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ABSTRACT

A Dense Plasma Focus (DPF) device has been investigated as a source for EUV lithography. Initial characterizations have
been made of a prototype DPF employing an all-solid-state pulse power drive. Using the results from a vacuum grating
spectrometer combined with measurements with a silicon photo diode, it has been found that substantial amounts of radiation
within the reflectance band of Mo/Si mirrors can be generated using the 13.5nm emission line of doubly ionized Lithium.
This prototype DPF converts 25J of stored electrical energy per pulse into approximately 0.76J of in-band 13.5nm radiation
emitted into 4p steradians. The pulse repetition rate performance of this device has been investigated up to its DC power
supply limit of 200Hz. No significant reduction in EUV output was found up to this repetition rate. At 200Hz, the measured
pulse-to-pulse energy stability was s=6% and no drop out pulses were observed. The electrical circuit and operation of this
prototype DPF device is presented along with a description of severa future modifications intended to improve stability and
efficiency.
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1. INTRODUCTION

One of several critical technologies required for practical implementation of EUV lithography is a reliable, high brightness
EUV light source with emission characteristics well matched to the reflection band of the Mo/Si or Mo/Be mirror systems.
Since the proposed al-reflective EUV lithography tools are dlit scanning based systems, such an EUV light source must also
exhibit high repetition rate capability. In addition to these requirements, a practical EUV light source must operate debris-
free or employ an effective debris mitigation strategy.

A Dense Plasma Focus (DPF) device has been investigated as a source for EUV lithography because of its potential for high
source brightness and high repetition rate operation. A prototype DPF has been constructed that employs an all-solid-state
pulse power drive system. This prototype DPF is based on the development work done toward an efficient electric plasma
thruster for space applications™>.

DPF devices have been investigated as x-ray sources for proximity x-ray lithography*®. Such investigations found that DPF
systems can generate large amounts of radiation suitable for proximity x-ray lithography, but were limited in repetition rate
due to large per pulse electrical energy requirements, and short lived internal components. The stored electrical energy
requirements for these systems ranged from 1kJto 100kJ. The repetition rates did not exceed a few pulses per second.

If the desired photon energy is reduced from the 1keV level required for proximity x-ray lithography down to 100eV, a
scaled-down DPF device might be constructed that achieves the desired EUV spectral power while consuming only moderate
electrical power and operating a a high pulse repetition rate. In addition, advances in all-solid-state pulse power

technol ogies have made reliable multi-kilohertz electrical drive circuits a practical reality®**.

2. DENSE PLASMA FOCUSSYSTEM DESCRIPTION

A DPF device consists of coaxial electrodes driven to a voltage potential difference that results in the formation of a
conductive plasma sheath between the inner and outer electrodes. Previoudy, typical DPF systems operated in the range of
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10-50kV between electrodes resulting in large stored energies in the drive capacitor. By employing magnetic pulse
compression along with careful design of the drive inductance, this prototype DPF can operate below 1kV.

Fig 1 shows a simplified diagram of the electrical drive circuit. Theinitia storage capacitor, Cy, is charged on command by
the DC power supply. Once full charge is reached, the IGBTs are triggered into conduction causing resonant transfer of
energy from Cy to C;. In this prototype system, both capacitor values are equal at 65  Once peak voltage on C, isnearly
reached, a set of hollow cathode pre-ionization sources (not shown in Fig 1) are energized to initiate avalanche break down in
the gas between the inner and outer electrodes. The saturable reactor placed between C, and the central electrode, in this case
the anode, provides a momentary hold-off of current flow from C, until a uniform plasma sheath has formed at the base of the
electrode set.

The low saturated inductance of this drive circuit ensures a rapid rise in current flow and the application of nearly al of the
C, voltage across the electrode set. Previously reported DPF systems made use of spark gaps or thyratrons with no magnetic
pulse compression and thus suffered from much higher drive inductance. For this reason, higher voltage operation was
required with these systems.

Once significant current begins to flow through the plasma sheath, J X B forces accelerate the plasma away from the base of
the electrode set and toward the end of the anode. The flow of electrons and ions as well as the magnetic field and resulting
force vector are show in Fig 2. Simultaneous with the acceleration of the plasma, the current flowing from C; through the
series combination of the drive inductance and electrode inductance rises toward a maximum.  The plasma sheath is
eventually driven off the end of the anode resulting in magnetic forces that compress the gas in this region toward the central
axis as shown in Fig 3. During this time, a fraction of the magnetic energy stored in the circuit inductance is transferred to
the small region of compressed gas near the tip of the anode. Compression and heating raises the temperature of theionsin
thisregion to levels sufficient for intense emission in the EUV spectral region.

