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ABSTRACT

Traditional Z-Pinch discharge plasma sources designed forEUV applications use electrodes to conduct the high current
pulse into the plasma. The contact of these electrodes with the high temperature plasma required for EUV production can
cause issues of electrode erosion, electrode spitting and even melting. These can be sources of contaminating debris for
any optical system connected to the source. We will present anovel approach to the Z-pinch discharge plasma where the
current pulse is induced into the discharge, rather than conducted. The inductive coupling creates magnetic �elds which
position the resulting electrodeless z-pinch plasma away from the source walls, thereby allowing relatively straightforward
approaches to source cooling. We will show results from a commercially available electrodeless z-pinch EUV source
that delivers 10Watts at 13.5nm (� 1% bandwidth) into 2� steradians, using xenon as the EUV emitting gas. Source size
measurements and the ability to tailor the size to speci�c applications will be presented. In particular we will report on the
optimization of the source for high brightness, for applications such as EUV metrology, microscopy and defect inspection
of EUV masks and mask blanks, and the optimization of the source for power output for applications such as resist exposure
and resist out-gassing studies. In imaging applications, the illumination optics are often able to reject light exceptfrom the
immediate region of the pinch. This characteristic has consequences for out-of-band light measurements. We will present
out-of-band measurements of light from a highly collimatedview of the pinch.
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1. INTRODUCTION

We present here a description of an inductively driven, electrodeless Z-pinch device, optimized for use as a high brightness
EUV source. Instead of using conductive electrodes to provide the Z-Pinch current, the current is produced by transformer
action in several converging loops of plasma. In the detailsof the pinch discharge and the atomic physics of EUV emission,
the device behaves essentially as any conventional Z-pinch. However the overall plasma environment is rather different
than in a conventional pinch and leads to some unique operating characteristics.

The source described here was designed to produce 10 W continuous at 13.5 nm,� 1% bandwidth, into 2� sr., operating
in xenon gas; more power is available in short (1-3 second) bursts. The primary applications for a source in this power
range are metrology and resist development. While these applications share many similar requirements, they differ in
some respects. Principally, for metrology, the �gure of merit is usually brightness, while for resist development (exposure
or out-gassing studies) the �gure of merit tends to be the �uxdelivered to the target. This difference tends to result in
different optimal size plasmas for the two applications.

In the balance of this paper we will describe the general characteristics of the source, and present some applications of
the source to various areas of EUV research and development.
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2. SOURCE DESIGN AND GENERAL OPERATING CHARACTERISTICS

The most novel feature of the source compared to previous pinch designs, is that the plasma appears as closed loops
supported by induced currents, rather than as a current channel supported by electron emission from electrodes.

There are many examples of inductively driven plasma devices, ranging in size from a few hundred watts to many tens
of megawatts for large fusion experiments.1 These devices share some common characteristics. One common feature is
that the peak induced voltages and electric �elds tend to be small compared to other methods of plasma generation. In a
large tokamak with high electron temperature (hence very high plasma conductivity) the electric �elds required to drive
millions of amperes of plasma current are fractions of a voltper meter. In small industrial plasma devices (with much more
resistive plasmas) the �elds may be on the order of a few voltsper cm. In comparison, the voltage required to sustain an
arc between electrodes might be a few kV/cm or more.
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Figure 1: The production version of the EQ-10M uses
three plasma loops.

Figure 2: An early prototype (six plasma loops) operating inArgon
gas.

2.1. Properties of Inductively Driven Plasmas

The voltage which sustains an inductively driven plasma derives from the rate of change of magnetic �ux linked by the
plasma current loops. Typically, the vacuum vessels or other structures surrounding the plasma are electrically conductive;
therefore some combination of insulating breaks are usually required, to allow the magnetic �eld to penetrate into the
plasma. (In some tokamaks,1 the voltage requirements are so low that diffusion of magnetic �eld through the 1cm thick
continuous stainless steel vacuum vessel is completely suf�cient to drive the plasma.)

Another common element of inductively driven devices is that there is great freedom in how these breaks can be
arranged. This is in contrast to devices where the plasma current terminates on electrodes; high electric �elds are required,
leading to high voltages, small electrode spacings, and onehas much less freedom in arrangement of dielectrics.

