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ABSTRACT

The EUVL collector mirror reflectivity degradation can be measured as erosion of the mirror surface caused by the high
energy ion emissions. Characterizing the ion emission permits the analysis of the mechanisms of erosion and provides
the capability to reduce the high energy ion emission which directly reduces the erosion rate. The degradation can also
be measured as deposition of particulate debris on the mirror surface. The debris particles have sizes of only a few
nanometers. We have demonstrated that the use of electrostatic repeller fields mitigates large fraction of the particle
transfer. Our microscopic tin-doped droplet target is a mass-limited target and is designed to limit the flux of uncharged
particulate matter emanating from the target, with the eventual objective of only generating charged material. The latter
then may be inhibited from degrading EUV optics with the use of electrostatic repeller fields and other mitigation
schemes.

We present tin-doped droplet target ion emission characteristics in terms of ion energy distribution obtained using our
ion spectrometer. Extensive studies on particle generation by controlling plasma conditions and the repeller field effect
on individual ion species and particles is also described.
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1. INTRODUCTION

One of the biggest challenges for realizing EUVL source is the conversion efficiency (CE) of useful radiation generated
from electrical energy supplied in gas discharge source cases and the laser energy in laser plasma source cases. Utilizing
a suitable material like tin, which has demonstrated higher conversion efficiency, has led to a lot of progress in both
types of source configurations™?. The challenge at the forefront now is the lifetime of the source components, which
includes the collector mirror reflectivity lifetime. The collector mirror lifetime is severe issue for laser plasma sources
when large collection angle is applied in which normal incident multilayer mirror is usually used as the collector mirror

The reflectivity of the multilayer mirror used for the collector mirror drops when the number of bilayers is reduced or
the structure of the layers is damaged, and/or the surface of the mirror is coated with various debris. We previously
found that the reflectivity of the mirror drops when the number of layers is reduced due to erosion®. The mirror erosion
is mainly caused by the high energy ions generated in the plasma. Thus, measuring ion energy at the distance of the
collector mirror is most important in understanding this damage mechanism. The ion energy distribution can provide us
with a reliable prediction of mirror reflectivity lifetime. In order for all source configurations to satisfy the lifetime
requirement, the ion energy distribution has to be measured.

The reflectivity of the collector mirror also drops when a material which absorbs the radiation from the plasma coats the
surface of the mirror. Utilizing tin as the target material leads this mirror reflectivity degradation mechanism to be
dominant due to the tin particles generated in the plasma, which are deposited on the mirror surface®. The sizes of
deposited particles are characterized in this study. Although observed tin deposits are nanometer-size particles, the



thickness of each deposit is just enough to attenuate the useful EUV radiation at 13.5 nm and eventually coat entire
surface of the collector mirror surface. It is important to know how those particles are generated in the laser-target
material interaction. The condition of the interaction in which no particles are generated is ideal but if they are
inevitably generated, they have to be mitigated.

Debris mitigation includes a number of schemes such as buffer gas®, foil trap’, mechanical shutter®, plasma shutter®,
magnetic field"?, and electric field®°. For gas discharge plasma sources, combination of buffer gas and foil trap is often
seen. For laser plasma EUV source, because of the large distance between first collector mirror and the source, many of
combinations of those schemes are possible. We previously demonstrated the electric field mitigation of debris, called
Repeller field" for the water droplet plasma source® as well as tin-doped droplet source®. Significant improvement in
maintaining the mirror reflectivity with applying the field in water droplet source was observed. Similarly, high energy
ions and the tin particles are repelled by the field.

In this paper we present firstly detailed analysis on ion energy distribution by using one of our ion spectrometers,
secondly particle origin, particle generation control and total tin emission analysis, and finally the Repeller field
mitigation for individual ion species and particles.

