coming out of the source3, for which solutions like the foil trap are being
developed4, but also a heavy background gas like argon is needed.

To make it commercially feasible the lifetime of the collector, which has to be 3,000 or 15,000 hours, respec-
tively for consumable and non-consumable mirrors, is an important issue5. There are several processes damaging
the collector and reducing its lifetime, like heating, oxidation and carbon growth. Ruthenium, generally consid-
ered as a candidate as protective capping layer2, 6, is a less reactive material than the bilayer materials. In this
paper we will focus on another type of damage, namely sputtering by ion impact. Because of the high absorption,
these EUV lithographic tools work in a vacuum. However, the remaining gas will absorb a small fraction of the
photons, resulting in a low density plasma (1015-1017m−3), including high energetic electrons. A part of the more
mobile electrons will be lost at the walls, resulting in a positive space charge in front of the optical elements.
The relatively heavy ions will be accelerated towards the collectors, which might result in sputtering of surface
atoms.

A better understanding of the plasma physics in lithography tools is needed to extend their lifetime and
improve performance. We present a study of plasma induced damage to the collector by sputtering, using a
1d3v Particle-in-Cell (PIC) Monte Carlo model. Because of the low density plasma, lack of equilibrium, complex
energy distributions and strong time dependence a kinetic model like this is needed. This study is based on
earlier work of Van der Velden2, 7 where a study on damage to the mirrors next to the collector is done. In
contradiction to the planar geometry in that work, a spherical geometry is needed to simulate the point source
and collector. The influence of the source intensity and background gas pressure on the sputtering is investigated.
Conclusions address the relation between the input parameters, ion fluxes and damage to the collector.
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Figure 1: PIC Monte Carlo scheme. Depending on
the position x of the particles the charge density ρ
is calculated on a grid. Solving Poisson’s equation
gives the potential φ, from where the electric field E,
working on the particles, is deduced, to update their
velocity v and position. Finally Monte Carlo collisions
are performed. This is repeated every time step ∆t.

Figure 2: Geometry of a point source and collector.
Note that this geometry is needed to handle the gra-
dient in plasma density.

2. MODEL DESCRIPTION

The basic idea behind a PIC model8 is to follow particles in time, using a grid. The charge density, potential
and electric field are calculated on this grid. Since following every particle is not feasible, test particles, each
corresponding to a large number of real particles (weight), are introduced. To ensure proper statistics in both
collisions and charge density, enough test particles per cell have to be simulated. The weight of the test particles
depends on the plasma density and is adjusted during the simulation.

At every time step the position and velocity are updated using the leapfrog scheme8. To do so, the charge of
the particles will be transferred to the grid nodes. Solving Poisson’s equation gives the potential and taking the
negative gradient of it results in an electric field on the grid. The individual force on each particle is calculated
by classical laws of physics, neglecting the magnetic field. An overview of the PIC Monte Carlo model is given
in Figure 1.

Since the source can be seen as a point source, a one dimensional spherical system is used, see Figure 2. To
calculate forces the one dimensional Poisson’s equation in spherical coordinates is solved and the electric field is
calculated according to

∂2φ

∂r2
=

1
r2

∂

∂r

(
r
∂φ

∂r

)
= − ρ

ε0
, E = −∇φ. (1)

Instead of the planar geometry2, 7, where the cells correspond to disks of equal size, in the spherical geometry
cells correspond to the volume between two spheres with radii r and r +∆r. In this geometry grid computations
are more complex and both the position and velocity of the test particles are stored in 3d cartesian coordinates.

2.1. Plasma generation

2.1.1. Photoionization

The EUV photon energy of hν = 92eV exceeds the threshold for both single and double photoionization of argon,
respectively given by Es = 15.8eV and Ed = 43.4eV. To conserve momentum, most energy will be transferred
to the particles with lowest mass, the electrons. Therefore it is assumed that the ion temperature corresponds
to the thermal energy of the neutral argon atom. In our model this thermal energy will be sampled from a
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Figure 3: Secondary electron energy distribution. The energy of secondary electrons is independent of the photon
energy and is concentrated around a few electronvolts.

