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ABSTRACT

Discharge-produced plasma (DPP) based EUV source is being developed at Gotenba Branch of EUVA Hiratsuka R&D
Center. Among the several kinds of discharge scheme, Z-pinch is employed in our source. An all-solid-state magnetic
pulse compression (MPC) generator is used to create a Z-pinch plasma. Low inductance MPC generator is capable of
producing a pulsed current with over 50KA of peak amplitude and about 100ns of pulse duration at 7kHz of pulse repeti-
tion frequency. In order to obtain sufficient output radiation power, tin-containing gas is being used as well as xenon.
Due to the high spectral efficiency of tin, demonstrated EUV output power reached 645W/2zsr within 2% bandwidth
around 13.5nm. A novel scheme of fuel gas supply led to as good output energy stability as xenon can achieve. Using a
nested grazing-incidence collector, EUV power at intermediate focus point which is defined as an interface to the expo-

sure tool reached 42W with 3.3mm? sr of etendue.
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1. INTRODUCTION

EUV is expected as a light source used in the next gen-
eration lithography. In order to match the requirements!
for high-volume-manufacturing (HVM) tools , EUV
source must solve many issues such as power, optical
quality, lifetime and cleanliness. Comparing with a
laser-produced plasma (LPP) source, DPP source has
the worthy advantage in terms of its direct conversion
from electrical energy to photon energy. On the other
hand, largest disadvantage of the DPP source may be
debris production that is caused by erosion of the elec-
trode and dielectric surfaces. Because debris easily
damages EUV optics, the development should be con-
ducted to increase the EUV power with minimizing or
mitigating debris.

Although several schemes are available to create a high
energy-density plasma such as dense plasma focus
(DPF)?, hollow-cathode-triggered Z-pinch (HCT-Z)?,
capillary discharge* and Z-pinch®®, our developing
source employs Z-pinch from the viewpoint of its sim-
plicity and thermal resistance. Capillary discharge can
keep the high temperature plasma during relatively
long time because the small-diameter capillary (dielec-
tric tube) is used, and relatively low-amplitude and
long-duration current pulse drives the load. Convention-
al Z-pinch plasma is created in a large-diameter dielec-
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tric tube or vacuum. Large current pulse creates the
azimuthal magnetic field around the cylindrical initial
plasma or gas, and magnetic pressure compresses the
plasma toward the central Z-axis’ . Capillary discharge
is good in terms of stability, however Z-pinch is better
in terms of radiation brightness and lifetime of dielec-
tric wall. When the source is used in a HVM tool, it
must operate at least 7kHz' and in quasi-continuous
mode. Conversion efficiency from electrical input to in-
band (A =13.5nm, 2% bandwidth) radiation is on the
order of, at most, a few percent. Therefore thermal
input into the proximity of electrodes becomes huge.
Also high energy-density plasma emits thermal or high-
speed particles. In order for the source to have suffi-
cient resistance to such inputs, plasma must be isolated
from the surrounding parts with significant distance. Z-
pinch seems to have such properties that fulfill above
demands. Output EUV power is determined by a func-
tion of input power and conversion efficiency. In order
to obtain sufficient output power from reasonable input
power, it is very important to increase conversion effi-
ciency. There likely to be three major ways to increase
conversion efficiency; geometry of the discharge
region, shape of the drive current, and choice of fuel
material. Fuel material is an essential part among them
to determine conversion efficiency. In previous works,
most research and development were carried out with
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Fig.1. Schematic cross section of the discharge
head.

xenon. Xenon has fascinating material in terms of clean-
liness. However, tin is also fascinating material because
it is able to maximize conversion efficiency of 13.5nm
radiation. In pioneer researches, high conversion effi-
ciency of 13.5nm was demonstrated on the basis of that
4d-4f resonance line transition is located at 13.5nm?®. On
the other hand, it has not been preferred due to the
handling difficulty. Recently, novel scheme of tin supply
has been developed. Although protection of collector
optics from the metal debris must be solved, tin-fueled
DPP would be a potential candidate for HVM-enabling
EUV source. In this paper, latest update of our source
development is described. By using Z-pinch source
head, high-repetition-rate pulsed power driver and EUV
metrology tools’, xenon- and tin-fueled sources are eval-
uated. This paper is dedicated to describe xenon-fueled
source performance and improvement of source perfor-
mance by tin. Other topics related to this development
will be described in Ref."