A cross-sectiona drawing of the prototype DPF device is shown in Fig 4. The Cy and C; capacitors are each made up of 650
individual capacitors of 0.1nF with a 1400V rating. The use of such a large number of parallel capacitors reduces the
inductance and equivalent series resistance of the capacitor decks to levels appropriate for matching to the plasma resistance.
The IGBTs used to transfer the energy stored in Cy to C; are the same as those used in the all-solid-state pulse power system
currently employed in Cymer's excimer lasers. The eight IGBTs used in parallel each have a 1400V rating with an average
current handling capability of 1000A.

The inductor and diode shown in Fig 1 near the DC power supply are intended for energy recovery. If there is reflected
energy due to overshoot of the C; waveshape, the resulting negative voltage on C, is converted to positive voltage via a half
cycle of LC ringing through this inductor and diode™?. Once this voltage conversion is complete, the recovered energy is
available for use in the next pulse.

3. SPECTRAL MEASUREMENTS

Since the Mo/Si mirror systems exhibit high reflectivity only over a narrow band of wavelengths, detailed measurements of
the emission spectrum from this prototype DPF are needed to quantify the useable radiation. An Acton Research Corp.
Model GIMS-551.5 grazing incidence spectrograph was used for this purpose. This unit employs a curved 1200 groove/mm
grating with a 1.5m radius of curvature. The entrance it isfixed at an incident angle of nominally 88° relative to the grating
normal. The exit dit and detector travel on a precision rail along the path of the Rowland circle formed by the curved
grating. Both the entrance and exit dits are adjustable. An optimum resolution/sensitivity combination was achieved with
50mm entrance and exit dlits and all measurements shown in this paper were made with this dlit width.

The detector placed behind the spectrometer exit dit is a Hamamatsu Corp. model R5250-10 EMT with a BeO first dynode.
The quantum efficiency of this EMT is relatively constant over the wavelength range of interest, varying by approximately a
factor of 2.5 over the range from 10nm to 24nm. Proper operation of this EMT requires a background pressure of 1mT or
less. To achieve low pressure in the EMT region while simultaneously operating the DPF at 100mT or greater, required the
use of two turbo-molecular pumps each pumping differentially. One turbo-molecular pump was attached to the volume
located between the two spectrometer dits and the second evacuated the region behind the exit dit. This arrangement is
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shown in Fig 5 along with the various other diagnostics used in evaluating this prototype DPF. The distance between the
DPF and the entrance dlit of the spectrometer was 50cm. No relay optics were used between the DPF and the spectrometer.

Initial characterizations were made using a solid Tungsten anode and a buffer of 100mT of Xenon gas. The measured
spectrum for these conditions is shown in Fig 6. Also included in this figure is the published transmission through 50cm of
Xenon at 100mT. By switching to a different buffer gas, we can determine if the broad spectral feature between 15nm and
30nm is due to emission from Tungsten or Xenon. Fig 7 shows the same measurement but with a buffer of 200mT of Argon.
The same broad spectral feature exists with minor changes most likely due to the differences in transmission between Xenon
and Argon. Note the absorption feature in the Xenon buffered spectrum at 18.5nm. This feature matches well with the
published Xenon transmission data®.

By placing a small amount of Lithium on the tip of the anode, the emission spectrum can be changed from predominately
Tungsten to that of Lithium. Lithium has been proposed as an emission source for EUV lithography because of its narrow
spectrum and intense emission into wavelengths well matched to the reflectance band of Mo/Si mirrors'. Fig 8 shows the
measured emission spectrum of the DPF Lithium plasma over a range from 10nm to 24nm. This measurement was made
with 200mT of Argon Buffer gas.

The Lithium emission lines between 10nm and 14nm are due to electronic transitions of doubly ionized Lithium, also
referred to as Hydrogen-like Lithium. Verifying the wavelength calibration of the spectrometer is simplified by the fact that
the Hydrogen-like Lithium lines are narrow and well known. Using this experimental setup, we can locate six electronic
transitions of doubly ionized Lithium as shown in Fig 9. After making a fit to these six spectral lines, it is found that the
entrance angle of the spectrometer is 87.5° relative to the grating normal. Using this entrance angle and the grooves/mm of
the grating one can generate a conversion factor between wavelength and position along the Rowland circle.

As shown in Fig 8, the 13.5nm Lithium emission line matches well to the Mo/Si reflectance band. A finer resolution spectral
scan centered on 13.5nm is shown in Fig 10 along with the published reflectivity of a Mo/Si mirror. The measured
bandwidth for this 13.5nm emission line is 0.03nm. It is suspected that this result may be spectrometer resolution limited and
the bandwidth of this emission line is likely less than 0.03nm. Fortunately, the exact bandwidth of this emission line is
unimportant to the operation of the Mo/Si mirror since even the measured 0.03nm result is much more narrow than the
reflectance bandwidth of the Mo/Si mirror.