Maxwellian energy distribution at room temperature (T = 300K). The energy given to the electrons will be
the photon energy minus the threshold energy. In the case of single photoionization the electrons will acquire
an energy of hν − Es = 76.2eV. In the case of double photoionization the energy of hν − Ed = 48.6eV will be
randomly divided over two electrons. The first electron will get R(hν −Ed), the second (1−R)(hν −Ed), where
R ∈ U(0, 1). The velocity of the created charged particles is assumed to have an isotropic distribution.

Only a very small fraction (typically < 1%) of photons will be absorbed due to photoionization. Therefore
we take the chance of absorption independent of the distance to the source. The background pressure is constant
in space and time. The number of photoionization events per pulse, Npi, is given by

Npi =
Ip

hν
(1 − exp [−nArσL(1 + Rml)]) , (2)

where Ip is the EUV intensity, σ the photoionization cross section, nAr the background pressure, L = 0.05m the
distance between source and collector and Rml = 0.68 the reflectivity of the collector. The cross section of single
photoionization (σs = 1.37 × 10−22m2) is approximately a factor 6.5 larger than that of double photoionization
(σd = 2.1 × 10−23m2).

2.1.2. Photoelectric effect

Around 32% of the photons will be absorbed by the collector. Absorbed photons can free an electron from an
atom in the collector. After many electron-electron collisions in the solid this electron might leave the collector,
which is known as the photoelectric effect. There are two types of such photoelectrons, primary and secondary
electrons. Primary electrons are a result of photoabsorption directly at the surface, the photons will have an
energy of hν − W , where W = 6.74eV is the work function of ruthenium. Secondary electrons will have less
energy, since they lose energy in many collisions with electrons inside the collector. Their energy will strongly
depend on the depth of the photoabsorption event and is distributed as shown in Figure 3. The energy of the
emitted electrons Ee is correlated to the work function9,

S(Ee, W ) =
W 2Ee

(Ee + W )4
, (3)

where the most likely electron energy equals 1
3W . According to Madey10, 2.1% of the 92eV photons on ruthenium

will produce a secondary electron, the primary electrons can be neglected, because this event is very unlikely.

2.2. Monte Carlo Collisions

The Monte Carlo collision method is based on random numbers and simulates collisions by adjusting only the
velocity of particles. Depending on the total collision frequency a number of particles will be selected to collide.
For every colliding particle randomly the collision type and scattering angle will be sampled. The scattering
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Table 1: Model parameters

Background density nbg 3.6 × 1020m−3

EUV Intensity Ip 1.8Jpulse−1m−2

Duration pulse τ 100ns
Pulse frequency f 2.5kHz

angle for ion impact collisions is isotropic, for high energetic electron impact collisions it is more in the forward
direction11, sampled according to

θ = arccos
(

1 − 2R

1 + 8ε(1 − R)

)
. (4)

Since the plasma density is low compared to the neutral density, collisions between charged particles and
three-body collisions can be neglected. The only relevant collisions are those between charged particles and the
neutral background gas. The following processes are taken into account:

e− + Ar → 2e− + Ar+ (ionization,−15.8eV)
e− + Ar → e− + Ar (elastic)
e− + Ar → e− + Ar∗ (excitation,−11.5eV)
Ar+ + Ar → Ar+ + Ar (elastic)
Ar+ + Ar → Ar + Ar+ (charge exchange)
Ar2+ + Ar → Ar2+ + Ar (elastic)

The electron collision frequency12 is more than an order of magnitude higher than the ion collision frequency.
For high energetic electrons the ionization collision is dominant, which cools the electrons rapidly. In spite of the
low collision frequency the charge exchange collision could be very important since it could cool an accelerated
ion before impinging on the collector.

