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The dynamics of debris from laser produced Tin (Sn) plasma was investigated for EUV light source. The kinetic 
behaviors of the Sn atoms and of the dense particles from Sn droplet target irradiated by double pulses from the 
Nd:YAG laser and the CO2 laser were also investigated by the laser-induced fluorescence imaging method and a 
high-speed imaging, respectively. After the pre-pulse irradiation of the Nd:YAG laser, the Sn atoms were ejected in 
all direction from the target with a speed of as fast as 20 km/s and the dense particle cloud expanded by a reaction 
force due to the plasma expansion with a speed of approximately 500 m/s. The expanding target was subsequently 
irradiated by the main-pulse of CO2 laser and the dense cloud was almost disappeared by main-pulse irradiation. 
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1. Introduction 

Extreme ultraviolet (EUV) lithography is one of the 
most promising next generation lithography tools used in 
the semiconductor industry to produce electronic nodes 
with a critical size of 32 nm or less. However, EUV 
lithograph is facing several challenges to satisfy require-
ments. One of those is to develop a powerful, clean, and 
long lifetime EUV light source. In a practical EUV li-
thography system, it is said that an average EUV power 
of 180 W in 2 %-bandwidth around 13.5 nm at the inter-
mediate focus is required [1]. EUV light sources have 
been under development based on the laser-produced 
plasma (LPP) or the discharge-produced plasma (DPP) 
[2]. In the case of LPP, the tin (Sn) plasmas produced by 
CO2 lasers at a wavelength of 10.6 μm have been consid-
ered to be the most promising EUV light source [3, 4]. 
For Sn target, a conversion efficiency of about 3%, which 
is higher than any other material, has been obtained. 
However, the generation of debris that damages collector 
optics and limits the lifetime of the optical system is more 
critical problem in the case of Sn target. Therefore, a 
mitigation of the debris is most importance for the de-
velopment of a practical EUV lithography system. Sev-
eral methods are developed to mitigate the debris. But it 
is difficult to mitigate the neutral particle debris because 
they can not be controlled by electromagnetic field. In the 
previous study, it was found that the neutral atoms are 
originated from the low-intensity part of the laser spot 
and the deep layer from the target surface [5] and large 
size debris must be also generated from the same parts. 
So, the general approach for debris mitigation is the use 
of a minimum amount of Sn that can provide a sufficient 

EUV power.  This type of the Sn target is called as a 
mass-limited or a minimum-mass target [6-8]. 
One of the general mass-limited targets is Sn droplets 

with a size of several tens of micrometers in diameter.  
In the use of the droplet target and CO2 laser, however, it 
is required that Sn micro-droplets have to be expanded by 
10-20 times before CO2 laser irradiation, in order to im-
prove the coupling efficiency between long-wavelength 
CO2 laser and micro-droplets.  For the purpose, the 
pre-irradiation of a Q-switched Nd:YAG laser at a wave-
length of 1064 nm prior to the main CO2 laser irradiation 
is one of the promising schemes. This scheme is called 
the double pulse irradiation (DPI) technique [8]. In the 
DPI scheme, the ablation dynamics of laser-irradiated Sn 
droplet are very important for attempting to optimize DPI 
operation and mitigate the debris. 
In this report, we describe the ablation dynamics of a Sn 

droplet irradiated by double laser pulses from a Nd:YAG 
laser and a CO2 laser. The spatial distribution of the Sn 
atoms from the Sn plasma was visualized by the la-
ser-induced fluorescence (LIF) imaging method. While, 
the temporal behavior of dense particles from the droplet 
were visualized in synchronized with LIF imaging using 
a high-speed framing camera in single ablation event. 
 
2. Experimental Setup 

 Fig.1 shows the experimental setup for investigation of 
debris in DPI scheme. It consists of a Q-switched 
Nd:YAG laser as a pre-pulse laser, and a CO2 laser as a 
main-pulse laser, a vacuum chamber with a target holder, 
and time-resolved two-dimensional LIF imaging and 
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shadowgraph imaging systems.  An output energy of the 
Nd:YAG laser (Spectra Physics, Quanta-Ray Pro) was 1 J 
with a Q-switched pulse of 8 ns in FWHM at a wave-
length of 1.064 �m and CO2 laser (Lambda Physik 
EMG201MSC) with a gain switched pulse of 50 ns in 
FWHM followed by a low-intensity tail lasting for about 
1 �s. CO2 laser and Nd:YAG laser have a spot diameter 
of approximately 500 �m and 40 �m, respectively. The 
both beams were in the x-y plane and the angle between 
the two beams was 45 degrees. The target was a Sn drop-
let which was made with a help of a pulsed-laser irradia-
tion, and the droplet size was 30 �m in a diameter. We 
attached the droplet on a polyamide fiber of 10 �m di-
ameter as the target for laser irradiation. The Nd:YAG 
laser beam was aligned at a normal incidence on the tar-
get surface. The chamber was evacuated at a pressure of 
10-3 Pa by a vacuum pump.  
In the LIF imaging for Sn atoms, a planar sheet laser 

