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ABSTRACT

Efficient laser systems are essential for the realization of high volume manufacturing in extreme ultraviolet lithography
(EUVL). Solid-state Nd:YAG lasers usually have lower efficiency and source suppliers are alternatively investigating
the use of high power CO, laser systems. However, CO, laser-produced plasmas (LPP) have specific characteristics and
features that should be taken into account when considering them as the light source for EUVL. The analysis of recent
experimental and theoretical work showed significant differences in the properties of plasma plumes produced by CO,
and the Nd:YAG lasers including EUV radiation emission, source formation, debris generation, and conversion
efficiency. The much higher reflectivity of CO, laser from liquid, vapor, and plasma of a tin target results in the
production of optically thinner plumes with higher velocity and in a better formation of plasma properties (temperature
and density values) towards more efficient EUV source. However, the spikes in the temporal profiles of current CO,
laser will additionally affect the properties of the produced plasma. We have developed unique combination of state-of-
the art experimental facilities (CMUXE Laboratory) and advanced computer simulation (HEIGHTS) package for
studying and optimizing various lasers, discharge produced plasmas (DPP), and target parameters as well as the optical
collection system regarding EUV lithography. In this work, detailed characteristics of plasmas produced by CO, and
Nd:YAG lasers were analyzed and compared both experimentally and theoretically for optimizing EUV from LPP
sources. The details of lower overheating of plasma produced by CO, laser are given with time and explain how to
utilize the high reflectivity of such lasers in plasmas produced in different target geometries to significantly enhance the
conversion efficiency of EUV radiation.
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1. INTRODUCTION

Recent trends of analysis of the Extreme Ultraviolet Lithography (EUVL) community are directed toward improvement
in the efficiency of laser-produced plasma (LPP) architecture with the CO, laser systems. Such systems have many
advantages in comparison with Nd:YAG lasers. The optimal laser intensity for producing efficient EUV radiation output
from Sn plasma generated by CO, laser corresponds to about 5x10° W/em? [1], [2] while in the case of 1 um wavelength
Nd:AYG laser this intensity is around 5x10'° W/em?® [2], [3]. An order of magnitude less CO, laser power density is
required for the production of efficient EUV source (for the same laser spot size). In addition, the possibility of using
longer laser pulse [2], [4], lower droplets emission [5] and effects of laser wavelength on ionic and atomic emission from
laser produced tin and lithium plasmas [6], [7] lead to more detailed investigations of plasma plumes produced by the
CO, laser beams and to explore ways for improving the plasma optical properties for optimizing the EUV radiation
emission.

We compared the characteristics of plasmas produced by CO, and Nd:YAG lasers using our HEIGHTS (High Energy
Interaction with General Heterogeneous Target Systems) computer simulation package, which is continuously being
upgraded and currently has numerous integrated models including 3-D laser energy deposition and target thermal
response, surface melt-layer formation and movement, 3-D vapor and plasma magnetohydrodynamics, and 3-D photon
line and continuum radiation transport with detailed library of atomic physics data for a number of candidate materials.
Based on the various developed integrated models, HEIGHTS package allows to simulate the entire cycle of plasma
generation, evolution, and interactions in LPP and DPP devices [3], [8], [9] starting from the initial solid target with any
geometry in full 3-D configurations.
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2. CHARACTERISTICS OF PLASMA PLUMES PRODUCED BY Nd:YAG and CO, LASERS

Detail model description of the laser energy absorption and reflection, implemented in the HEIGHTS, is given in Ref. [3]
with experimental parameters for the tin target. The Monte Carlo method recently developed for energy deposition in
HEIGHTS allows considering in details the absorbed, reflected, reabsorbed, and transmitted photons, as well as the area
in the plasma formation zone of the most intensive absorption and heating. Figures 1 and 2 illustrate distribution of
absorbed energy of the CO, and Nd:YAG lasers, accumulated for the total time of the laser energy deposition with laser
pulse width of 30 ns and 10 ns (FWHM) respectively. We chose the large spot size of 500 um (FWHM) for both lasers
with an intensity ~ 5x10' W/cm? and comparatively long pulse duration in the case of CO, laser as these characteristics
are preferred for producing the EUV radiation.
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Fig.1. Spatial distribution of laser energy absorption for Fig.2. Spatial distribution of laser energy absorption for
10.6 pm laser wavelength accumulated in time 1.06 um laser wavelength accumulated in time

