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The main goals of the research reported in this thesis are as follows. The first one is to diagnose the plasma

produced in a 13.5 nm Xe DDP EUV source, in order to understand the plasma dynamics during the whole

discharge process. Then, to further understand the plasma dynamics in the EUV source and explain some

experimental phenomena, the second goal is to simulate the plasma behaviors in the DPP EUV source. Finally,

based on both experimental and numerical investigations, we propose possible ways to optimize the EUV

source. Although this work focuses on the 13.5 nm Xe DPP EUV source for EUV lithography, the extent of the

plasma diagnostic techniques and simulation code are not limited to this specific devices. Instead, they can be

applied to other plasma sources with similar properties. The main conclusions of this thesis are:

1)

2)

3)

4)

5)

The time-resolved EUV emission was measured and the preferred experimental conditions were quantified,
and analyzed with MHD simulation. The preferred inlet gas pressure was 25 Torr, and the preferred
electrode gap length was 16 mm. The inlet gas pressure played a dominant role in determining the EUV
radiation. According to the simulation, higher pressure (and thus initial density) can delay the pinch time,
alter the final pinch state, and lead to a lower pinch temperature. In contrast, there was a peak pinch density
when initial density was 2 X 10 cm™. The optimum initial density for EUV output is 2~3 < 10" cm?.

The plasma dynamics in Z-pinch were studied with both time-resolved plasma imaging and MHD
simulation. The initial discharge radius was about several mm. At stagnation, the emission became
strongest, with a pinch radius of ~0.1 mm. After that, due to Zippering effect, the radiating column was
elongated and then moved along z axis. The simulation showed that during implosion phase, a shock front
was formed ahead of the magnetic piston. The heating mechanisms for ions and the electrons during
implosion were shock heating and Joule heating, respectively. At pinch stagnation, the kinetic energy of
plasma was transferred to thermal energy, and caused the abrupt increasing of electron and ion temperature,
achieving an ideal condition for EUV radiation.

The electron density was on the order of 10'8~10" cm™ in the Z-pinch. The EUV intensity peaked quite near
electron density maximum (~10"° cm™) during the pinch process, within the theoretical optimum electron
density range for EUV radiation.

The most probable ion velocity was ~18 km/s. Most ions had kinetic energy smaller than 500 eV. The ion
velocity distribution follows SMB fitting.

The EUV radiation fluctuation due to MRT instabilities was observed experimentally, and studied




6)

numerically and analytically. Pinhole imaging reveals that the MRT instabilities can be suppressed with
sufficient RF pre-ionization; however, when it existed, its wavelength was always around 1 mm. The
evolution of MRT instabilities with single mode, multi-mode, and random mode perturbations were
simulated. Higher order harmonics appeared when the MRT entered into non-linear regime. Modes with
shorter wavelengths grew faster than longer ones. The mode coupling effect played an important role in the
evolution of multi-mode MRT instabilities, which led to the generation of a series of new modes. For
random mode perturbation, the final dominant modes tended to converge to a mm-scale wavelength around
1 mm, consistent with the experimental result. According to the analytical solution of the MRT instabilities,
short wavelength modes perturbation cannot penetrate into the plasma shell deeply, and were thus localized
near the surface region. Only those modes with wavelength on the order of shell thickness or longer can
penetrate into the shell and further develop during Z-pinch. For the resting modes, the ones with shorter
wavelengths grow faster; thus the final dominant modes are those with wavelengths ~1 mm.

The influences of MRT instabilities on pinch stagnation and EUV output were investigated and three
mitigation methods were proposed to optimize the EUV source. MRT instabilities was proved to cause the
temperature and density fluctuations along z axis, which was responsible for the non-uniformity of the EUV
radiation. Longer wavelength perturbation caused a more pronounced the fluctuation. The RF pre-ionization
can suppress the initial amplitude of perturbation and thus mitigate the MRT instability. In addition, higher
dl/dt can suppress temperature and density fluctuation along z axis, thus improving the source uniformity.
The preferred pulsed current frequency is 1.4-1.6 <10’ rad s™. Finally, the simulation results showed that
the MRT instability can be suppressed by applying an axial magnetic field. The preferred axial magnetic
field is 500 G.

In conclusion, potential ways to optimize the EUV source includes controlling the initial density to be 2~3 X 10"

cm?®

: designing a pulsed current frequency to be 1.4-1.6 X 10" rad s™*; and applying axial magnetic field ~500 G.
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