beam from a tunable dye laser (Spectra-Physics Sirah) at 
a wavelength of 286. 327 nm was passed in the plane of 
the target. More detailed information about LIF imaging 
has been described in the previous report [5]. The 
shadowgraph images were captured by a high-speed 
framing camera (Hadland Photonics Ltd. Imacon468) 
with a back-light from a cw laser diode (Sacher La-
sertechnik littrow TEC-120) at a wavelength of 848 nm. 
The high-speed framing camera could take 5 frames with 
each different delay time in single event. The camera was 
triggered by the pulse generator in synchronizing with the 
LIF system and the gate width was set to 100ns. 
 

3. Behavior of Neutral Atoms Irradiated by a 

Pre-pulse 

The behavior of neutral atoms irradiated by a pre-pulse 
was investigated with LIF imaging. Fig. 2 shows the 
temporal resolved image in the spatial distribution of Sn 
atoms. The pre-pulse laser was irradiated to the target 
from left side of the image and the target located at the 
center of the image before the irradiation. It was observed 

that the Sn atoms were emitted in all direction from the 
target.  The kinetic speed of the Sn atoms at the ex-
panding front was estimated to be approximately 20 km/s 
from the image of 400 ns delay. The directional distribu-
tions of the ejected species are generally governed by the 
curvature of the target surface. In the case of the flat plate 
target, Sn atoms are ejected along the target surface nor-
mal due to steep pressure gradient, and results in the for-
ward-peaked distribution. In the case of the micro-droplet 
target, on the other hand, it is considered that since the 
size of the laser-produced plasma was larger than the 
curvature of the target surface, the Sn atoms were ejected 
to the opposite side of the target due to the reaction 
force due to the plasma expansion. 
 
4. Behavior of Droplet Target Irradiated by a 

Pre-pulse 

4-1 Behavior of the dense particles 

The behavior of droplet target irradiated by the 
pre-pulse was investigated with shadowgraph imaging. It 
is shown in Fig 3. The Nd:YAG laser at the intensity of 
4.8�1011 W/cm2 was irradiated from left side of the 
shadowgraph image. The observation direction was 135 
degrees from the pre-pulse incidence. In the image of 0 ns, 
the fiber that sustained the droplet was cut instantane-
ously by the laser-produced plasma. After 200 ns, the 
dense particle cloud, that may consisted of small molten 
Sn particles or clusters, expanded by a reaction force 
from due to the plasma expansion. In order to measure in 
detail the behavior of the expanding dense cloud, the 
shadowgraph was observed at a normal angle from the 
pre-pulse laser incident direction. As a result, the dense 
cloud moved to the opposite side of the laser incident 
direction with expansion and the drift velocity was esti-
mated to be approximately 500 m/s. After delay times of 
600 ns to 800 ns, the dense cloud at early delay was 
gradually vanished by expansion and vaporization. Sev-
eral dozen particulates were collected on the surface of 
the witness plate as shown in Fig.4. The volume of the 

Fig. 1 Experimental Setup Fig. 2 The Time-resolved LIF imaging 
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particulates was measured using an atomic force micro-
scope and converted to the diameter of the sphere that has 
the same volume of particulates. In result, the estimated 
diameter was in the range of about 1-6 �m. Thus, it was 
confirmed that neutral atoms and small liquid debris were 
generated from the droplet target irradiated by single 
pulse of Nd:YAG laser. It was also checked that the dense 
cloud and the particulates in Fig. 3 were not from the 
fiber, but from the Sn droplet, by comparing the images 
with and without the Sn droplet on the fiber. 