3. PLASMA SHEATH AND ION DAMAGE

To discuss the plasma sheath behavior in time and ion damage to the collector, a simulation with parameters
as shown in Table 1, based on parameters used by Van der Velden2, 7, is performed. Assuming that due to
recombination processes, successive pulses of the source do not influence each other, only one pulse is simulated.
According to Equation (2) the photoabsorption rate will be nearly 0.5%. Figure 4 shows the resulting plasma
density, which is around 1016-1017m−3.

Due to the photoelectric effect, during the pulse the electron density in front of the collector is higher than
the ion density. Furthermore, the plasma density is considerable lower in front of the collector than close to the
point source. Another important observation is the reduction of the sheath thickness in time. Where at 10ns
the thickness is around 3mm, at 50ns it is reduced to around 1mm. The sheath thickness is in the order of a few
λD ∼

√
T
ne

and is reduced due to a higher plasma density and by cooling of the electrons. During the pulse we
observe a negative space charge, where electrons are accelerated towards the collector, and ions into the plasma.
Figure 5a shows that the potential is lower close to the collector, especially during the 100ns pulse. Secondary
electrons are responsible for a negative sheath, here ions are not accelerated towards the collector. The potential
in front of the collector is highest after the pulse, at 200ns. After the pulse the negative space charge, due
to the secondary electrons, will be transformed into a positive one, resulting in a positive sheath accelerating
ions towards the collector. Figure 5b shows the mean electron energy. Initially the electrons formed by single
photoionization will have an energy of 76.2eV. By inelastic collisions the mean electron energy drops and many,
especially relatively high energetic electrons will leave the plasma at the grounded collector or source.

The potential energy of the ions is related to the sheath potential, doubly charged ions will have a potential
energy of twice the sheath height. Therefore the ion impact energy of doubly charged ions is expected to be
twice the energy of singly charged ions and although the Ar+ flux is expected to be higher, the Ar2+ ions will
be responsible for most of the damage.
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(a) Plasma density between source and collector. Because
of the point source geometry there is a large gradient in
the plasma density.

(b) Plasma density in front of collector. Note the space
charge in front of the collector. During the pulse it is
negative, due to the secondary electrons.

Figure 4: Plasma density at different times. The dotted lines represent the electron density, the solid lines the
effective ion density of Ar+ and Ar2+. Note that the collector is at 0cm, the foil trap at 5cm.

(a) The sheath potential is less in front of the collector
than the source, due to the photoelectric effect.

(b) The mean electron energy decreases over time due to
inelastic collisions. Below an energy of 10eV only elastic
collisions might occur.

Figure 5: Potential and mean electron energy at different times.

To study the ion flux and sputtering of the collector, Figure 6a shows the ion impact energy in time. Here
the dots indicate impacts of test particles. There are clearly two regions of higher concentration impacts, as a
result of the charge difference between Ar+ and Ar2+. Note that the sputtering threshold energy is 27eV and
therefore, compared to the doubly charged ions, the singly charged ions barely damage the collector. There are
only few ion impacts during the pulse, which can be explained by the negative sheath. The ion impact energy is
above the sputtering threshold between t = 100ns and t = 500ns, so damage will be in this period only. Figure
6b shows the ion impact energy distribution, which gives an ion flux at a given energy of the ions. The shape
of both graphs is similar, but scaled in energy. Both have two peaks, one near the maximum impact energy, the
other at low energy. This second peak is due to the ion flux at t ≥ 500ns, here the potential is low and particles
do not damage the collector anymore. Note that the total flux equals the surface under the graphs. The Ar+
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(a) Ion impacts in time. Due to the cooling the impact
energy drops below the sputtering threshold of 27eV. After
500ns no sputtering will occur.

(b) Ion impact energy distribution. Much higher impact
energies for Ar2+. The peaks at low ion impact energy are
contributions of ion impacts after the plasma is cooled.

Figure 6: Ion flux towards collector.

(a) Sputtering yield of argon ions on Ruthenium by Yama-
mura. Note the high slope near the sputtering threshold
energy of 27eV.

(b) Damage to the collector. The surface under the graph
gives the total damage by sputtering.