Since an arc between electrodes must be sustained by thermionic emission of electrons from the cathode, high tem-
peratures are required. The presence of high temperature conductive electrodes biased to many kV relative to the plasma
leads inevitably to erosion of the electrodes due to both sputtering and evaporation, with resulting deposition of electrode
material within the device. Since the nearest structures tothe electrodes are usually the insulating dielectrics, deposition of
conductive electrode materials on these structures (leading to tracking and arcing) is a pervasive problem.

2.2. The Inductive Z-Pinch

In the inductively driven Z-pinch, these issues simply vanish. Figure 1 shows the main features of the source. The basic
structure consists of two roughly circular conductive plates, separated by a thin annular insulator. The plates are joined
mechanically and electrically in the center by a hollow conductive cylinder which forms the bore of the device. In operation,
the primary current �ows radially inward on one plate, axially along the bore, and radially outward on the other plate. In



Figure 3: Operation in Xenon gas. Figure 4: The source and all associated hardware.

the absence of a plasma, it is clear that all magnetic �elds will be con�ned to the interior region between the plates, and
therefore the primary currents must �ow on the interior (facing) surfaces.

The structure is pierced by some number of holes (of large diameter compared to the bore) through which the plasma
loops form; the commercial version of the source uses three such holes. These holes form the dielectric breaks that allow
the magnetic �eld interior to the plates to couple to the plasma loops; each loop returns through the central bore of the
device. Thus the plasma current through the central bore is three times the current in any loop. By tailoring the size of
the central bore relative to the size of the plasma return holes, the primary current time dependence, and the neutral gas
pressure, one can arrange for a magnetic Z-pinch to occur in the bore region. As will be seen, the detailed physics of the
pinch itself is essentially identical to a conventional device.

One should note the following features. The bore region is conductive electrically – a fundamental requirement, since
it must conduct current between the two plates – so there is noissue of maintaining large potential differences across small
distances in the presence of a hot plasma. Since the bore region is essentially homogeneous conductive metal, cooling



issues are simpli�ed relative to a conventional pinch.

The dielectric structures which allow the magnetic �eld to couple the primary drive current to the plasma current are
remote from the pinch region, and very well shielded from theintense pinch plasma. No pinch forms in these structures.
However the magnetic forces associated with each loop do provide a strong centering force. Figure 2 shows a photograph
of a six-hole prototype of the source, operating in Argon gas. The exposure time is chosen to image the plasma loops; the
central bore is heavily overexposed. Note that the current loops are perfectly centered in each return bore, presumablydue
to magnetic forces.

Figure 3 is a photograph in visible light of the source operating in Xenon gas, at high pressure and with a short exposure
time, to allow the pinch region to be visible. The plasma loops are underexposed in this image. Figure 4 shows the complete
rack-mounted source packaged with all power supplies, vacuum and gas hardware, and touchscreen-based control system.

2.3. Temporal Evolution of the Pinch
In operation, the electrodeless device behaves as a conventional pinch. Figure 5 shows the time evolution of various
quantities during a single pulse, for four different conditions of peak current and neutral xenon pressure.

Figure 5: A snowplow calculation based on measured currentsgives a pinch time consistent with the measured EUV pulse
time.

Each plot shows the pinch current (black trace, “+” symbols)and the EUV output (red trace, diamonds). The EUV
output is measured on an unbiased diode, through a 200 micronzirconium foil and re�ecting from a 45 degree� 3.5%



bandwidth mirror. (The amplitude scale is arbitrary.) The current shows a characteristic �uctuation at the beginning of
EUV output, due to the rapid change of plasma inductance as the pinch radius approaches zero, then expands. The blue
trace (“x” symbols) is a smooth polynomial �t to the current.By integrating the usual snowplow equations2, 3 one can
estimate the plasma radius as a function of time; the green trace (circles) shows the calculated plasma radius based on the
�tted current pro�le. One sees fairly good agreement between the time EUV emission begins, and the time the snowplow
calculation predicts the pinch should occur. This agreement is strong evidence that the detailed MHD behavior of the
electrodeless pinch does not differ signi�cantly from thatof a conventional pinch.