 
4-2 Influence of the pre-pulse intensity 

Next, we investigated an influence of the pre-pulse in-
tensity on the ablation dynamics. Fig.5 shows the 
shadowgraphs of the irradiated target at different intensi-
ties of pre-pulse. The expanding speed of the dense cloud 
increases with increasing the intensity of the pre-pulse. At 
the intensity of 1.1�1012 W/cm2, the dense cloud was 
expanded more than the observation area at 200 ns after 
laser irradiation. And the cloud seems to disappear from 
its central part because of the plasma expansion. At the 
intensity of 3.4�109 W/cm2, on the other hand, the cloud 
was expanded to about 100 �m after 800 ns delay. The 
target was hardly expanded at the intensity less than 108 
W/cm2. 
 
5. Behavior of Droplet Target Irradiated by 

Double Pulse 

The behavior of droplet target irradiated by pre-pulse 
was mentioned above. Based on these results, the ablation 
dynamics of the target by double pulses of Nd:YAG and 
CO2 laser was investigated. The pre-pulse of Nd:YAG 
laser irradiated the droplet target with a fluence of 
2.0�1011 W/cm2, which was derived from the results of 
Fig.5 to expand the target within 1 �s sufficiently. The 
main-pulse of CO2 laser irradiated the dense cloud after 
pre-pulse irradiation with a fluence of 1.8�109 W/cm2. A 
delay time of the main-pulse was proposed to be 800 ns, 
that the dense cloud expanded by the pre-pulse had al-
most the same size as that of the CO2 laser beam. Fig.7 
shows the Sn droplet target irradiated by the double 
pulses at different delay times after pre-pulse irradiation. 
At a delay of 800 ns, the plasma radiation produced by 
CO2 laser irradiation was observed. At 600 ns, the dense 
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Fig.5 The shadowgraphs of the irradiated target debris at different delay times after pre-pulse irradiation at the laser in-
tensities of (a) 1.1�1012 W/cm2, (b) 4.8�1011 W/cm2,(c) 1.6�1011 W/cm2,(d) 3.4�109 W/cm2 , and (e) 5.4�108 W/cm2. 

Fig.3 The shadowgraphs of the irradiated target debris at 
different delay times after pre-pulse irradiation 
 

100 �m

 
Fig.4 The optical microscope image of dozen particulates
on the surface of the witness plate. 
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cloud was observed as in Fig. 5(C), but after CO2 laser 
irradiation the dense cloud disappeared. Thus it was 
found that the DPI scheme was also useful the mitigation 
of the particulates. Regarding the mitigation of Sn atoms, 
on the other hand, it should be noticed that the fast Sn 
atoms were already expanded around about 5mm in di-
ameter even at the delay of 400 ns, as shown in Fig. 3. 
Therefore, Sn atoms are inevitably generated, as long as 
the Q-switched Nd:YAG laser is used as the pre-pulse 
laser in order to expand the target within 1 �s in the DPI 
scheme. In addition, the expansion speed limits the repe-
tition rate in DPI scheme. The expansion condition of the 
dense cloud strongly depends on the pre-pulse energy that 
hit the target, as shown in Fig. 5. At low intensity, more 
time is required before the dense cloud expands up to the 
size of the CO2 laser beam. 
 
6. Summary 

 The ablation dynamics of the Sn micro-droplet in the 
DPI scheme for EUV lithography source was investigated 
by the LIF imaging system and the shadowgraph framing 
system. In the present DPI, a Q-switched Nd:YAG laser 
and a CO2 laser are used as a pre-pulse for the target ex-
pansion and a main-pulse for the plasma production, re-
spectively. It was found that the fast Sn atoms are ejected 
in all directions with a speed of as fast as 20 km/s by 
pre-pulse irradiation and the dense Sn cloud expands with 
a speed of about 500 m/s. The expanding speed of the 
dense cloud increases with increasing the intensity of the 
pre-pulse. It takes about 800 ns for the micro Sn droplet 
to expand to the size of around 500 �m in diameter with a 
fluence of 2.0�1011 W/cm2 before the main-pulse irradia-
tion. After CO2 laser irradiation the dense cloud disap-
peared. On the other hand, however, Sn atoms are inevi-
tably generated, as long as the Q-switched Nd:YAG laser 
is used as the pre-pulse laser in the DPI scheme, in order 
to expand the target to a comparable size as the main CO2 
laser beam within 1 �s. Furthermore, the arraignment of 
the pre-pulse beam and the target is important for the 
distribution of the dense cloud in DPI scheme 
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Fig. 6  The shadowgraphs of 
the target irradiated by the dou-
ble pulses of Nd:YAG laser 
and CO2 laser at a delay of 
800ns. 
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