2. EXPERIMENTAL SETUP

2.1. Microscopic laser plasma generation

The experiments described here take place in our dedicated vacuum chamber for debris studies, as shown in fig. 1. The
vacuum pressure is kept around 4x10* Torr during the measurements. A commercial high repetition rate Q-switched
Nd:YAG laser is used for the plasma generation. The maximum laser pulse energy is 340 mJ, the pulse duration is about
10 ns, and the repetition rate is 100 Hz. The laser beam is focused onto the target using a lens with focal length of 50
mm, which gives the maximum intensity of approximately 6.8x10* W/cm? at the focal spot whose diameter is 70 pm.
The target containing 30% tin solution is delivered from a capillary nozzle. The number of tin atoms doped in a target is
calculated to be in the order of 10* atoms. A train of uniform droplets is formed by driving a piezo-crystal attached to
the nozzle and moving at the velocities of approximately 20 m/s. Typical diameters of each droplet range from 30 um to
50 um depending on the driving frequency of the piezo-crystal. Repetition rate of target generation is typically 30 — 50
kHz, which is much higher than the operation frequency of the laser. Thus the unused targets are captured by a
cryogenic cold trap in order to prevent evaporation in the vacuum chamber, which will otherwise result in increased
pressure inside the chamber.

2.2. Three methods for measuring ions

Three different approaches are used to measure ionic debris. The first is a Faraday Cup lon Probe (IP) and the second is
a custom designed lon Spectrometer configured as an Electrostatic lon Energy Analyzer (ESIEA). The third a custom
designed Thomson Parabola ion Spectrometer (TPS). Those configurations are shown in Fig. 2. Both the IP and the
ESIEA utilize Time of flight (TOF) analysis and have been described previously*,

The ESIEA has been improved in terms of resolution of the spectral lines and vacuum pressure. By putting two slits
whose width is 1 mm each in the entrance as well as the exit of the analyzer provide sharp signals well enough to
identify different ion species like O* (M/Z=16) and CI** (M/Z=17.7). Also the distance from the plasma to the ion
detector is lengthened to 900mm, from 640mm as reported previously, so that the resolution of the signal is improved.
The vacuum setup is revised and the ambient pressure is kept below 1x10® Torr during operation.

One of the important assumptions of the ESIEA analysis is that the plasma condition stays the same during the series of
measurements. In order to obtain precise ion energy distributions, more measurements are necessary, and, it is critical to
maintain the same plasma conditions. On the other hand TPS can provide complete ion energy profile from a single
plasma generation. A comprehensive study for ion energy distributions based on TPS measurements is currently under
way.
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Figure 2: Three methods of ion measurement

2.3. Particle detection and characterization

Particles are mainly detected by using witness plates and analyzed by using various types of microscopy and
spectroscopy. Detailed investigation of the tin particles on the witness plate surfaces is performed by using Optical
Microscopy (OM), Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), Auger Electron
Spectroscopy (AES), and X-ray Photoelectron Spectroscopy (XPS) are discussed previously®. Those particles are
identified as tin particles by AES and characterized in size by AFM. Rutherford Backscattering Spectroscopy (RBS) is
used to analyze total deposition of tin on the surface.



The witness plates used here are pieces of Si wafer which are placed at a designed distance from the plasma and are
orthogonal to the laser incident. The plates are also replaceable during an experiment without bringing the vacuum in
the chamber to atmosphere so that any differences in the experimental conditions between samples are eliminated.

3. RESULTS
3.1. Detailed ESIEA spectral analysis and ion energy distribution

3.1.1. Converting spectrometer signal to M/Z signal

A typical ESIEA spectrometer signal is shown in fig. 3 (a). There are several peaks observed in the signal because the
different components of the target material arrive at the detector at different times depending on their mass charge ratio
(M/Z). This TOF based signal is too complex for analysis of the entire ion energy distribution. To identify all the signal
peaks, the signal is converted to M/Z based signal by using the following equation.
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where M is the atomic mass of the ion of interest, Z is the charge number, e is electron charge, R is the radius of the
analyzer path, m, is proton’s mass, | is the ion detector distance from the plasma, E is the electric field, and TOF is the
time-of-flight in the signal.

