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ABSTRACT

In this work we present the status of our high repetition-rate/high power EUV source facility. The mass-
limited target concept has demonstrated high conversion efficiencies (CE) previously, with precision solid
state lasers. Currently, experiments are in progress with high power high repetition-rate (3-4 kHz) Q-
switched laser modules. We present a new dedicated facility for the high power EUV source. Also, we
present a precision EUV energy-meter, which is developed for absolute EUV energy measurements.
Spectral measurements of the tin-doped droplet laser plasma are performed with a flat-field spectrometer
(FFS) with a back-illuminated CCD camera. We address the issue of maintaining the calibration of the
EUV optics during source operation at non-optimum intensity at high repetition-rate, which is required for
CE improvement studies. Here we present the unique metrology for measuring EUV energies under a
variety of irradiation conditions without degrading EUV optics, even at high repetition rates (multi-kHz).
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1. INTRODUCTION

Providing EUV sources with sufficient source power and long lifetime is crucial for the introduction of
EUVL®. Several hot dense plasma sources based on discharge plasmas and laser produced plasmas are
being developed to meet the requirements for EUVL?, where the required source power of 115 W at the
Intermediate Focus (IF), as well as the lifetime, the source etendue, and the spectral purity are specified. To
provide high EUV power, efficient source plasmas are needed. The reflectivity of EUV optics, which can
be reduced by debris from the source plasma, has to remain within a 10% reflectivity drop from its original
value for the required lifetime.

We have previously reported on the important fundamental characteristics of the EUV source plasma,
generated using tin-doped droplet targets®*. Using a low repetition rate but well-characterized solid state
laser (Nd:YAG), a high conversion efficiency (CE) of 2% was demonstrated, using the mass-limited™® tin-
doped droplet target approach®. The debris generated from the target is characterized in terms of tin
aerosols and ion flux"®°. The tin aerosols would cause a reduction of the collector mirror lifetime.
However, only a very limited number of generated tin aerosols are observed when the target is irradiated at
the laser condition for high CE®. The plasmas generated with tin-doped droplets exhibit not only the high
CE and the low debris, but also the small source size™® and low out-of-band radiation™*.

The collector mirror lifetime is expected to be shortened with source operation at increased repetition rates.
We have conducted Monte-Carlo simulations to predict the mirror lifetime with the calculated surface
erosion rates under the measured ion flux. The lifetime estimated for the typical Si/Mo multilayer (ML)
mirror coating was approximately a factor of 500 shorter than the required lifetime'?. However, the mirror
lifetime can be extended by the use of debris mitigation schemes, which reduce the ion flux at the mirror

*tschmid@creol.ucf.edu; phone 1 407 823-6855; fax 1 407 823-6880; www.creol.ucf.edu



surface. We have developed two types of electromagnetic field mitigation schemes which will ensure that
the collector mirror reflectivity remains high for the entire lifetime'*3,

To operate the source plasma at high repetition rates, the target supply, as well as the laser operation, have
to be coupled at high frequencies. The tin-doped droplet target already exhibits its high repetition rate
operation (10-100 kHz), which provides the opportunity of using high repetition rate lasers. This enables
the generation of EUV sources scalable to power levels required for EUVL by either a single laser module,
or by multiple laser modules multiplexed. In the latter approach, commercially available high power lasers
can be used to irradiate the target.

We describe here a new EUV test facility suitable to demonstrate the generation of high EUV power with
high power lasers, which may be multiplexed spatially and temporally. It comprises a vacuum chamber
capable of providing a low enough vacuum for a high repetition rate source plasma generation and ports to
couple several laser modules onto the target. It is important to have the capability of measuring the EUV
energy without having the EUV optics degraded. For absolute EUV energy measurements the EUV ML-
mirrors have to be calibrated. Due to the high source repetition rate even a small amount of debris could
cause mirror reflectivity degradation and a loss of calibration. Therefore, a metrology has been adapted,
which allows accurate EUV energy measurements without loosing the calibration of the EUV optics.

