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ABSTRACT

We have previously proposed the use of mass-limited, tin-containing laser plasma sources for EUV
lithography applications. Here we report advances in measurements of the spectral output, conversion
efficiency, and debris emission from these sources. We also report progress in the use of repeller field
debris inhibition techniques for this source.
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1. INTRODUCTION

Providing a suitable EUV point source of sufficient power and longevity is one of the principal
challenges facing the development of EUV lithography for fabricating future generation computer chips'.
Both discharge and laser plasma sources are being developed to meet this need—a stable, debris-free,
light source producing collectable in-band (2%) emission at ~13.5nm with power levels of ~100W . For
a laser plasma source to succeed in this application, it must operate continually for periods of ~1 year at
repetition rate of 5-10 kHz with a pulse-to-pulse stability of <2%. It must also function so that the large-
NA (>0.25) collection optics do not suffer from the deleterious effects of target debris in long-term
operation. The conversion efficiency from the laser light to useful EUV emission must be sufficiently
large to (i) provide the projected required collectable power levels with viable commercial lasers and (ii)
permit the overall cost of the source, including the laser, to remain within economic models of the overall
EUYV lithography stepper tool.

A number of laser plasma sources have been investigated for EUVL, including high density, pulsed
or continuous cluster targets’, liquid jets* or droplets” of liquid Xe, which emits broadband radiation (10-
14nm from Xe’" - Xe'”" ions), and water droplet® and jet’ targets that radiate narrow line emission from
Li-like O ions. Droplet targets have demonstrated extended operating lifetimes without significant debris
contamination®. Both approaches showed conversion efficiencies to in-band radiation of <0.8% in 27 sr,
a value that makes achieving the requirement for sufficient power for EUV lithography difficult with the
available laser technology.

Here we look at some of the advantages of Sn-based plasma sources compared to Xe plasmas. The
Xe and Sn laser plasmas source are compared and discussed for their EUV emission characteristics, based
on a simulations made using the Cowan code. It is known that the emission at 13.5nm from Xe laser
plasma sources is produced by emission predominantly from only the Xe'"" ions. Its principal UTA is
located at 11nm, (Fig. 1(a)), with less than 5% of these ions emitting in the 13.5 nm region, and only half
of these emitting within the 2% multi-layer mirror bandwidth. Since the maximum Xe'®" ion population in
the plasma cannot exceed ~40%, it can therefore be argued that the conversion efficiency of the Xe source
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from laser light to useful EUV cannot be expected to exceed much above 1% even when the Xe'"" ions
are at their optimum plasma temperature.

A few steps away from Xe (atomic number Z = 54) on the periodic table is Sn (Z = 50). Moving
from Xe to Sn, allows the principal UTA to move from 11nm to 13.5nm (Fig.1 (b)). Thus a tin plasma is
inherently brighter than a Xe plasma. Moreover several of the adjacent Sn ion species (Sn’”" - Sn'*" emit
at 13.5nm, and many of them contribute to the principal UTA at 13.5nm. Here we report the progress in
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our studies on a tin material’'" target. We demonstrate in-band conversion efficiencies in the range of ~

2%, and describe our progress in minimizing plasma debris. These developments we believe will enable

the generation of average EUV source powers > 60W of useful EUV source powers with current diode-
12,13

pumped Nd:laser technology ~.

2. EXPERIMENTS AND RESULTS

Our approach to maximizing EUV conversion efficiency, and
source repetition rate and minimizing target particulate debris is
through the use of mass-limited targets. Here we define mass-limited

as the minimum mass of a microscopic target that provides all the ¥ o
ions that radiate at the desired wavelength. We use a capillary o

dispenser to provide a thin train of 35-um diameter droplets, each

containing some tin, driven at a frequency of ~ 100-kHz (Fig. 2). 0 e

The stability of droplets in the target region is about 3-um and is N

synchronized to the laser with high precision (also ~ 3-um). Not all
the droplets are used in making plasma sources in the present setup, Figure 2: A train of droplet targets with
and the unused targets are collected in a cryogenically-cooled bucket.  , jaser beam focused on a droplet.

A 5-cm focal length positive lens focuses the laser beam onto
the droplet target to create laser plasma which produces EUV
radiation. The focal spot size of the laser beam is less than 80-um diameter and the irradiance at the focal
spot can reach up to 10'> W/cm®. The distance from the tip of the nozzle to the plasma is 10-mm. For
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optimum coupling between the laser pulse and the target, all of the energy carried in the laser pulse
should interact with the target.