Figure 7: Damage to the collector. Ar2+ is responsible for most of the sputtering.

flux is an order of magnitude higher than the Ar2+ flux, but the Ar2+ ions cause more damage.

To calculate the actual damage, expressed in number of sputtered atoms per pulse, the analytic expression
given by Yamamura13 is used. Figure 7a shows that near the threshold energy this sputtering yield is a strongly
increasing function. Figure 7b shows the damage as function of the ion impact energy, again the surface under
the graphs correspond to the total damage. Note the vertical scaling, damage by Ar+ is negligible small. Higher
energy impacts damage the collector relatively more and in spite of the relatively low Ar2+ flux, the damage is
considerable. In Table 2 the ion flux and damage to the collector are summarized. Only around 0.15% of the
damage is by Ar+, which is indeed negligibly small.
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Table 2: Damage analysis

Ar+ Ar2+ total
Ion flux (1010m−2pulse−1) 1925 200 2125
Damage (108m−2pulse−1) 0.6183 415.8 416.3
Pulses to remove 1nm 1.78 × 109

Lifetime (hours) 198

4. PARAMETER STUDY ON PRESSURE AND SOURCE INTENSITY

Results depend on many parameters like pressure, source intensity and distance between the source and collector.
The spectrum of the source is not included in the model because it simply is not available. A reliable quantitative
analysis is not possible at this time because of the many unknown. Nevertheless qualitatively the model can give
interesting and meaningful results. The conditions in future EUV lithography tools is unknown. A model gives
the possibility to study the influence of different parameters. Here the influence of the source intensity and the
pressure are studied. The intensity might have to increase to meet the industries demands, while adjusting the
pressure might be important regarding the debris from the source. In this section an intensity scan has been
performed at fixed pressure of 1.5Pa and increasing intensity of 0.6, 1.2, 1.8 and 2.4Jpulse−1m−2. Another scan
over pressure is performed at an intensity of 1.8Jpulse−1m−2 and pressures of 0.5, 1, 1.5 and 2Pa.

4.1. The plasma sheath

The damage to the collector occurs within a short period when the potential is above half the sputtering threshold.
Because of the low mobility of the ions and short timescale of high sheath potential, only ions produced in the
sheath region are accelerated towards the collector and might sputter. To verify this, an approximation of
the sheath thickness is estimated. The sheath thickness is related to the Debye length, which depends on the
electron temperature and the plasma density. A considerable fraction of the electrons will be cooled to only
a few electronvolts within a few hundreds of nanoseconds. As soon as this fraction is large enough, collective
behavior of this population of relative slow electrons will reduce the sheath thickness to a small region in front of
the collector. Assume a plasma density of 1016m−3 and an electron temperature of 5eV, then the Debye length
is given by

λD =

√
ε0kBT

ne2
≈ 1.7 × 10−4m. (5)

Given that the sheath thickness is a few λD, the region where ions are accelerated towards the collector will be
a few millimeters. Now consider an argon ion at room temperature, say 0.04eV, that is not in the sheath region.
Its velocity will be approximately

v =

√
2E

m
≈ 450ms−1. (6)

The distance that an ion can travel during 500ns will be around 0.225mm. After 500ns the potential will be
low enough and ions entering the sheath region will not be accelerated enough to cause any damage to the
collector. Therefore the only ions that lead to sputtering have to be formed inside the sheath region. These ions
are produced by photoionization, because there are no fast electrons in the sheath and no ionization collisions
will occur.

Above statement makes it important to discuss the behavior of the sheath. Increasing the source intensity or
pressure by a factor two will lead to an increase in plasma density by a similar factor. This higher plasma density
will decrease the Debye length and therefore the thickness of the sheath. Assuming the temperature dependency
in time similar for both increasing the intensity as pressure, the plasma sheath thickness will increase by a factor
1√
2
. Since the photoabsorption is uniform over space, the number of ions per volume will be doubled, resulting

in an increase of ions in the sheath region by factor
√

2. This factor should be a good indication of increased ion
flux.
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(a) Intensity scan: solid: t = 200ns, dashed: t = 500ns. (b) Pressure scan: solid: t = 200ns, dashed: t = 500ns.