This paper describes a source facility developed for the next generation of high EUV powers. The tin-
doped droplet target scheme is summarized in the next section. The vacuum chamber setup for the high
power EUV generation, as well as the diagnostics, is described. Also, the metrology adapted for the high
repetition rate EUV source is presented in this paper.

2. TIN-DOPED DROPLET TARGET TECHNOLOGY
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Fig.1. Droplet target stream with the laser beam focused on a droplet.

The tin-doped droplet target can be used as a mass-limited target®. The concept of a mass-limited target®® is
based on complete ionization of the target material. This is accomplished by reducing the size and
consequently the mass of the target, so that only sufficient radiating species are included as required for an
efficient high brightness EUV source. To operate the laser produced plasma source mass-limited, the focus
size has to be adjusted relative to the target size to fully ionize the target. Consequently, only ions emitted
from the plasma are a threat for impacting the collector mirror reflectivity.



To realize an ideal target for EUVL sources, tin atoms are doped into the water-based droplet with the
minimum amount to produce EUV radiation. The droplet size is equivalent to the size of the laser focus,
which was previously measured to be ~ 30 um *. A single droplet target contains about 10*° tin atoms. The
mass of tin would be too large if the same size of droplet would contain only tin atoms. Therefore, we have
designed the target supply scheme with a capillary nozzle and a piezo-electric crystal, which produces a
micro droplet stream producing spherical droplets of typically 35um diameter. The targets are supplied at a
repetition rate of 10 ~ 100 kHz. With this target repetition rate, scaling up the EUV source power is
possible to meet the source power requirements for EUVL.

Motion control
Target supply

O Targets
o
Delay control [s)
Laser trigger
o
—O
Laser beam Plasm
asma Imaging

Imaging

Position analysis
Post processing

Fig.2. Principle of automatic feedback system

The CE has been shown to be a function of laser intensity®. Consequently, the laser intensity can be
optimized by varying the focus position relative to the target position. It has been shown for tin-doped
droplet targets experimentally, that the highest CE is obtained for intensities of ~10"W/cm? ®. As
mentioned earlier, at the operating conditions for highest CE, the number of aerosols is minimized®. In
contrast, the number of aerosols is much larger in the lower laser intensities®. The small number of tin
aerosols observed during a long term plasma operation at the optimum intensity was caused by positioning
the target manually with respect to the laser, and therefore slight displacement of the target from the focal
spot lead to lower intensities.

To overcome the problem of precisely positioning the target continuously, an automatic targeting system
has been developed. The system consists of a droplet position sensing scheme, data processing, and
feedback for controlling the target and laser synchronization. Two visible imaging systems are integrated as
the position sensing scheme. Back-illumination of the droplets, for imaging through the two axes, uniquely
defines the position of the droplet. The images are fed to a computer which performs image processing
techniques to determine the position. Once the computer receives images of the droplets, it computes the
position of the droplet. If the software finds that the droplet position has changed, the droplet is physically
moved back into position. Fig.2 illustrates the feedback system. This process runs continuously.

3. HIGH POWER EUV SOURCE FACILITY
3.1 New Laser Plasma EUV Source Facility

We have assembled a new EUV source facility for high EUV power generation. A new vacuum chamber is
installed and dedicated to high power EUV generation (Fig.3). A vacuum of < 10 torr is achieved with a
combination of a high flow dry pump and a turbo-molecular pump. The chamber is equipped with a variety
of ports, allowing several different diagnostics to be concurrently used as well as multiple beam



illumination of the target. The lasers are installed in a separate room, routed to the vacuum chamber, and
are coupled into the chamber through AR-coated windows. The target can be illuminated from various
angles. To adjust the spot size and consequently the intensity at the target position, the focusing lenses are
mounted on motorized linear translation stages, which enable the adjustment of the lens positions during
the experiment. By moving the lenses, the coupling conditions of the laser and the droplet can be optimized
for highest CE. The current design of the source facility is kept flexible to incorporate future extensions,
such as a collector mirror installation, debris mitigation systems and diagnostic instruments. Due to the
configuration of the source chamber, the EUV source can be evaluated at the intermediate focus. For target
delivery, a droplet dispenser is installed inside the source chamber. An advanced targeting system has been
integrated, which was described above.