A typical M/Z signal is shown in fig. 3 (b). The M/Z axis is plotted in logarithmic scale. All the peaks in the signal are
identified as certain ion species. This method is applied for all other measured signals and then a complete map of the
ion signals can be obtained.
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Figure 3 (a) a typical signal from ESIEA spectrometer, (b) converted M/Z signal

3.1.2. Interpolation and calculation of ion energy distribution

By keeping the same plasma conditions it is possible to obtain M/Z signals with different energies by changing the
electric field strength in the analyzer. It is also possible to plot all signals together and investigate the signal profile
along with a constant M/Z. However, because different M/Z spectra are converted from different TOF signals, the M/Z
values in all the signals plotted do not lineup. A simple linear interpolation can be applied to the all converted signals. A
complete map of M/Z spectra at a constant plasma condition is shown in fig. 4. It is possible to make profile for a
constant M/Z, in other words, slicing the spectral map for each ion species can provide ion energy distribution.
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Figure 4. A map of M/Z spectra at a constant plasma condition

In order to obtain an ion energy distribution for each ion species, it is necessary to count the number of charges at all the
points in the spectrometer. Assumptions made here are 1) electron multiplier efficiency is unity for all the ion species
and all the ion energies, 2) the ion energy distribution is constant in each signal window, 3) no divergence of ion
stream inside the field free path in the spectrometer, and 4) isotropic ion emissions from the plasma.

It is then possible to count how many ions have specific kinetic energy per solid angle. It is also possible to calculate
number of ions having more than a certain kinetic energy per unit area on the mirror surface at a given mirror distance.
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Figure 5. (a) Energy distribution of oxygen ions at intensity of 1.2x10"*W/cm?, (b) oxygen at 4.8x10™W/cm?,
() tin at 1.2x10™W/cm?, (d) tin at 4.8x10™"W/cm?.

Calculated ion energy distributions at two different plasma conditions are shown in fig. 5. All the distributions show
higher population in lower ion energies. Also lower ionization states are observed at the distance from the plasma
compared to the ionization states in the plasma in which higher ionization states are expected for EUV radiation. These
are the results of collisions and recombinations during plasma expansion. For oxygen ion distributions, it is observed
higher energy ions and higher ionization states at higher laser intensity which is too high for optimum CE. On the other
hand, no significant change in tin ion distribution is observed at very high intensity for optimum CE.



3.2. Particle generation control and total tin emission analysis

3.2.1. Particle origin determination

Particle generation can be the result of incomplete heating of the target including secondary heating of the adjacent
targets by the plasma radiation or scattered laser light. In order to determine the origin of the particle generation, the
following procedure is applied. First, a mask with a certain profile of opening is installed. Second, the target separation
is enlarged to eliminate possibility of having the adjacent target heated directly or secondarily by the laser. Third, the
target formation and positioning are carefully controlled during the exposure, in other words, no unwanted target or
satellites are close to the focal region. Lastly, the laser energy is reduced intentionally so that incomplete heating occurs.
The plasma is generated by 60 mJ laser pulse.

The mask and witness plate configuration is shown in fig. 6 (a) and the witness plate surface image is shown in fig. 6
(b). The distance in transitions of the deposited area to no deposition area is 75.7 um vertically and 32.4 um
horizontally. With the geometry shown in fig. 6 (a) the size of origin of the particles is 46.9 um vertically and 20 pm
horizontally which are equivalent to the size of the target. Thus the particles are generated at the target, and not at the
adjacent targets.
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Figure 6. (a) distances of target, mask, and witness plate, (b) dark field image of the witness plate surface