Due to the longer wavelength, the CO, laser radiation cannot penetrate deep into a dense plasma compared to Nd:YAG
laser radiation because the reflection condition of radiation in plasma (radiation frequency approaches plasma frequency)
can be satisfied much easier for the CO, laser waves [10]. The overheating effect of the plume peripheral areas is direct
consequence of the CO, laser radiation properties. Preferential absorption of the CO, laser photons in the peripheral
region with low plasma density causes increasing of the plasma temperature: the maximal electron temperatures exceed
100 eV for a laser intensity of 5x10' W/cm?, while in case of the Nd:YAG laser this value reaches only about 50 eV.
Previous studies showed that [2], [3] the optimal laser intensity for producing an efficient EUV source using 10.6 um
and 1.06 um were 5x10° W/cm? and 5x10'® W/cm? respectively and these parameters depended strongly on laser spot
size [2], [3]. We compared the properties of Sn plasmas produced by 10.6 um and 1.06 um at these laser power density
levels. Our calculations showed both the plasmas reach the same maximum temperature around 50 eV.

Lower absorption of the 10.6 um laser waves in the dense matter (solid/liquid/vapor) and the less intensity of this laser
beam required for the effective EUV output lead to decreasing of the ablation thickness and therefore, reducing the
evaporated mass. The deposition and partition of the laser energy with more stronger absorption of the CO, laser
radiation in the upper superficial region compared to Nd:YAG laser corresponds to the difference in the erosion profile
of the tin target showed in Figure 3. The depth of erosion by the CO, laser is about 0.3 um while in the case of Nd:YAG
laser this value reaches about 1.1 um. These results are for the optimum laser beam parameters described above.
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Fig.3. Erosion of tin target ablated by a) CO, laser with an intensity of 5x10° W/cm?
and b) Nd:YAG laser with an intensity of 5x10'° W/cm?. Spot size is 500 um in both
cases.

Typically CO, laser beam has a long pulse length and complicated spiky shape [11] while the YAG laser in general
possess Gaussian temporal profile. We analyzed the influence of the deposition time of the laser energy on the total EUV
output in 27 solid angle with time. The intensity profiles in Figures 4 and 5 demonstrate the strong dependence of the
EUYV emission on the temporal profiles of CO, and Nd:YAG laser pulses.
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Fig.4. Time profile of laser beam intensity and EUV Fig.5. Time profile of laser beam intensity and EUV
radiation output for 10.6 pum laser wavelength radiation output for 1.06 pm laser wavelength

In the case of 1.06 um laser the EUV radiation output is quite longer than incident laser pulse width. This can be
explained due to the chosen laser parameters in the modeling with a larger spot size (500 um) and 10 ns (FWHM)
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deposition time. This laser beam parameters produced and heated the tin plasma with sufficient mass and energy that led

to more time for cooling of this plasma.

A special case with pulse profile typical for CO, lasers
found in the experiment [2] and then implemented in our
HEIGHTS modeling is shown in Figure 6. The complex
temporal pulse shape of this laser significantly influences
the time dependence of the EUV radiation output. The time
dependence of the plasma temperature follows similar
behavior with maximum values varied from 45 eV at 50 ns
to 30 eV at 55 ns which influences the EUV radiation
output. Figure also illustrates that an initial part of CO,
typical pulse is inefficient for the EUV production.

The electron temperature and density distributions
shown in Figures 7 and 8 demonstrate the difference in the
plasma plume formation, where an order of magnitude
lower density values in the case of CO, laser achieves the
same temperatures as the Nd:YAG laser with the higher

intensity. The higher plasma density will follow the cooling
inertia in the Nd:YAG produced plasmas and therefore, can
explain the longer delay in the time profile in Fig. 5 between

the laser power and the EUV radiation output.
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Fig.7. Electron temperature and density (red contours)
distribution in plasma plume produced by CO, laser with
intensity of 5x10° W/cm®
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Fig.6. Experimental time profile of laser beam intensity
and modeled EUV radiation output for 10.6 um laser
wavelength

N Rl
N
£

< f

= g 130

s £

2 2

= = 20

N s
N
< Mo
=

0 :
-0.15 -0.1 -0.05 0 0.05 0.1 0.15
R distance, cm

Fig.8. Electron temperature and density (red contours)
distribution in plasma plume produced by Nd:YAG laser
with intensity of 5x10'° W/cm?