Experiments are performed with the setup illustrated in Fig. 3. The target is located centrally in a 45-
cm diameter vacuum chamber, which is operated at pressure below 10° Torr with a turbo-drag pump
backed with a roughing pump. At this pressure, absorption of EUV radiation by the air inside the chamber
is less than 1% for a distance from the plasma to the radiation detectors used for monitoring the EUV
emission.

Various diagnostics for studying the EUV radiation
Laser have been coupled to the ports on the chamber. High
resolution spectra from the laser plasma emission have been
obtained by wusing a flat-field reflection grating
spectrometer and/or a transmission grating spectrometer.
Each spectrometer can be connected to a back-thinned' x-

Flat Field Flying Circus — ray CCD camera to record the dispersed spectrum.
Spectromeler
O )] The flat-field spectrometer (FFS) comprises of a 1200-
— Ipm variable spaced reflective grating'” in a configuration

reported previously'®. Light from the source passes through

a 100-um slit, through a Zr metal filter, incidents on the

Transmission Grating grating at a grazing angle, diffracts off the grating by

Spectrometer reflection, and be detected on the CCD. The source-to-slit

Fi ) distance is 27-cm. The FFS has a linear spatial dispersion at

igure 3: Target vacuum chamber for laser

plasma source having various EUV the surface. of the CCD, and thus the wavelepgth of the

diagnostics connected on different ports diffracted light recorded on the camera scales linearly with

on the chamber. distance. The transmission grating spectrometer (TGS) has

a 5000-Ipm transmission grating. A 100-um slit is placed

between the source and the grating, with the same source-to-slit distance as in the FFS setup. The grating-
to-CCD distance is 35-cm.

The EUV energy from the source is measured by using the Flying Circus (FC). The FC is aligned to
the source at a 60 degree angle from the incident laser beam direction. A Mo-Si multilayer mirror in the
FC that is used for collecting radiation from the source is located about 1-m from the source, subtending a
600-psr collection solid angle. The FC is a portable EUV source diagnostic instrument'’. It allows
measurements of absolute EUV energy and average power as well as other characterization parameters of
EUV source in the 13.5-nm

region. The Mo-Si mirror has Q-switched _O—OA
been calibrated with peak Nd:YAG oscillator N
reflectivity at 13.5 nm and
FWHM of 0.5 nm. I_

Amplifier

The laser used in these
studies is a Q-switched
Nd:YAG oscillator-amplifier
laser system (output
wavelength 1064-nm) that is
capable of producing pulses Figure 4: Schematic diagram of the layout of the 2Hz, 2 J, Q-switched
with energy 1.6-J per pulse Nd.YAG laser oscillator-amplifier system used for these studies
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and pulse duration 10-ns at 2Hz repetition rate. The laser consists of a master oscillator and three
amplifiers modules (Fig. 4). The laser beam has an M? = 1.5. Figure 5 shows the far field beam profile of
the laser output at 1.6-J per pulse, and the temporal pulse shape of the laser beam.

Figure 5: Laser beam cross-
section and temporal pulse
shape for pulse energy 1.6-
J per pulse.
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2.1 Spectral measurements and estimation of Conversion Efficiency

The diagnostics described above have been used for analyzing the spectrum of emission and
conversion efficiency of the source. By using a 100-Hz 300-mJ 10-ns Nd:YAG laser (A = 1064-nm), a
spectrum of EUV radiation from the tin material laser plasma source was recorded using the FFS. For
comparison, a spectrum for liquid water droplet source was also obtained. Fig.6 compares EUV spectra
between both sources for the same number of laser shots.

60000u 600000
500000 - 500000
1723 |
E 400000 4 400000
S 300000 300000 -
>
a 200000 4 200000
100000 | 100000 J
0 : : : ‘ ‘TA‘ Pt N i HL—H
100 12.0 14.0 16.0 18.0 10.0 12.0 14.0 16.0 18.0

Wavelength (nm) Wavelength {(nm)

Figure 6: Comparison of the spectra recorded for tin material droplet source and water droplet source for the same

The spectrum from the water droplet source shows a narrow peak at ~ 13-nm corresponding to the 4d
— 2p transition from Lithium-like Oxygen. In comparison, the spectral peak at 13-nm region for the tin
material source is broader and higher than that of the water droplet source. This enhancement in the 13-
nmnemission for tin is made possible by the unresolved transition array (4d — 4f transitions) from Sn*" to
Sn">" ions.