2. DISCHARGE HEAD AND POWER SUPPLY

Fig.1 shows conceptual cross section of the discharge
head. The head basically consists of a set of anode,
insulator and cathode. A coaxial conductor feeds the
pulsed electrical energy from the generator into the
head. Both electrodes are cooled by circulated water.
The source head was designed to minimize the circuit
inductance, maximize collection angle of EUV radia-
tion, and increase thermal resistance from the electrical
current and the plasma. As already known, EUV radia-
tion is collected by a collector and focused on the inter-
mediate focus (IF), which is an interface between the
source and exposure tool. EUV source is required to
obtain sufficient EUV power at IF. IF power is deter-
mined by the radiation power from the plasma (source
power), absorption by gases and debris shields, and
collection efficiency. Collection efficiency is a function
of collector performance and plasma shape'.

DY AEHRHRIET

Fig. 2. Circuit diagram of the MPC generator. Intermediate stages are not shown.

Fig.2 shows a circuit diagram of the power supply
(magnetic pulse compression generator, MPC). Inter-
mediate compression stages of the MPC generator are
not shown in this figure. The final capacitor of 133nF is
charged to 14.5kV (rated voltage), which equals to 14 ]
of electrical energy storage. The generator system was
modified in order for better coupling between the gen-
erator and load. Currently the generator system is capa-
ble of providing >50KA of peak current with ~100ns of
pulse duration. Improved generator performance
increased EUV output power effectively, which was
mainly due to the decrease of output inductance. The
all-solid-state MPC generator allows very stable opera-
tion at up to 7kHz. Pulse-to-pulse stability of output cur-
rent was 2.1% (36) achieved at 7kHz.

3. XE-FUELED SOURCE PERFORMANCE

3.1 Basic performance

Fig.3 shows dissipated energy, in-band radiated energy,
and conversion efficiency as a function of gas flow rate.
Each point represents averaged data. At the optimum
condition, highest EUV energy of 6.7 m]J/sr/2%BW was
obtained. Z-pinch plasma is created due to the inward
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Fig.3. Total dissipated electrical energy, in-band EUV energy
and conversion efficiency as a function of Xe flow rate.

Copyright (c) USHIO INC. All Right Reserved

FRER



JeEtiIEERES [54 b ] No.30 (2008F3RH(T)

= UAVA= 2851 SPIE, 2006 International EUVL Symposium (20064:21])

08l ]
06F ]

04f

& Pulse energy 5

Relative in-band energy (a.u.)

Dose energy

020+ & w1000,
50 100
Pulse number

PR T T T
150 200

Fig.4. Pulse and integrated EUV energy over 50 pulses mea-
sured in 7-kHz discharge.

compression by the magnetic pressure. In Xe plasma,
in-band EUV (A =13.5nm) emission is radiated only by
Xel0+ ions of which the fraction depends on the plasma
temperature and density. Fig.3 showed that variation of
initial density (flow rate) resulted in the variation of
plasma parameter and resultant fraction of Xel0+ ions
for given power supply and electrode geometry.
Conversion efficiency (CE) is also very important point
because it determines the necessary capacity of pulsed
power generator and thermal sink of the discharge
head. CE was calculated by the following equation.

2m-E -
CE = 2220w 00 o T Zmwv 09

input EC(Vg _Vlz)

[%/27s1/2%BW] (1)

where Euyw, Ein, Vo, V; are on-axis in-band energy per
unit solid angle, electrical energy input, initial capacitor
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Fig.5. Picture of the plasma emitting radiation of EUV (a) and
A>120 nm (b) taken by a filtered pinhole camera.

voltage and capacitor voltage reversal after the current
pulse, respectively. In this equation, uniform radiation
into half spherical volume is assumed. Energy input is
based on capacitor energy, and includes ohmic and
magnetic energy loss between the capacitor and dis-
charge head. Note that intrinsic CE determined by dis-
sipated energy in the discharge head is much higher
than the value calculated here. Gas absorption is not
considered here.

