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Advances in EUV light sources

Abstract: Extreme ultraviolet (EUV) lithography has
emerged as the preferred choice for high-volume manu-
facturing, now that immersion ArF reaches its limits. Light
source power is a key driver to achieve the throughput
required for successful adoption of extreme ultraviolet
lithography (EUVL). Cymer has developed a laser-produced
plasma source based on a high-power CO, drive laser excit-
ing tin targets to emit 13.5 nm light. Five sources are cur-
rently installed at chipmaker fabs and are being used for
process development. The power output of the fielded
source configuration is currently 20 W, lower than required
for manufacturing introduction. The technology for scaling
up power is under development, focusing on increasing
the conversion efficiency and collection efficiency of the
source. Increasing drive laser power to 17 kW has allowed
the demonstration of EUV power of nearly 50 W, with paths
identified for further scaling to 100 W. An additional focus
on product reliability has driven the availability up to 70%,
primarily through extending the collector mirror lifetime.
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1 Introduction

EUV lithography is the leading prospect for extending the
resolution beyond the performance currently available
using ArF immersion and double patterning. The resolu-
tion capability of extreme ultraviolet lithography (EUVL)
is already clear from early imaging tests on pre-production
scanners [1]. Production viability will be determined by
the productivity and maturity of these systems. Additional
challenges associated with mask defect reduction and
resist resolution, sensitivity, and line-width roughness
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also require work to achieve an acceptable high-volume
manufacturing capability.

Most attention is being focused on the development
of arobust, high-power light source that will enable EUVL
to realize the throughput necessary to achieve the cost
targets required for it to be introduced into production.
Two EUV source architectures have been under consid-
eration. Laser produced plasma (LPP) sources have been
studied for about 20 years and are the most likely archi-
tecture to provide the continued power scaling require-
ments that are expected [2-5]. The alternative architec-
ture, discharge-produced plasma (DPP) has significant
challenges with power scaling, primarily due to greater
difficulty in handling the large heat loads within the
system. Power scaling in a LPP architecture is expected
to be achieved primarily through scaling up of the input
laser power. For a 100-wph throughput, using 15 mJ/cm?
resist, it is expected that about 250 W of source power
will be required for the full-scale adoption of EUVL.

2 Cymer LPP source architecture

Cymer’s source architecture currently focuses a high power,
pulsed CO, laser on small droplets of molten tin, which
creates a highly ionized plasma that emits at the 13.5-nm
wavelength required for EUV lithography. Further details
can be found in several past publications [6-11]. A schematic
of the overall source is shown in Figure 1. Typically, the CO,
laser is installed in the customer subfab, and the laser beam
is transmitted to the source vessel within the scanner by a
totally enclosed and interlocked beam transport system.
The RF generators and heat exchangers for the laser are also
installed in the subfab but are not shown in Figure 1. The
beam transport system is designed for adjustable length and
with multiple turning mirrors to allow for flexible position-
ing of the laser relative to the scanner location in the fab. The
laser beam is expanded during transmission to the vessel to
reduce the heat load on the transport optics.

A schematic of the source vessel is shown in Figure 2.
This vessel is located within the scanner enclosure in the
fab. The beam enters the vessel through a central hole in the
collector mirror to impinge on the tin droplets at one focus
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Figure1 Schematic of a LPP source.

of the elliptical mirror. The laser beam is focused by a lens
to a diffraction limited spot size of about 100 um. The laser
vaporizes the tin and creates a plasma, which emits radia-
tion isotropically over a range of wavelengths, including the
desired 13.5 nm. The drive laser has multiple stages of ampli-
fication to achieve the current 17-kW output, with plans to
scale to 30 kW when a higher source power is required. It is
operated at repetition rates between 40 and 60 kHz.

The mirror collects and refocuses the 13.5-nm radiation
to the second focus of the ellipse, which is the intermediate
focus point and entry aperture to the scanner. The mirror
coating is a silicon/molybdenum multilayer designed to
select a narrow band of wavelengths around 13.5 nm and
is similar to the coatings on the illuminator and projection
optics in the scanner. The pulses of light from the laser are
synchronized with a stream of molten tin droplets, which
are emitted from the droplet generator at about 60 m/s.
Both the laser beam and droplets are timed and positioned
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Figure 2 Schematic of a pilot source vessel, showing key components
such as droplet generator, collector, and final focusing lens.
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using feedback and control to accurately center the pulse
on each droplet. Droplet size is currently 30 um.