The amount of useful energy of EUV radiated from the laser plasma source is measured using the FC.
The Mo-Si multilayer spherical mirror in the FC collects radiation from the laser plasma source and
focuses the energy onto an AXUV-100 detector'®, which is a silicon p-n junction photodiode. The
spectral responsivity of the detector at 13.5-nm is approximately 0.23A/W. The mirror reflectivity at
normal incidence is taken to be 68% with a 3% spectral bandwidth centered at 13.5-nm. A 26-volt
reversed bias is applied on the detector.
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During the experiment, the FC was aligned to observe the plasma source at 60-degree angle from the
incident laser beam. The distance from the plasma to the multilayer mirror was about 1-meter. A
freestanding Zirconium metal filter of thickness 0.5-um was placed in front of the detector to prevent any
visible light from entering the detector, while allowing the 13.5-nm to pass with transmission of about
18%.

The EUV signal from the detector was observed with a high-speed oscilloscope connected to a 50-
ohm terminator. The total EUV signal detected in 27 sr is determined from

274

scope

Eeuv =
QT R S diodeZ‘

filter™ *mirror scope

where Q is the collection solid angle subtending a cone from the laser plasma to the multilayer mirror
located in the FC, Rymor and Tgyer are the mirror reflectivity and metal filter transmission, Sgioge 1S the
spectral responsivity of the AXUV detector in A/W at 13.5nm, and Z. is the input impedance at the
measurement channel into the oscilloscope. The integrated voltage of the EUV signal observed on the
oscilloscope is Agqpe. The conversion efficiency was measured to be 1.0% with the laser running at 1-Hz
and pulse energy of 0.64-J. This value of conversion efficiency, however, is not the optimized value.

3. PLASMA HYDRODYNAMIC CODE CALCULATION

Radiation emitted from laser plasma depends strongly on the plasma conditions such as the electron
temperature and electron density. The one-dimensional Lagrangian hydrodynamic code, MEDUSA,
developed at Rutherford Laboratory', was used to model the hydrodynamic processes of the tin material
target laser plasma. Calculations were made for a target with these parameters: 10% tin doped material,
35-um diameter spherical target, 10-ns laser pulse duration and a 7.3 x 10°W/sr laser intensity at the
target. Fig.7. shows the electron temperature and density for a time when the peak of the laser pulse
coincide with the center of the target.
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Fig. 6: Plots of electron temperature (7e in eV) and electron density (Ne in cm-3) as a function of distance
from the center of target for a laser plasma of a tin doped target material. The time separation refers to the
separation

4. OUT-OF-BAND EMISSION
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Another concern in the design and development of high power 13.5 nm sources for lithography is the
quantity of out-of-band EUV emission that is absorbed by the first and subsequent mirrors of the collector
optics. As an illustration of the possible severity of this problem, Fig.8 shows the out-of-band emission
from just the Sn'"" ion of tin-target plasma. It can be seen that this emission is several times greater than
the in-band emission. This level of out-of-band emission will be magnified several-fold when the
emission from other ions and target constituents are taken into account. With predicted in-band source
requirements for a full-size stepper now being in the range of 500 W, the level of out-of-band emission
absorbed by the first mirror (particularly) may be several kilowatts of power. Dissipating this heat will
require careful attention to mirror design and
materials. We are now embarking on a more
rigorous investigation of the effects of out of
band emission on the collector mirror. 10" Sn

+10

5. DEBRIS STUDIES 10"

Debris from the plasma source degrades
the multi-layer mirror (MLM) reflectivity of
the condenser optics. The overall lifetime of 10"
the combination of the plasma source and
MLM optics depends mainly on how long the
reflectivity of the first collimator mirror is 10
maintained. It is a critical element in the 80 90 100 110 120 130 140 150 160 170 180 190 200

y . R . . Wavelength (A)

system. This mirror is in direct line-of-sight

t th d ins the full i Figure 8: Code calculation of the emission of Sn
of the sourc.e {m SuSt"_lmS the 1mpact, npt plotted on a logarithmic scale showing the amount of
only of radiation outside the pass band of its

i : emission outside the acceptance window of a 2%
coatings, but also of electrons, ions, neutral bandwidth multilayer mirror at 13.5 nm.

atoms and any particulate matter that

originates directly from the target, or indirectly from other surfaces as a consequence of the source. All
these factors can degrade the mirror in different ways. For instance, particulate matter, depending on its
state, and kinetic energy, can coat, chip and/or indent the surface of the mirror. Ions, on the other hand
will, with sufficient energy, ablate or sputter the coating layers, while oxygen atoms will tend to oxidize
the uppermost silicon layer of the mirror, reducing its reflectivity.