Fig.4 shows pulse and dose energy integrated over
50pulses measured at 7kHz. Since higher flow rate
described above was used, first several pulses do not
have enough energy. However, the energy rapidly
reached average level, then remained stable. There are
possible reasons to make energy stability worse, for
example, gas dynamics, MHD instability during implo-
sion phase, inhomogeneity of initial plasma fill. In our
research, we employed increased gas flow, short cur-
rent duration and large current amplitude, active pre-
ionizing to eliminate the seed of energy instability men-
tioned above. At this moment, 4.3m]/sr/2%BW/pulse
was obtained even at 7 kHz. It equals to the source
power of 189 W/2%BW into 2xsr. Having the source
power and shape of the plasma, IF power reached
19W/2%BW.

3.2 Out-of-band radiation

EUV source is not a coherent source so that the radia-
tion of very wide wavelength region from X-ray through
infrared can be emitted. It is required for lithography
sources to suppress out-of-band (OoB) radiation energy
to certain level'. In order to know the contribution of
OoB radiation, energy measurement and plasma obser-
vation were carried out using different spectral filters.
Table 1 shows the result of OoB energy measurement.
Calorimeter was placed at IF point and energies of each
wavelength region were measured by changing a filter
in front of the detector. It is very interesting that most
radiation energy is in the wavelength region of <120nm.
This result was well explained by the plasma average
temperature. Z-pinch plasma is changing its density and
temperature in time. However, temperature averaged
over a discharge period (several hundreds of ns to us)
would be on the order of tens of eV. Such a plasma

Table1. Out-of-band contribution in the radiation energy

Wavelength range to whole wavelength range to 13.5 nm (2 % bandwidth)
<120 nm 99.3 % N/A
120~400 nm 120~400 nm
92.9% 13.7%
o 400~750 nm 400~750 nm
>120 nm 0.7 % 300, N/A 0.6 %
750 nm~ 750 nm~
32% 0.5%
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emits radiation of mostly less than 130nm as derived by
Planck’s equation.

When compared with in-band energy, contribution of
OoB, especially UV, is larger than the requirement.
Therefore OoB energy must be reduced or suppressed
by some means. Fortunately, EUV source employs a
collector to deliver the EUV radiation to the exposure
tool. Collection efficiency highly depends on the shape
of the plasma. In other words, different shapes result in
different powers at IF point. Discharge-produced plas-
ma varies its density and temperature during the peri-
od. Thus it had been expected that the shape of the
plasma also changes in time. In order to confirm a
hypothesis , picture of the plasma was taken by a fil-
tered pinhole camera.

Fig.5 shows the pinhole pictures of two different wave-
lengths. It is obvious that OoB-emitting region is much
larger than in-band region. Therefore, large part of the
OoB radiation cannot be focused on IF point and cannot
be delivered to the exposure tool. It was understood
that collectors play additional role as an OoB filter
which helps us realize the EUV source that completely
fulfill the requirements.

4. SN-FUELED SOURCE PERFORMANCE

4.1 Tin delivery

State of the compressed high energy-density plasma by
Z-pinch effect depends on the electrode geometry, gas
condition and shape (amplitude and duration) of the
drive current. Therefore it is very important to control
the gas condition (pressure and flow rate) for control-
ling radiation condition. Tin is a solid metal at standard
condition (room temperature, 1 atm). Therefore con-
ventional method employs heating or laser irradiation
or particle (neutral, ion and electron) impact to create

5 L} T T T
C ; Xe
_af SnH4
5 L
8 y
° C
5 3p -
& F N
9 L
s L
E 2t a ¥
8 I n
[0) 9
o 1L m &
L o
L v
O ' 1 1 1
1 2 3 4 5
Relative flow rate (a.u.)

Fig.6. Pressure dependence on the flow rate for xenon and
stannane.
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tin gas by means of vaporization. However, it seems dif-
ficult to utilize such methods in terms of vapor pressure
control. Most effective method is to use a kind of tin
vapor and control its flow rate by a commonly-used
mass-flow controller (MFC). Additionally, such a tin-
containing vapor should be at gaseous state at reason-
able temperature and pressure. It was found that tin
hydride (SnH,, stannane) fulfills such demands. Stan-
nane has similar molecular weight to xenon, and boil-
ing temperature of -52°C. Its flow is controlled by a
MFC like xenon gas. Moreover, it is tin combined with
hydrogen. Once discharge occurs, stannane is dissoci-
ated into tin and hydrogen. However, hydrogen is the
lightest atom so that hydrogen does not cause signifi-
cant radiation loss that occurs with heavy (high-atomic-
number) atoms. Fig.6 shows an example of the result of
pressure control of stannane. The pressure was suc-
cessfully controlled by changing flow rate and showed
very similar tendency to xenon. The result said that
stannane is stably delivered to the discharge region and
its flow rate is well controlled by MFC.