One key advantage of the LPP source architecture is
that the hot plasma is isolated in space at some distance
from critical vessel components [12]. This results in heat
loads in the system that are orders of magnitude less than
those in a DPP source and are significantly more manage-
able. The LPP architecture also results in a small plasma
size, which provides for more efficient collection of the
light and more effective creation of illumination shapes
for higher resolution imaging.

The key attributes of an efficient EUV source are high
conversion efficiency and high collection efficiency. Con-
version efficiency is the percentage of incoming CO, laser
energy that is converted into an in-band 13.5 nm radiation.
This depends on the laser wavelength, the choice of target
material, and the effectiveness of the beam/droplet target-
ing system. Radiation is emitted in all directions so it is
important to have a high collection efficiency that maxi-
mizes the percentage of 13.5 nm light that is redirected
through the intermediate focus aperture. In the LPP archi-
tecture, the ability to collect a large solid angle of light is
not constrained by electrodes or other vessel components
that may restrict the collection angle. In addition, the
open geometry allows the use of a multilayer mirror at
near-normal incidence, which provides high reflectivity
and wavelength selectivity.

3 Power scaling

As discussed above, the key attributes of a source architec-
ture for flexible power scaling are input power scalability,
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conversion efficiency, and collection efficiency. Currently,
the maximum laser output power, with good beam quality,
is ~17 KW. This needs to be increased to ~20 kW, along with
other technology development discussed below, to reach
an EUV output power of ~100 W. Further increases to
~30 kW are expected to be required to reach future targets
of 250350 W.

Power output is primarily achieved by maximizing
the conversion efficiency from drive laser power to EUV
output power. During early work on LPP sources, several
target materials expected to show emission in the 13- to
15-nm wavelength range were investigated using differ-
ent drive lasers with various emission wavelengths. The
results from testing on solid targets are shown in Table 1.
Here, it can be seen that the combination of CO, light, at
10 um wavelength, and a tin target provided the highest
conversion efficiency of up to 5%. Investigation of whether
a higher conversion efficiency could be obtained from
other materials, such as alloys of tin, indium, and gallium,
was catried out using a CO, drive laser and flat targets.
An additional purpose of this study was to investigate
whether a lower melting point alloy with good conversion

Xenon Tin Lithium
Excimer (351 nm) - 0.5-1.0% 2.0-2.5%
Solid state (1064 nm) 0.5-1.0% 2.0-2.5% 2.0-2.5%
CO2 (10 600 nm) 0.5-1.0% 4.0-5.0% 1.0-1.5%

Table1 Conversion efficiency of various target materials with
different laser excitation wavelengths.
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efficiency would be a suitable candidate to replace tin and
simplify the design of the droplet generator.

Figure 3 shows the EUV spectra for pure tin and
indium, in addition to a tin-indium alloy (48/52), tin-gal-
lium alloy (8/92), and tin-indium-gallium alloy (16/22/62).
The materials containing indium showed conversion effi-
ciency peaks at 14.5 nm, which is not suitable for use with
conventional silicon-molybdenum multilayer mirrors.
Conversion efficiency at 13.5 nm was measured with an
in-band EUV detector; the numbers at 14.5 nm were pre-
dicted based on measured spectra and conversion effi-
ciency at 13.5 nm. No materials showed better overall per-
formance than pure tin. The tin-gallium alloy had a lower
melting temperature (21°C) but only half the conversion
efficiency, and pure indium had equivalent conversion
efficiency and a low melting point (157°C) but at 14.5 nm.

Conversion efficiency measurement results on flat
solid targets need to be reproduced using molten drop-
lets in order to be used in a production source. The use
of droplets is required in order to limit the amount of tin
debris within the vessel and reduce the risk of contamina-
tion of the collector mirror resulting in a loss of reflectiv-
ity. Obtaining high conversion efficiency using a droplet
stream is challenging because it requires excellent control
of the focus position of the drive laser beam and precise
synchronization of the timing and position of the droplets
and laser pulses.

In addition, since the diffraction limited spot size of
the laser is larger than practical droplet sizes of about
30 um, a prepulse technique is under development to
expand the droplet before the main laser pulse in order

2000

Measured and estimated
3.3% | in-band (0.27 nm MLM) efficiency

it 2000

3.0%

MLM integral (a.u.)

1500

1000

Wavelength (nm)

Figure 3 Measured conversion efficiency for a number of selected target materials.
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to maximize the interaction area and coupling of the
laser pulse energy with the droplet and increase con-
version efficiency. To date, this configuration has pro-
duced a conversion efficiency of about 3% and up to
50 W of average output power, at 50 kHz. Average EUV
power as a function of duty cycle is shown in Figure 4.
In this case, the automated laser beam and droplet posi-
tion control loops were not active. Manual synchroni-
zation of the laser beam and droplets resulted in lower
conversion efficiency as duty cycle increased. Power of
90 W within a burst was achieved at a low duty cycle,
but this dropped to 60 W at a higher duty cycle due to
increasingly difficult synchronization between the laser
pulse and droplet, which results in a lower conversion
efficiency. Activation of all automated control loops is
expected to result in the power output being maintained
as the duty cycle increases.