10+

Our approach to minimizing the effects of debris is through the use of mass-limited targets. Ideally
we then have a source that consists of the absolute minimum number of radiating ions necessary to
produce the required power. Since 1992, we have been investigating the use of microscopic liquid
droplets at high repetition-rate as limited-mass laser plasma targets”™°. We have previously made detailed
lifetime studies of multilayer mirrors
exposed to the long life effects of ions and
particles from high repetition-rate (100 Hz)
laser plasmas created from microscopic
water droplet targets”’. During this study, we
developed several techniques that provide
information on the progressive degradation
of the mirror. We found, for instance, that
Scanning Electron Microscopy (SEM) 2o - . : x
analysis of MLM’s after this irradiation  Figure 9: (a) AEM image 140mm X 140mm, (b) Back-
showed signs of sputtering by oxygen ions.  scattered image (Same area)

T
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In addition, if we slowed these ions down with a buffer gas, then X-ray Photoelectron Spectrometry
(XPS) of the MLLM’s indicated oxidation of the mirror occurred. These studies also verified that MLM’s
sustained no detectable damage from particulate matter such as un-ionized chunks of material or even
clusters when the water-droplet target was used as a source. This early work with water-droplet targets
also led to the development of the repeller field concept of ion inhibition for debris mitigation®.

Witness-plate post-shot analysis techniques as well as measurements of ions are used for debris
analysis. The witness-plate post-shot analysis techniques can show direct result of the degradation caused
by debris and the accumulated impact over a certain number of shots. Moreover, witness-plates can show
the impacts caused by not only ions but also particulate matter which may not be charged at the time
when the laser pulse and the target interact. Glass plates (microscope slides) and MLMs are the witness-
plates in the current experiments. Measurement of ions can tell us about the ion velocity distributions and
the species of ions. Charge collectors such as Faraday cup detectors and a Thomson parabola ion
spectrometer are appropriate for such measurements.

Post-shot analysis of a witness-plate was carried out in the following manner. The laser used for the
debris measurements and mitigation tests is a commercial (Spectra-Physics GCR-190) 100-Hz, 300-mJ,
10 ns, Q-switched Nd:YAG laser (1064- nm). The laser beam is focused to a spot size of 80-mm
diameter onto the micro-targets by using a 50-mm focal length positive lens. Typical intensities at the
focal spot are in the order of 10"' W/cm2. An MLM sample was exposed to the laser plasma source for
2.7 x 10° laser shots at a distance of 75-mm from the source. Fig. 9 shows an Auger Electron Microscopy
(AEM) image and a back-scattered image. Both images show the same area of an MLM witness-plate
surface. The back-scattered image shows the spatial distribution of high Z material, where the brighter
spots are deposits of higher Z materials. The deposits shown in the AEM image completely overlapped

the bright deposits on the back-scattered image.
Neutral Electrode 1 Since no signal of molybdenum was detected in

Clusters . Electrode 2 Auger' Electron . Spectroscopy (AES), all the
deposits must be tin.

5. ANEW REPELLER FIELD
CONFIGURATION

Plasma

The repeller field approach to debris mitigation
was first applied to the water droplet target?'. We
found that ion sputtering on the surface of the MLM

Tons Repeller Field was the cause for the drop of reflectivity of the
Charged particles mirror with progressive exposure to the source. The
Figure 10: Schematic of repeller field concept. installation of a repeller electrostatic field between

the source and the MLM, reduced considerably the
ion flow, resulting in extended life of the mirror, by
at least a factor of ~ 10.

We are now testing a more advanced version of this repeller field concept. The concept is shown in
Fig. 10. Ions or charged particles will be repelled by the electric field established by the electrodes.
Neutral clusters, however, are not affected by the field. They can pass through the field and deposit on the
MLM surface.

The initial experiment for the repeller field was carried out under the following conditions. The
diameter of the inner electrode is 27-mm and its potential is maintained at —100 V. The outer electrode is
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42-mm in diameter and it is at 300-V potential. MLM samples are placed 30-mm away from the plasma
source and at a 90 degrees angle of from the laser beam incident. The mirrors were exposed to the plasma
source for a total of 3x10* laser shots. The one of MLM samples for Auger Electron Microscopy (AEM)
post-shot analysis was exposed to the plasma source with the repeller field and another one was without
the field. By comparing the back -scattered images of the two MLM surfaces obtained by AEM analysis,
it is found that less tin deposited on the MLM surface exposed to the plasma source with repeller field
than the one without the field.

CONCLUSION

Our Sn-based droplet laser plasma source gave an initial value of conversion efficiency of 1.0%
measured with the Flying Circus. Higher CE is possible with better pulse-and-target coupling and greater
control of radiation dynamics. A combination of experimental and theoretical studies offers the best
approach to designing the most optimum sources. Debris from laser plasmas produced from mass-limited
targets is analyzed for the case of tin. A new repeller field configuration is examined and shown to have a
marked effect on the flow of debris from the target.
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