Fig.3. Vacuum chamber equipped with turbo pumps and diagnostics

3.2 EUV Diagnostics

In our experiments, several sets of calibrated spectroscopic and EUV metrological tools are used. As we
scale tests to high repetition rates and higher EUV powers, the methodology and operation of these
instruments will change. For our present tests a new energy-monitor was built for absolute EUV energy
measurements. This is separate from the existing flying circus (FC) so as to provide for an adapted
metrology for high repetition rate EUV source operation, described in the next section. The energy-
monitor, shown in Fig.4, includes a 45 degree flat ML-mirror and a zirconium filter to eliminate out of
band radiation, which were calibrated at NIST. The EUV signal is detected with a biased photodiode
(AXUV-100)" connected to an oscilloscope. Prior to the installation to the new chamber the EUV monitor
was also cross-calibrated with the FC'® with EUV radiation generated on the tin-doped droplet plasmas at
low repetition rate.

To optimize the plasma temperature for the highest CE, a grazing incidence flat-field spectrometer (FFS),
shown in Fig.5, coupled with a back-illuminated X-ray CCD camera was deployed'’*®, The FFS provides
time-integrated, high-resolution spectra in the relevant wavelength region (12.5 nm — 18.5 nm). A laser
control system was developed to control the exact number of pulses during one exposure time of the FFS.
Therefore, the deposited energy into the plasma is known. To avoid artifacts in the spectrum caused by
EUV photons during the readout time of the X-ray CCD, the number of pulses was limited to 128 when
taking CE measurements. Fig.6 shows a typical spectrum taken from the tin-doped droplet laser plasma,
where the CE was higher than 2.0%. The spectrometer was cross-calibrated to the energy-monitor and used
in the CE optimization, described in more detail in the next section.



Fig.4. Calibrated EUV energy-meter

Fig.5. Flat-Field Spectrometer with Xray-CCD
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Fig.6.Typical spectrum (tin-doped droplet target) taken with the FFS



4. METROLOGY

4.1 Standard method for estimating CE

CE is an important parameter for laser produced plasma sources, determining how efficient laser energy is
converted to EUV radiation. Before the adapted metrology for high repetition rate EUV source operation is
described, it is useful to review the CE calculation process®'®. To determine the laser energy an energy-
meter or power-meter is used. The in-band EUV energy is calculated by taking all wavelength dependent
parameters of the components in the FC into account, together with a reference spectrum. The in-band

EUV energy is calculated as®
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where X is the collection solid angle of the EUV detection, Asqpe iS the integrated area under the EUV
signal waveform displayed on an oscilloscope, Ry iS the impedance of the oscilloscope channel, Tgqs(4) is
the transmission function of the gas in the vacuum chamber, Ryiror(4) is the calibrated mirror reflectivity
curve, Terer(4) is the transmission curve of the filter(s) used to block visible light from entering the AXUV
detector, ngioge(4) is the calibrated responsivity curve of the AXUV detector in the FC, I5(4) is the spectrum
of the EUV source. The constant X% is calculated with the mirror diameter for the FC and the source mirror
distance, since the full aperture of the reflected EUV radiation will be detected by the photodiode. The filter
transmission and the mirror reflectivity are calibrated at NIST and the characteristics are shown in Fig.7.
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Fig.7. Transmission of zirconium filter (left); Multilayer reflectivity (right)

We have used a calibrated photodiode that measures a small reflection (4%) of the laser energy at a pellicle
surface for the laser energy measurement. The laser energy and EUV energy are measured simultaneously
to calculate the CE of a single EUV plasma generation®. Therefore the CE is calculated as

E.. .
CE. =—2%' .100% . Equ.2.
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4.2 Adaption of metrology for high repetition rate plasmas

Measuring EUV and laser energy at high repetition rates is more challenging than at a low repetition rate.
Also, the CE optimization needs to be done while the plasmas generated can degrade the reflectivity of the
ML-mirror. As described above, at lower than optimum intensities for highest CE, tin aerosols are
generated. Thus, we have adapted a methodology for EUV energy measurements at high repetition rates
while the EUV optics is not degraded.