4.2 Stannane-fueled discharge demonstration

For the demonstration of high CE of tin, EUV energy
and spectrum were measured. Fig.7 shows the compar-
ison of in- band EUV energy (a) and spectrum (b),
respectively. Note that the spike seen in the spectrum
at wavelength of about 12.4nm is a calculation error.
Spectrum was measured with a transmission-grating
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Fig.7. In-band EUV energy (a) and spectrum (b) measured
using stannane. Those for xenon are also shown for
comparison.
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spectrometer in which the grating is made of silicon
nitride. Thus the absorption edge of silicon appeared in
the spectrum, which resulted in the spike when the dif-
fraction efficiency was numerically corrected. It is clear-
ly understood, from Fig.7, that stannane-fueled Z-pinch
improved CE by a factor of 2.8 than xenon. This high
CE is explained by high spectral efficiency (in-band
domination in the emission spectrum) seen in Fig.7(b).

As described in 3.1, xenon-fueled Z-pinch obtained suffi-
cient radiation stability. Although the radiation energy
can be adjusted by means of feedback control, certain
level of stability must be obtained even without feed-
back. Pulsed power generator provides excellent output
stability. Therefore gas flow condition and plasma
hydrodynamics are essential for the radiation stability.
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Fig.8 shows an example of EUV signal measured at 1
kHz on stannane-fueled Z-pinch source. Due to well-
controlled stannane flow, as sufficient rediation stability
as xenon-fueled source was obtained even at high pulse
repetition rate.

Finally, output power linearity up to 5kHz was experi-
mentally demonstrated. Fig.9 shows the output in-band
power as a function of pulse repetition rate. Even in the
high repetition rate discharge, higher CE was con-
firmed from 1000 through 5000Hz. Moreover,CE mea-
sured in this experiment (~1.7%) was 30% higher
than that for low repetition rate (~1.3%). CE at repeti-
tion rate of 4000 and 5000Hz, in Fig.9, is a little less
than a linear line of CE 1.7%. This would be caused by
flow rate limitation. In this experiment, measurements
were done with fixed stannane flow rate. Therefore, if
flow rate is increased to sufficient value, output power
should follow the linear line that may be determined by
discharge condition. At 5kHz, in-band output power
reached 645 W/2rsr/2%BW.

Fig. 10 shows the picture of in-band-emitting tin plasma
taken by an in-band pinhole camera with 200pulses of
exposure. Because the shape of the plasma was not
optimized at the time of the experiment, in -band radia-
tion emitted from a relatively large surface of the plas-
ma. However, owing to the good performance of the
discharge head and tin delivery, the shape is still good
although it is a time -integrated picture. Having this

Fig.8. EUV signal measured in 1-kHz discharge with stannane
as fuel gas.
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Fig.9. In-band radiation power from source plasma measured
with xenon and stannane.

Fig.10. Time-integrated picture of in-band radiation emitted
from stannane plasma, taken by a pinhole camera
exposed over 200 pulses.

Table 2. Comparison of DPP source performances

Xe-fueled source Sn-fueled source
Pulse repetition rate 7 kHz 5 kHz
Source power 189 W/2nsr 645 W/2nsr
Shield transmission 80 % 80 %
Gas transmission 90 % 90 %
Collection efficiency (w.r.t. 2mwsr) 14 % 9%
IF power 19W 42 W
PRER
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plasma picture, collector performance and absorption
by gas and debris -shield, it was derived that IF power
reached 42W into 3.3mm? sr.

5. CONCLUSION

Latest update of the xenon- and tin (stannane)-fueled
DPP source performances were described. Achieve-
ments are summarized in Table 2. Xenon-fueled source
achieved 19W of IF power. Out-of-band radiation was
investigated in the xenon-fueled source. Entire spectral
distribution was understood, and its contribution to the
radiation power focused on IF was addressed. OoB
radiation may not be a significant issue in DPP source.