3. OUTPUT CHARACTERISTICS OF THE EQ-10M

3.1. Power
The EUV in-band power produced by the EQ-10M has been measured in several ways. Our primary diagnostics are a
� 3.5% 45� mirror and Ga-As diode (calibrated at the Berkeley ALS, withan appropriate corrections for bandwidth and
polarization), and a� 1% diagnostic based on a custom 85� mirror.4 Finally, a power audit was recently performed on
the EQ-10M at the Albany Nanotechnology Center.5 These measurements were done using the Phystex power monitor.6

All of these measurements are in substantial agreement (within � 5% or so). The power data quoted here is based on the
45� mirror, Ga-As diode based diagnostic, corrected for� 1% bandwidth.

3.2. Size
Our data on plasma size is based on an x-ray pinhole camera coupled to a 1024 x 1024 pixel back-thinned CCD, with a
45� � 3.5% multilayer mirror to provide an inband image. The mirror is deposited on a super-polished quartz substrate. The
design of pinhole cameras for x-ray wavelengths, and the quantitative analysis of the resulting data, are not straightforward
if the goal is to precisely estimate plasma size.7, 8 The best one can claim is that the estimated object size basedon the
nominal magni�cation and the size of the image, is an upper bound on the actual object size. Figure 6 is a typical x-ray
image. The size is determined by a 1-D Gaussian �t to the imageintensity; �gure 7 shows the analysis of the image.
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Figure 6: An x-ray pinhole image.
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Figure 7: Analysis of the image in �gure 6, showing a Gaus-
sian radial intensity pro�le.

3.3. Brightness
For imaging applications, brightness (watts/area-steradians) is usually of more signi�cance than power (watts into 2�
steradians). Because the source power and size scale differently with plasma parameters, power and brightness optimize
at different conditions, allowing �exibility in applications – one can trade off plasma size and power. Figure 8 shows the
power (referenced to 2� ) dependence on source neutral pressure, for various pulse rates. This data is taken in a “burst”
mode at 20% duty cycle, which allows much higher power duringthe burst compared to the nominal 10 W continuous
mode rating. This is to be compared with �gure 9, where the brightness is plotted for a similar pressure range. (The
brightness is de�ned for this purpose in terms of the 2� power and the full width at half maximum, de�ned as shown in
�gure 7). One sees that by choice of pulse rate and operating pressure, power and brightness can be varied over a large
range.
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Figure 8: Power variation
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Figure 9: Brightness variation

3.4. EUV Spectral Output
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Figure 10

Figure 10 shows a spectrum of the source in the
EUV range. The instrument used was a com-
pact grazing incidence spectrometer.6 This de-
vice uses a multichannel plate image intensi�er
which permits collecting a spectrum in a sin-
gle pulse of the source. Some of the principal
Xenon10+ lines are indicated. Although this is
an uncorrected spectrum, the variation in sensi-
tivity of the device over such a narrow range can
be assumed small. As can be seen, the spectrum
is typical of a discharge source.

3.5. Out-Of-Band Light

Xenon plasmas are a rich spectral source. Pho-
tons in the DUV range are of particular concern
in an EUV lithography application, because the
EUV optics tend to have high re�ectivity in the
DUV, and the current resists are sensitive to this
wavelength. While the pinch region itself is too
highly ionized to radiate well in the DUV, there
is always a cloud of cooler plasma around the pinch region that could be a source of contaminating radiation. However
in many imaging applications, out-of-band light originating outside the immediate pinch region will be rejected by the
instrument optics. Therefore it is of interest to estimate the degree of contamination of the EUV output by DUV from
very near the pinch region. This measurement was made with a double pinhole collimator arrangement. Figure 11 shows
the experimental setup. The key ingredients are an array of valves, each carrying a �lter or 400 micron pinhole, and an
XYZ stage and bellows, carrying an additional pinhole, a second Zirconium �lter, and an EUV diode. The collimation was
designed to limit the �eld of view to about 1 mm diameter at thesource.