Figure 8: Sheath region. For higher intensity and pressure the sheath thickness decreases. For the pressure scan
the sheath potential also decreases, which is due to faster cooling of the plasma.

The other parameter influencing the sheath width is the sheath potential. On increase of the sheath potential,
the sheath thickness will increase by a similar factor, consequently resulting in a higher ion flux. For increased
pressure we expect faster cooling and a lower potential. Therefore, compared to an increase in intensity, the ion
flux should increase with a smaller factor when the pressure is increased.

While increasing the intensity, an increase in damage is expected, simply because of a similar sheath potential
while the number of ions in the sheath is expected to increase. While increasing the pressure, the ion flux will
increase, too, but with a smaller factor. Faster cooling should reduce the average damage per ion impact. Which
phenomenon dominates, the increased ion flux or faster cooling of the electrons, is unknown, so the influence
of the pressure on the damage is unknown. The photoelectric effect, depending on the source intensity only,
is not discussed yet. Increasing the intensity increases both the production of plasma by photoabsorption and
production of secondary electrons by the same factor. In the case of the pressure scan, the photoabsorption
increases, where the secondary electron emission is still at the same level. Whether this drastically influences
the plasma sheath after the pulse, is unknown. Probably, because there are relatively more electrons in front of
the collector during the pulse, the space charge after the pulse becomes more extreme in the case of increased
source intensity and a higher sheath potential could be developed.

4.2. Influence of intensity and pressure on the sheath and sputtering

Figure 8a shows the behavior of the sheath for increasing intensity. For convenience only the potential at
t = 200ns and 500ns is shown in all four cases. As expected the sheath height is similar in all cases and the
sheath thickness is reduced for higher intensity, although this decrease is less than expected. Figure 8b sows
the same type of graph, now for the pressure scan. We observe that the pressure strongly influences the sheath
potential, higher pressure reduces the sheath height. At t = 200ns this effect holds for even the highest pressure,
while at t = 500ns the sheath height is comparable for the two highest pressures. This might be explained by
the fact that electrons below 11.5eV are not cooled by inelastic collisions and the potential does not decrease
fast anymore, a saturation effect. At higher pressures this saturation will be faster and the period in which ions
might cause damage by sputtering will be shorter.

Figure 9a and 9b show that the maximum impact energy increases for increasing intensity. The maximum
impact energy of Ar2+ is more than double of that of Ar+, which is explained as follows. Over the same potential
difference doubly charged particles are accelerated twice as much as singly charged particles. Therefore the time
needed to pass a given potential difference in space is much shorter for Ar2+ and it will hit the collector earlier.
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(a) Intensity scan: Ar+ flux. (b) Intensity scan: Ar2+ flux.

(c) Pressure scan: Ar+ flux. (d) Pressure scan: Ar2+ flux.

Figure 9: For increasing pressure the ion impact energy increases and the flux increases over the whole range of
impact energies. For increasing pressure the maximum impact energy is constant, the differences are in the peak
on the left.

During the extra time needed by the Ar+ ion to pass the sheath, the potential is further decreasing and the
effective sheath potential the Ar+ ion will pass is lower than that of the Ar2+ ion. This explains the more than a
factor two difference in maximum impact energy for the two types of particles. It is a combination of the charge
difference, time dependence of the potential. The low mobility of the heavy argon ions makes this phenomenon
more extreme.

For increasing intensity not only the maximum impact energy becomes higher, also the flux in total is scaled
up. For instance the flux at half the impact energy becomes higher, too. The increase in damage is not only due
to higher ion impact energies but also a higher flux over the whole range of impact energies contributes to it.