The exposed area of the EUV mirror can be reduced to preserve the high reflectivity over a large number of
plasma exposures. The energy-monitor, which is mounted on the new vacuum chamber for high power
EUV source operation, utilizes a flat mirror with the highest reflectivity at an angle of incidence of 45
degree and the AXUV detector after the mirror. Only a fraction of the reflected EUV is detected by the
detector. Therefore, in this configuration reducing the exposure area on the ML-mirror by installing a
limiting aperture in front of the mirror is easily possible.

Despite the effort to reduce the exposure area on the mirror, the mirror will degrade eventually. We instead
utilize the FFS as in-band EUV energy measurement instrument by cross-calibrating it against the energy-
monitor, which is described next. With this method, CE optimization by changing the lens position with
regard to the target position can be done without degrading any EUV optics. Thus, the EUV energy-
monitor remains calibrated and is used only for the calibration process, which is done after the intensity has
been optimized for high CE and low aerosol generation. A gate valve located between the plasma source
and the energy-meter is only opened briefly for the calibration of the FFS to the energy-meter. Therefore
the EUV mirror is only exposed for a very few shots during the calibration procedure.

The laser pulse energy can be measured for each laser pulse. However, averaging the laser energy as well
as the EUV energy is a more reasonable approach for high repetition rate (~kHz) plasmas. The EUV energy
measurements are based on the time integrated spectra. Similarly, measuring the laser power instead of
measuring each laser pulse is preferable. For the CE measurement an average laser energy is used, which is
calculated from the measured power of the laser and the repetition rate of the laser.

4.3 Cross-calibration of energy-monitor and FFS

To avoid reflectivity degradation of the ML-mirror of the energy-monitor, a FFS is installed at the high
power source chamber to measure the EUV energy based on the spectrum. Because of the small collimating
slit (120um) and a source-slit distance of 585mm, negligible effects on the calibration are expected. Here,
the cross-calibration process and the EUV energy measurement based on the FFS spectrum are described.

Introducing the constant K and the bandwidth coefficient BW,_ . the in-band energy, Equ. 1 can be

expressed
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The product of Ks and Agqpe is the EUV energy emitted from the plasma into 2x sr, based on the energy
measured by the photodiode. BW, represents the ratio of the EUV energy inside 2% spectral band at 13.5
nm to the total energy measured by the photodiode.

Because Agpe is a result of the radiation reflected and transmitted through the components
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By introducing a calibration coefficient K ____ for the FFS spectrometer, based on a given number of shots,

spec
slit size and the distance, the measured EUV energy can be calculated as
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where the coefficient KSpec has units of J(into 2r)/(spectral counts). By substituting Equ. 7 into Equ. 3, the
in-band EUV energy can be written as
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This means the spectral counts inside the bandwidth are converted to in-band energy (into into 2x sr solid
angle, within 2% bandwidth, centered on 13.5 nm). Therefore, the cross-calibration of FFS in-band spectral
counts to the in-band energy calculated based on Equ.13'° is established.

For an arbitrary spectral measurement,

Eowi = Kaeo o [15,(A)d2 Equ.9.
BW

where EBW,i is the in-band energy into 2x sr and | s.i Is the spectral intensity of the particular measurement.
Therefore, only FFS measurements are needed to obtain the in-band EUV energies for the CE optimization.

5. CONCLUSION

We report the status of our installations regarding a high power EUV source facility. The facility includes
droplet generation at high repetition rates, high power laser systems and EUV diagnostic instruments. The
diagnostic instruments were calibrated to the flying circus Il instrument, to allow for calibrated energy
measurements. To maintain the calibration of the diagnostics, a procedure was presented to calibrate
spectral measurements from a FFS with an absolutely calibrated EUV energy-meter. The calibrated FFS
allows source operation at non-optimum intensities at high repetition-rate for CE optimization studies. The
facility, the diagnostic instruments, and the cross-calibration method will be adopted for source operations
at even higher repetition rates for the future extension.
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