3.2.2. Comparison of particle generation in two different plasma conditions

Two witness plate samples are produced using different plasma conditions. One plasma condition is created by using a
60 mJ laser pulse, which is the same condition for the particle origin determination experiment. The other condition is
created by using a 240 mJ laser pulse which produces the condition for the optimum CE. The exposure is 1.2 x 10° shots
for both cases. The SEM images of those two samples are shown in fig. 7. As it is shown in fig. 7 (&), a number of
particles are deposited on the surface, on the other hand, only a few particles observed in fig. 7 (b). This comparison
shows the target material heated by low energy laser pulse generates much more particles than the target under high
energy laser pulse. The incomplete heating of target material cause two effects: generation of more particles and
creation of less EUV emission. Thus it is important to maintain the optimum irradiation conditions for particle free
plasma generation, as well as high EUV emission.



1-2 10.0kV x20000 0.5pm —— . 2-2 8.0kV x20000 0.5pm +—

Figure 7. (a) SEM image of witness plate surface exposed by plasma created by 60 mJ laser pulse, (b) by 240 mJ pulse

3.2.3. Total tin emission analysis on the surface

A guantitative analysis is made by RBS on the witness plate samples exposed to the plasma created at particle free
condition as described above. The RBS analysis shows only Si and Sn present on the surface. Because the substrate is
made of silicon, only tin is deposited on the surface. The amount of the tin deposition is calculated to be 2x10%
atom/cm?. If we assume that the tin emission is isotropic, the total emission of 1.1x10" atoms/shot-sr is obtained. This
is equivalent to the number of atoms in the target. Although we create particle free conditions, tin atoms in the target are
detected on the surface. Therefore effective mitigation schemes are necessary

3.3. Repeller field mitigation for individual ion species and particles

3.3.1. Repeller field mitigation for individual ion species

As previously reported the Repeller field stops or slows down protons®?. However, the IP measurement cannot provide
other ion species to be repelled or slowed by the field. The ESIEA measurement with the field is carried out by
installing the field in front of the aperture of the spectrometer. In order to see the effect of the field, analyzed energy is
set to 380 eV so that singly charged oxygen ions, chlorine ions, and tin ions are detected. As it’s seen in fig. 8, the peaks
of the spectrometer signals for those ion species are reduced when the field potential approaches to the kinetic energy of
the ions. By counting number of ions contributing to each ion signal peak, reduction ratios of about 200 for oxygen
ions, 6 for chlorine ions, and 8 for tin ions are observed. Therefore the field is effective for individual ion species.
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Figure 8. (a) ion spectra with no field applied, (b) with field potential of 306V, (c) with field potential of 408V

3.3.2. Repeller field mitigation for particles

The particles generated in the plasma and deposited on the witness plates are repelled by the field®'°. To confirm that
the particles are charged and repelled by the field, the following RBS analysis is made. A slit and a transverse electric
field are applied for the purpose of removing any intervening structure to obtain direct line of sight for the witness



plates to the plasma source region. For this experiment, we used the laser pulse energy of 60 mJ, as under this condition
a large number of debris particles are generated. No field is applied for one sample during the exposure and 1 kV
potential is applied for the other sample for 50% of the total exposure time. The reason for applying field potential for a
half of the exposure is that the area in which particles are deposited is necessary for the post shot analysis. A RBS
analysis is performed on those samples. Tin depositions are measured to be 35x10" atoms/cm?for the sample with no
field applied and 16x10™ atoms/cm?®with the field applied. The reduction ratio is calculated to be 46% which is very
close to the duty cycle of the high voltage applied for the field. Therefore the particles are charged and deflected by the
field so that no particle reaches the witness plate surface when the field is applied.

4. CONCLUSION

This study summarizes detailed analysis conducted, in particular, for oxygen and tin ion energy distributions. The
distributions show that the majority of ions have lower energy and lower ionization states at two different laser
irradiation conditions. The origin of particles is determined as the size of the target and the particle free condition is
obtained at the condition for optimum CE. Total tin emission analysis by RBS is described. The Repeller field
mitigation is evaluated for individual ion species and particles, and it is found that the field is effective for individual
ion species and tin particles.
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