4. 13.5nm ENERGY MEASUREMENTS

Calorimeters, vacuum photodiodes, and silicon photodiodes are three types of detectors typically used for making absolute
energy measurements in the EUV wavelength region. A silicon photodiode was used to characterize the in-band energy per
pulse generated by this prototype DPF.

Silicon based photodiodes with EUV transmitting passiviation layers are now routinely available. The 6photodiode used for
these measurements was fabricated by International Radiation Detectors, model No. AXUV-100"¢. This photodiode
possesses a 60A thick passivation layer of silicon dioxide with negligible absorption. In the wavelength region of interest,
these photodiodes exhibit a quantum efficiency given by (photon energy)/3.63eV. For the radiation centered at 13.5nm, the
guantum efficiency is 25.2.

Two methods of filtering the incident radiation were investigated. The first attempt was to make use of a free standing filter
placed in front of a bare AXUV-100 photodiode. This filter consisted of Yttrium and Silicon layers with 3500A and 2500A
thickness respectively. Even with a silicon wire mesh, these filters were found to be too fragile for practical use. The second
attempt at filtering was to purchase special versions of the AXUV-100 photodiode with a Ti/Y/C coating placed directly on
the photodiode. The thickness of these layers is 60A/2000A/500A respectively.

Since the transmission of the Ti/Y/C filter encompasses more than the 13.5nm Lithium emission line, the measured Lithium
emission spectrum must be used to properly partition the photodiode signal according to the various emission lines. Starting
with the measured EMT signal vs. wavelength for Lithium as shown in Fig 8, we must compensate for the wavelength
dependence of the following: EMT quantum efficiency, grating reflection efficiency, Argon transmission between DPF and
spectrometer entrance dlit (50cm), Argon transmission between DPF and filtered photodiode (70cm), photodiode filter
transmission, and photodiode quantum efficiency. The only factor in this list that is not known is the grating reflection
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efficiency. For these measurements, the grating reflectivity is assumed to be constant between 10nm and 24nm. The rest of
these factors are shown in Fig 11. Combining these factors with the measured Lithium plasma emission of Fig 8 gives the
result that 69% of the charge generated by the photodiode is due to the 13.5nm emission line.

The Ti/Y/C filter is also highly transmitting to hard x-rays. If this prototype DPF produces any hard x-ray photons, they will
be heavily weighted by the photodiode because of the diode's high quantum efficiency for high energy photons. An uncoated
AXUV-100 photodiode located behind a 25mm thick Beryllium foil generated no signal when the DPF was operated with
Lithium, thus demonstrating that no hard x-rays are produced under these conditions. However, a measurable amount of hard
X-rays can be detected through the Beryllium foil when the DPF is operated with Tungsten and a low buffer gas pressure
(50mT).

Using the filtered photodiode, the calibrated in-band 13.5nm energy radiated from the DPF is 0.76J per pulse into 4p
steradians. For this measurement the electrical energy initially stored on the C; was 25J per pulse. Thus, the 13.5nm
radiation represents 3% of the total electrical energy applied to the DPF.

5. REPETITION RATE SCALING

The proposed all-reflective EUV lithography tools are dlit scanning based systems. Because of the diding window nature of
the scanning exposure, any practical EUV light source must be capable of high repetition rate operation. Even with perfect
pulse-to-pulse energy stability, a minimum of 10-20 pulses per sub-field are required to eliminate the dose errors associated
with a pulsed exposure source and a continuously scanning exposure field. If the stability of the exposure source is less than
perfect, then the necessary number of pulses per sub-field further increases.

State-of-the-art wafer stage scanning speeds are approaching 250mmy/s. The dit width of all-reflective EUV projection
optical systems is expected to be smaller than corresponding DUV scanning systems. For example, the EUV LLC
Engineering Test Stand has a designed dlit width of 1.5mm as compared to the 5-8mm dlit widths used on DUV scanning
systems. To achieve a minimum 10 pulse exposure within each 1.5mm sub-field with a stage speed of 250mm, the source
repetition rate must be 1,667Hz.

One promising feature of this DPF device is its proven high repetition rate capability when used as an electric plasma thruster
for space applications™. As a plasma thruster, short bursts of 3,000Hz operation are routinely demonstrated. To investigate
the repetition rate capability of this prototype DPF, the repetition rate was increased for short bursts while monitoring the
EUV radiation output. Up to the DC power supply limited repetition rate of 200Hz there was no decrease in average EUV
output. Fig 12 shows the measured EUV output for a 0.25sec burst at 200Hz. This burst represents an average EUV output
of 152W radiated into 4p steradians.