In addition to increasing the drive laser pulse
energy, EUV power can also be scaled by increasing the
repetition rate. Testing with repetition rates as high as
80 kHz has been carried out. These data showed that
an operation above about 60 kHz was possible if drop-
lets adjacent to the target droplet were not affected by
the shock front from the plasma generation. However,
this requires the droplets to travel at a velocity suffi-
ciently high to maintain a safe separation from plasma
effects. Figure 5 shows droplets at a repetition rate of
120 kHz where the effect of the plasma is visible on the
droplet following the target droplet. The next droplet
is unaffected by the plasma indicating that a 16.6-ms
separation, or 60-kHz operation, can be used for power
scaling.

Additional measurements of conversion efficiency
at an increasing repetition rate were carried out and are
shown in Figure 6. The conversion efficiency with prepulse
was stable at about 3% up to about 60 kHz but started to
tail off at 70 kHz and showed a significant reduction at
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Figure 4 Average EUV power, as a function of duty cycle, obtained
using a laser prepulse.
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Figure 5 Image of a stream of 30 um tin droplet targets, separated
by 8.3 ms (~500 pum).

80 kHz. Operation at higher repetition rates may be pos-
sible by using higher droplet velocity in order to maintain
a larger separation and isolate them from any deleterious
effects of the expanding plasma.

In these results, the conversion efficiency is still
limited by the ability to fully control the laser droplet tar-
geting under all operating conditions and optimize the
beam intensity on target. Improvements to the conver-
sion efficiency are expected from improvements to both
the droplet trajectory stability and the measurement and
control precision. This, in addition to stabilization of the
focused laser beam quality, and position and power sta-
bility, is expected to increase the conversion efficiency to
meet the power scaling roadmap (shown in Table 2).

4 Collection efficiency

Collection efficiency is the second key attribute of a high
power source. In the LPP architecture, this is primarily
determined by the characteristics of the five steradian col-
lector mirrors within the vessel (see Figure 7). The devel-
opment of manufacturing techniques for the large, high
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Figure 6 Measured conversion efficiency as a function of the
operating repetition rate.
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EUV source power roadmap

Source model HVM | HVM 11 HVM 111
Average laser power (kW) 13 29 31
In-band CE (%) 3.0 3.5 4.0
Clean EUV power (W) 105 250 350

Table 2 LPP EUV source power roadmap.

reflectivity mirror has been underway for some time. As
the mirror design is ellipsoidal, with the plasma at one
focus and the intermediate focus aperture at the other,
the incident angle of light onto the mirror varies with the
radius. In order to achieve maximum reflectivity, a graded
spacing multilayer is deposited. Development of such
coatings has resulted in a maximum reflectivity of about
60% in the center of the mirror and an area weighted
average reflectivity of over 50%, with good uniformity and
reproducibility, as shown in Figure 8 for several recent
collectors.
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Figure 8 Reflectivity for several mirrors.
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Figure 9 lon energy spectra at collection angles of 14° and 45°

from the laser beam.

It is also vital that the mirror reflectivity be main-
tained despite potential contamination from debris from
the tin droplets that can reduce reflectivity if allowed to
etch or deposit on the mirror surface. Understanding the
influence of tin ions and neutrals reaching the collector
is important in order to implement an effective mitigation
scheme to maintain reflectivity.

Measurements of the ion energy generated during the
laser-plasma interaction, at two collection angles (14° and
45°) are shown in Figure 9. The maximum ion energy is 2.5—
3.5 keV. The use of prepulse results in an increase in total
ion flux, in addition to a shift to higher energy. The high-
energy ions could potentially result in sputtering of the
collector coating layers. To prevent this, the pilot sources
use a hydrogen background gas in the vessel to reduce the
number of high-energy ions by gas collision interactions.

The collector lifetime can also be extended by cover-
ing the multilayer mirror with a protective coating. Many
different types of coatings have been evaluated, and the
performance of two such coatings is shown in Figure 10,
for sources operating in the field. Both coatings show no
change in the initial EUV reflectivity after approximately
2.8x10% pulses in the case of coating A and 1.1x10% pulses
in the case of coating B, respectively, with evaluation still
ongoing. This is a significant improvement in the coating
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Figure 10 Recent collector lifetime results from sources in the field.
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Figure 12 Average power of 32 W with better than £0.5% dose
stability.

lifetime compared to 1 year ago where reflectivity had
dropped by 10% after only 2x10° pulses. Further develop-
ment is in progress to develop coatings, which can achieve
the target of 1-year collector lifetime.