Figure 9c and 9d show the ion flux of the pressure scan. Here the maximum ion impact energy is around
30eV and 70eV respectively for Ar+ and Ar2+, the maximum impact energy is independent of the pressure in
this regime. Most parts of the graphs overlap each other, the major difference can be seen at the peak on the
left. For increasing pressure this peak increases and shifts to a lower energy. Because of the faster cooling of
the electrons and therefore lower sheath potentials, the increase in ion flux is at low energy impacts. Due to the
higher plasma density, the sheath potential might become higher, but the faster cooling is already effective on a
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(a) Intensity scan. Due to the higher impact energy the
damage by sputtering increasing for increasing intensity.

(b) Pressure scan. The sputtering changes only slightly for
increasing pressure. The damage will be approximately the
same, because the effects of faster cooling and higher ion
flux cancel each other.

Figure 10: Damage by sputtering.

Table 3: Damage analysis

intensity (Jpulse−1m−2) pressure (Pa)
0.6 1.2 1.8 2.4 0.5 1.0 1.5 2.0

Ion flux (1010m−2pulse−1) 769 1443 2125 2790 885 1556 2125 2666
Damage (108m−2pulse−1) 84.97 239.0 416.3 647.1 384.9 428.3 416.3 399.8
Pulses to remove 1nm (109) 8.73 3.10 1.78 1.15 1.93 1.73 1.78 1.86
Lifetime (hours) 970 345 198 127 214 192 198 206

short timescale. The net effect is that the maximum impact energy and the ion flux above sputtering threshold
energy are approximately the same for different pressure.

As expected, Figure 10 shows that the damage increases when the intensity increases. For the pressure scan
the different graphs overlap each other and the surface under the graph, so the damage to the collector, is similar
in all cases. Note that in all cases the few ions with highest impact energy relatively cause the most damage.
Doubly charged argon ions are responsible for almost all the damage. Reducing the impact energy by a few
electronvolt would reduce the damage by a large factor, although of course in some way avoiding doubly charged
heavy ions would extremely reduce or even prevent sputtering to the collector.

Table 3 gives an overview of the results. The ion flux increase by less than a factor of two for twice as high
intensity or pressure, and the ion flux increases less fast in the case of the pressure scan. The increase in ion flux
is more than the expected factor of

√
2, which might be a result of the smaller decrease of the sheath thickness

than expected. In the case of the intensity scan, for doubled intensity the damage increases more than a factor
2.5. This is partially due to the higher flux, but the increase in ion impact energy is more important. In the case
of the pressure scan the damage will not considerably change. The faster cooling cancels the effects of higher ion
flux. Figure 11 shows the increase in damage due to increase in pressure and intensity. Here it is clear that the
change in damage is around 10%, when increasing the pressure, while an increase of the intensity by a factor of
two increases the damage with over 250%.
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Figure 11: Overview of damage: pressure versus intensity scan

Figure 12: High flux mirror test facility at FOM Rijnhuizen.

5. EXPERIMENTAL WORK

Pilot studies on plasma and photon interaction processes can be done at an experimental mirror test set-up at
FOM. Assuming typical high volume collector conditions, including over 1kW of in-band power in the EUV, the
estimated ion flux at the collector surface will be ∼ 2×1020ions m−2s−1. This can be compared to the ion flux at
our test facility which is ∼ 1024 − 1025m−2s−1, i.e. at least a factor of 10,000 higher than in high volume EUVL
systems. Our set-up provides the possibility to carry out 10,000 times accelerated lifetime experiments having a
duration of 1 hour instead of 10,000 hours. This will greatly speed up the experimental characterization of test
samples as well as the study of surface degrading processes. Together with our model this mirror test set-up is
valuable to study lifetime of collector surfaces.