Tin-fueled source achieved 42W of IF power using stan-
nane gas as a tin delivery. Because of adequate proper-
ties of stannane, very high CE and output energy stabil-
ity were confirmed. The result would support the feasi-
bility of tin-fueled DPP EUV source in HVM source. IF

DY AERHEIET

REFERENCES

1. Y.Watanabe, K.Ota,H.Franken,V.Banine, Presented at International SEMAT-
ECH EUV Source Workshop, San Diego, USA, November 2005

2. I.V.Fomenkov, R.M.Ness, |.R.Oliver, S.T.Melnychuk, O.V.Khodykin,
N.R.Bowering, C.L.Rettig, J.R.Hoffman, “Performance and scaling of a dense
plasma focus light source for EUV lithography,” Proceedings of SPIE Interna-
tional Symposium on Emerging Lithographic Technologies VII, Santa Clara,
CA, USA, Vol.5037, pp.807-821, February 2003

3. J.Pankert, K.Bergmann, J.Klein, W.Neff, O.Rosier, S.Seiwert, C.Smith,S.
Probst, D.Vaudrevange, G.Siemons, R.Apetz, J.Jonkers, M.Loeken,E.
Bosch, G.H.Derra, T.Kriicken, P.Zink, “Physical properties of the HCT EUV
source,” Proceedings of SPIE International Symposium on Emerging Litho-
graphic Technologies VII, Santa Clara, CA, USA, Vol.5037, pp.112-118, Feb-
ruary 2003

4. M.A.Klosner, W.T.Silfvast, “Intense Xenon Capillary Discharge Extreme-
Ultraviolet Source in the 10-16-nm-wavelength region,” Optics Letters, Vol.
23, No.20, pp.1609-1611, October 1998

5. U.Stamm,l. Ahmad, |.Balogh, H.Birner, D.Bolshukhin, J.Brudermann,
S.Enke, F.Flohrer, K.Gabel, S.Gétze, G.Hergenhan, J.Kleinschmidt,
D.Kl&pfel, V.Korobotchko, J.Ringling, G.Schriever, C.D.Tran, C.Ziener,
“High-power EUV lithography sources based on gas discharges and laser-

produced plasmas,” Proceedings of SPIE International Symposium on
Emerging Lithographic Technologies VII, Santa Clara, CA, USA, Vol. 5037,
pp.119-129, February 2003

6. M.W.McGeoch and C.T.Pike, “Star pinch scalable EUV source,” Proceedings
of SPIE International Symposium on Eme rging Lithographic Technologies
VII, Santa Clara, CA, USA, Vol.5037, pp.141-146, February 2003

7. M.G.Haines, S.V.Lebedev, J.P.Chittenden, F.N.Beg, S.N.Bland, A.E.Dangor,
“The Past, Present, and Future of Z Pinches,” Physics of Plasmas, Vol.7,
No.5. pp.1672-1680, May 2000

8. G.O'Sullivan and P.K.Carroll, “4d-4f emission resonances in laser-produced
plasmas,” J. Opt. Soc. Am., Vol.71, No.3, pp.227-230, Mar. 1981

9. R.Stuik, F.Scholze, J.Tummler, F.Bijkerk, “Absolute calibration of a multilay-
er-based XUV diagnostic,” Nuclear Instruments and Methods in Physics
Research, Elsevier, Section A, Vol.492, pp.305-316, 2002

10. G.Niimi, et al, “Development of high-repetition rate and high-power DPP EUV
source,” this symposium.

11. G.Derra and W.Singer, “Collection efficiency of EUV source,” Proceedings of
SPIE International Symposium on Emerging Lithographic Technologies VII,
Santa Clara, CA, USA, Vol.5037, pp.728-741, February 2003

FRRER KV
Copyright (c) USHIO INC. All Right Reserved



	Development of Xe‐ and Sn‐ fueled high‐ power Z‐ pinch
EUV source aiming at HVM 
	ABSTRACT
	1. INTRODUCTION
	2. DISCHARGE HEAD AND POWER SUPPLY
	3. XE-FUELED SOURCE PERFORMANCE
	3.1 Basic performance
	3.2 Out‐ of‐ band radiation

	4. SN-FUELED SOURCE PERFORMANCE
	4.1 Tin delivery
	4.2 Stannane‐ fueled discharge demonstration

	5. CONCLUSION
	REFERENCES