The hydrogen gas, which minimizes etching of the
mirror, also mitigates a second mechanism, which can
potentially shorten the lifetime of the collector. Deposition
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Figure 13 Burst power of 90 W at 20% duty cycle (18 W average
power) using prepulse.
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of tin neutral atoms on the surface of the collector can lead
to the formation of an EUV absorbing film and loss of reflec-
tivity. Here, hydrogen radicals formed by the interaction of
the plasma with the hydrogen gas, can clean or etch tin
from the surface of the collector by forming volatile stan-
nane (SnH,), which is removed by the vacuum pumps. The
data in Figure 10 show the effectiveness of the hydrogen
gas in mitigating reflectivity loss from both mechanisms.

5 Source status

Cymer has now built 10 integrated sources, including one
prototype source. Six pilot sources have been delivered
to customers, and five have been installed at chipmaker
fabs, where they are in daily operation and being used for
advanced process development. The other four sources are
used in the factory for parallel development in the areas of
power scaling, lifetime testing, and reliability improvement.
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Figure 14 Demonstration of a 158-W EUV power at a duty cycle
of about 3%.
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Figure 15 (A) Day 1droplet stability. (B) Day 46 droplet stability.

These fully integrated sources are currently capable of
producing 20 W of usable average power with closed loop
active dose control. For testing at the factory, a scanner sim-
ulator allows operation under typical scanner conditions for
wafer exposures in a fab. A key performance characteristic
is the dose stability of the source, within each exposure field
and across wafers. Results are analyzed by examining wafer
dose maps, as shown in Figure 11. Typical results show that
each exposure field has better than the required +0.5% 36
dose stability, with more than 99.7% of the simulated expo-
sure fields meeting the dose stability requirements.

Other source configurations have demonstrated higher
power. Figure 12 shows a 32-W average dose-controlled power
with a higher power laser configuration. Figure 13 shows
results from a prepulse configuration, which produced
50 W of average power, but without active dose control at this
stage. Advanced developments on an experimental proto-
type source using a 28-kW peak drive laser power has shown
up to 160 W in-burst EUV power output at a low duty cycle
(see Figure 14). This technology is in the process of being
incorporated into the pilot design and will form the basis for
the next generation of higher power sources.

6 Availability

The other important aspect of source performance for pro-
duction worthiness is availability. This has been tracked
using SEMI E-10 standards definition and is currently at
approximately 70%. Most unavailable time is due to sched-
uled downtime associated with droplet generator exchanges
and collector mirror replacements. Reductions in collector
exchange time, together with reducing the frequency of
exchange through longer collector lifetime, as discussed
above, are the key factors to improved availability.
Currently, a droplet generator contains enough tin to run
for about one week. Longer run times are expected through
work on larger tin reservoirs, in situ refills, and the use of
smaller droplets. Testing of new droplet generator-operating
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modes has been extended to 46 days without the loss of
droplet stability, as shown in Figure 15. Longer run times,
faster exchange times, and improved reliability are all
expected to reduce the downtime associated with this key
module.

Improvements in these two areas, plus enhanced
automation of source operation have resulted in increased
availability over the last year.

7 Summary

LPP EUV light sources are expected to provide the power
scaling necessary for the high throughput operation
required for EUVL introduction into manufacturing. Fully
integrated sources have now been delivered to several
chipmaker fabs, where they are being used for process
development. Availability has improved steadily after
installation with improvements to droplet generator reli-
ability and running time, and increases in the collector
mirror lifetime, and now stands at about 70%. Further
improvements, particularly in the collector lifetime, are
expected to provide further improvements.

At this time, the power output is still lower than the
target and technology development to increase power,
with plans for field upgrades, are in progress on several
additional fully integrated sources. The current source
configuration is now capable of operating at 20 W. Using
a prepulse configuration, up to 50 W of average power
and 90 W of in-burst power has been demonstrated. Once
the automation of the laser droplet position controls is
included in the prepulse configuration, the average source
power is expected to reach power levels of about 100 W.
Further scaling of source power through operation at
higher drive laser power and higher repetition rates will
allow further power scaling to 250-350 W levels, as shown
in the roadmap in Table 2, and will enable the introduc-
tion of EUVL into high-volume manufacturing.
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