The same difference in values of density distribution was observed in the experiments performed in our CMUXE
laboratory. Figure 9 shows electron density at the peak of laser energy impact for Nd:YAG and CO, lasers with
parameters similar to our calculations. The density plots were obtained using a Nomarski interferometer employing
frequency doubled YAG laser (5 ns FWHM) as the probe beam [2]. Plasma produced by 1.06 um wavelength has
electron densities with higher gradient near the target and shows maximum value of 5x10% ¢cm™ at 100 pm from the
surface, while 10.6 um laser produces plasma with maximum electron density around 5x10' cm™.
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Fig.9. Electron density distribution in plasma plume produced by Nd:YAG laser and CO, laser measured using Nomarski
interferometry

We utilized the HEIGHTS Monte Carlo model for detailed radiation transport simulation which calculates the location
and intensity of the photon source for EUV output in 2t sr. The combinations of electron density and temperature
distributions explain difference in the location of the maximum EUV photons emission and absorption, and intensity of
EUV radiation fluxes (Figures 10 and 11).
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Fig.10. EUV radiation fluxes in tin plasma produced by Fig.11. EUV radiation fluxes in tin plasma produced by
CO, laser at the peak of laser energy impact Nd:YAG laser at the peak of laser energy impact

Figures 12 and 13 illustrate the source of EUV photons emitted at the peak of the laser pulse for CO, and YAG lasers.
The density and temperature determine the location and the intensity of the EUV source output in 27 sr, where maximum
EUYV photons, reached the optical collection mirror system, is produced in area with a range of electron densities around
10" cm™ for CO, laser and 10 cm™ for Nd:YAG laser as shown in Figures 12 and 13 respectively.
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The dependence of the laser wavelength on tin mass
ablation slightly influences the angular distribution of
the EUV radiation output. Figure 14 shows the
difference in EUV radiation emission as a function of
the angle with respect to target normal at the peak of
the laser beam intensity for Nd:YAG and CO, lasers.
The EUV emission from Nd:YAG LPP showed
slightly larger decay with target normal compared to
CO, LPP. The presence of cold dense plasma lobes at
angles 45° with respect to target normal for the 1.06 pm
LPP (Fig. 8) absorbs EUV photons. Also with
increasing the pulse length of the laser, a drastic change
in angular dependence of EUV output can be detected
for Nd:YAG laser. In the case of CO, laser beam, the . . . . . . . .
decrease in laser radiation absorption leads to a reduced 10 20 30 40 50 60 70 80O 90
evaporation and reduced mass inflow into the 45° angle Angle, deg
observation region. As a result, the EUV absorption is
considerably reduced at higher angles. Fig.14. Angular distribution of EUV radiation output from Sn
plasma produced by Nd:YAG (green plot) and CO, (red plot)
lasers
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CONCLUSION

We investigated the wavelength effects of the laser light on the temporal and spatial features of the EUV radiation
emission from laser-produced Sn plasmas. For this analysis we utilized a unique combination of experimental studies at
our CMUXE laboratory and our advanced computer simulation (HEIGHTS) package. Detailed characteristics of plasmas
produced by CO, and Nd:YAG lasers showed substantial differences in basic plasma properties. Our calculations
showed, for example, that the Sn target erosion is nearly an order of magnitude less for plasmas produced by 10.6 um
compared to 1.06 um radiation. Similarly the calculated density of the 1.06 um produced plasma is found to be an order
higher compared to CO, LPP which are consistent with measured values in our CMUXE experiments using
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interferometry technique. Though both the plasmas produced by CO, and YAG laser showed same peak temperature, the
Nd:YAG plasmas showed slightly more angular dependence on the EUV radiation emission.
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