There was no significant burst transient found during these repetition rate measurements and no drop out pulses were
observed. The pulse-to-pulse energy stability for the burst shown in Fig 12 is s=6%. Improvements in energy stability
beyond this present performance will be required to meet the needs of high throughput EUV lithography tools. In addition to
the energy stability, the position stability of the DPF must be characterized and meet a minimum set of requirements for a
practical system.

6. FUTURE IMPROVEMENTS

The short burst repetition rate results of this prototype DPF in combination with the successful multi-kilohertz operation of
plasma thrusters of similar design lead us to believe that 1000Hz+ operation of this DPF device as an EUV radiation source is
possible. Continuous, high average power operation will be limited mainly by thermal 1oading on the central electrode.

It has been found that the capacitance value used in this prototype DPF is larger than optimum. Evidence of thisis shown in
Fig 13. The measured voltage and current waveshapes for C, are shown aong with the 13.5nm radiation intensity. As
described in section 1, once avalanche breakdown occurs, the discharge current rapidly rises simultaneous with acceleration
of the plasma sheath toward the end of the anode. The DPF occurs once the plasma sheath reaches the end of the anode.
After the magnetically stored energy is applied to the DPF (at t=-0.6ns in Fig 13), the energy remaining in C; contributes

849



mainly to electrode erosion and heating and very little to 13.5nm output. From the waveshapes shown in Fig 13, we can
estimate that approximately 19J of the initial 25J stored on C; has yet to leave C; at the moment of DPF formation. This
remaining 19J does eventually flow from C; into the DPF device as seen by the nearly critically damped voltage waveshape
in Fig 13. Only 0.081J of energy is recovered during the C; voltage overshoot. The rest of the 25J initially stored in C, is
expended in the electrode region. An optimized (smaller) value of C; would lead to less energy remaining on C, after the
termination of the DPF.

A second method of preventing excess energy deposition into the electrode region would be to implement a shunt element
fabricated with saturable magnetics timed to short C; to ground just after the DPF terminates. Such a shunt would redirect
the remaining C, energy away from the electrode region causing the C; voltage waveshape to ring negative alowing the
pulse-power system to recover this energy for usein the next pulse.

Under expected operating conditions, the DPF device will continuously produce vaporized Lithium. Deposition of Lithium
atoms onto Mo/Si mirrors is expected to rapidly degrade mirror performance. A practical EUV lithography source based on
the Lithium DPF concept must employ a collector that istolerant to Lithium deposition.

Nested parabolic reflectors operating at grazing incidence represent a collection scheme that might be made tolerant to
Lithium deposition. A prototype optic of this type has been ordered from Parallax Research Inc. This optic consists of 5
nested paraboloids each with a Palladium coating on a Nickel substrate. The optical design for this prototype is intended to
collect and collimate a solid angle of 0.38 steradians. If 0.79J of 13.5nm radiation is emitted into 4p steradians, this
prototype optic will collect 23mj of in-band radiation per pulse. At a pulse repetition rate of 200Hz, an average in-band
power of 4.6W would be collected.

Since this prototype optic is constructed entirely of high temperature materials, it will be possible to raise its temperature
above the 180°C melting point of Lithium without damage or reduction in performance. It is expected that operating this
optic at elevated temperature will continuously boil off the deposited Lithium from the reflecting surfaces. Surface finish
degradation due to Lithium impact is of concern. The working distance for this optic is 4.5cm while the mean free path of
Lithium in 200mT of Argon is approximately 0.4mm so the Lithium atoms are expected to have no more than average
thermal velocities upon contact with the optic's reflecting surfaces.

7. CONCLUSIONS

Initial characterizations of this prototype DPF have shown that it can produce lithographicaly significant amounts of radiation
with a spectrum well matched to the Mo/Si EUV mirror systems. The demonstrated 200Hz repetition rate exceeds that of
most other prototype EUV light sources. Based on experience with this technology in electric plasma thrusters, we expect
that multi-kilohertz operation is feasible. The demonstrated system efficiency of 3% is competitive with other source
technologies and should further improve with the changes planned for this prototype machine.

The system geometry allows up to a 2p steradian collection solid angle. An optic based on grazing incidence parabolic
reflectors is under investigation as a collection scheme tolerant to Lithium vapor deposition. The relatively high EUV
transmission of the Argon buffer gas (91% through 10cm at 200mT) allows consideration of other debris mitigation methods
such asfail traps".

Position stability of the DPF has yet to be carefully characterized. Initial results show that improvements in pulse-to-pulse
position stability will be necessary to take full advantage of the 100-300mm source size. Energy stability is likely to be
impacted by the same phenomena that effect position stability and thus efforts to improve these performance parameters will
be of greatest importance.
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