6. CONCLUSION

It has been demonstrated in this paper that plasma processes can be simulated. Doubly charged argon ions were
found to cause by far most damage to the collector and reduce the lifetime drastically. The photoelectric effect
reduces the sheath potential and damage to the collector is done during a short period of time after the pulse.
The simulations show that increase of intensity or pressure lead to a small reduction of the sheath thickness.
The ion flux will almost be doubled when the intensity is doubled. In the case of increase in pressure, the ion
flux increases slower, which is explained be faster cooling, which results in more decrease of the sheath thickness.
The damage to the collector increases proportional by increasing the intensity. Doubling the intensity results
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in a factor of 2.5-2.7 more damage to the collector. Changes in pressure do not strongly influence the damage,
because, regarding sputtering, in this case the effects of increased ion flux are cancelled by faster cooling. These
results do not give reliable quantitative numbers, but do give very useful qualitative results in studies addressing
influences of different parameters. Therefore valuable studies to damage by sputtering to the collector in EUV
lithographic tools can be performed using this model.

ACKNOWLEDGMENTS

The authors acknowledge the valuable discussions with M. R. Akdim, R. W. E. van de Kruijs and P. Antsiferov.
This work is part of the FOM Industrial Partnership Programme I10 (’XMO’) which is carried out under contract
with Carl Zeiss SMT AG, Oberkochen and the ’Stichting voor Fundamenteel Onderzoek der Materie (FOM)’, the
latter being financially supported by the ’Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO)’
and SenterNovem through the ’ACHieVE’ and EAGLE programmes co-ordinated by ASML.

REFERENCES
1. H. Meiling, H. Meijer, V. Banine, R. Moors, and R. Groeneveld, “First performance results of the asml

alpha demo tool,” Proceedings of SPIE 6151(615108), 2006.
2. M. van der Velden, W. Brok, J. van der Mullen, W. Goedheer, and V. Banine, “Particle-in-cell monte carlo

simulations of an extreme ultraviolet radiation driven plasma,” Physical Review E 73(036406), 2006.
3. C. de Bruin, Dynamics of laser produced XUV emitting plasmas. PhD thesis, Eindhoven University of

Technology, 2004.
4. L. Shmaenok, C. de Bruijn, H. Fledderus, R. Stuik, A. Schmidt, D. Simanovskii, A. Sorokin, T. Andreeva,

and F. Bijkerk, “Demonstration of a foil trap technique to eliminate laser plasma atomic debris and small
particulates,” Proceedings of SPIE 3331, pp. 90–94, 1998.

5. V. Banine and H. Voorma, “Requirements and prospects of next generation extreme ultraviolet sources for
lithography applications,” 11 2006. 2006 EUVL symposium, Barcelona.

6. T. Madey, N. Faradzhev, B. Yakshinskiy, and N. Edwards, “Surface phenomena related to mirror degradation
in extreme ultraviolet (euv) lithography,” Applied Surface Science 253, pp. 1691–1708, 2006.

7. M. van der Velden, W. Brok, J. van der Mullen, and V. Banine, “Kinetic simulation of an extreme ultraviolet
radiation driven plasma near a multilayer mirror,” Journal of applied physics 100(073303), 2006.

8. C. Birdsall and A. Langdon, Plasma physics via computer simulation, Hilger, 1991.
9. B. Henke, J. Smith, and D. Attwood, “0.110-kev x-ray-induced electron emissions from solidsmodels and

secondary electron measurements,” Journal of Applied Physics 48, pp. 1852–1866, 1977.
10. T. Madey, B. Yakshinskiy, R. Wasielewski, M. Hedhili, and E. Loginova, “Radiation-induced processes on

ru surfaces: relevance to euvl,” 11 2006. 2006 EUVL symposium, Barcelona.
11. A. Okhrimovskyy, A. Bogaerts, and R. Gijbels, “Electron anisotropic scattering in gases: A formula for

monte carlo simulations,” Physical Review E 65(073303), 2002.
12. A. Phelps and Z. Petrovic, “Cold-cathode discharges and breakdown in argon: surface and gas phase

production of secondary electrons,” Plasma Sources Science and Technology 8, pp. R21–R44(1), 1999.
13. Y. Yamamura and H. Tawara, “Energy dependence of ion-induced sputtering yields from monoatomic solids

at normal incidence,” Atomic Data and Nuclear Data Tables 62, pp. 149–253, 1996.

Proc. of SPIE Vol. 6586  65860L-12

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 15 Apr 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