The source was operated at a known condition, and the pinholes were aligned to the source by inserting one Zirconium
�lter and doing a �ne grid search, using the XYZ stage, for themaximum diode signal. Figure 12 shows the intensity
pro�le near the maximum signal.

Once alignment was established, various combinations of the �lters were inserted to sort out the wavelength regions.
Table 1 shows the analyzed results.



Figure 11: The out-of-band experimental setup.

Figure 12: The beam footprint in EUV light is consistent with
the 400 micron pinhole diameters.

Filter Band Fraction

Zr & MLM 13.5� 1% 1.00
MgF2 > 120 .0027
Boro�oat > 350 .00067
MgF2-Boro�oat 120-350 .002
Zr 10-20 2.7
Al 17-70 .07

Table 1: Out-Of-Band Power Fractions.

The data support the following observations. First, the DUVemission of the source is surprisingly low – about 0.2%
of the in-band EUV emission. This low value is almost certainly a consequence of the collimation. Second, the emission
in the pass-band of the Aluminum �lter is about 7% of the in-band EUV emission; however that power will be reduced to
a negligible amount by a Zirconium SPF. Finally, the broadband EUV emission (pass-band of the Zirconium foil) is about
2.7 times the nominal in-band power. This is consistent withthe known spectral peak at 11 nm. The 11 nm radiation is
passed by the zirconium, but will be strongly cut off by the �rst Si/Mo multilayer mirror.



3.6. Open Loop Power Stability

Many (if not all) practical applications of the source will require multi-pulse exposures. For imaging requirements, expo-
sure times will be measured in seconds; for some resist development applications minutes could be required. (Consider that
a 5 mJ/cm2 resist is equivalent to about 3 108 photons on a 10 x 10 micron ccd pixel area;the requirements for reasonable
image quality are many orders of magnitude less.)

Figure 13

We measure the single-pulse stability of the
source using a Tektronix 5054B oscilloscope to in-
tegrate the diode output over time (to collect the to-
tal energy of the pulse), and to histogram and sta-
tistically analyze the resulting data. We measure at
a standard operating condition delivering 10.4 W�
1% at 13.5 nm., running continuously at 1600 Hz.
The result is a single-pulse variability that captures
both the random high-frequency variability about the
nominal mean, plus any slower variations due to
long-term drifts. The latter variation could be re-
moved by use of closed-loop control but no attempt
has been made to remove this variation from the data
presented here.

Figure 13 shows a screen capture of about two
seconds of operation at the conditions described
above. Using the histogram data from this �gure,
one can calculate the variability of a one-second ex-
posure dose to be somewhat less than 0.1%. The
variability for longer exposures will be less.

4. APPLICATION TO RESIST DEVELOPMENT

The source has proven to be a practical tool for research intoEUVL resist.

4.1. Exposure and Development

Recently we have performed simple resist exposure and development experiments at our facility. For these experiments,
we used a customer-supplied kit of coated wafers and mirror.By mounting the mirror on a rotary feed-through, so that
the beam could be directed either at the wafer or to a standardEUV diode, we were able to make rather direct dose
measurements, without reference to foil transmissions, mirror re�ectivity, or other potential sources of uncertainty. Figure
14 is an engineered version of our improvised experimental setup which includes all the features of the actual experiment.

The beamline was turbopumped to low pressure (< 2 mT) to minimize EUV absorption; we used an Argon purge to
prevent contamination of the mirror by wafer out-gassing.

Figure 15 shows a photograph of a portion of the developed wafer (color scale inverted). Two exposed regions are
shown. The clear area was exposed to a dose of about 60 mJ/cm2. The other exposure, at a level of 10 mJ/cm2, was not
quite enough to clear the resist; the next longer exposure (20 mJ, not shown) completely cleared. One can make out the
shadow of the nickel mesh that supported the 200 nm thick zirconium foil which was used as a visible light block. The
power delivered to the wafer under this condition was about 27 micro-watts/cm2, giving a dose time of about 37 seconds/mJ.
This relatively low dose rate was due to the improvised nature of our exposure setup (which was also responsible for the
oddly shaped exposure region); the wafer was 99 cm from the source. The engineered system (as shown in �gure 14) will
signi�cantly increase the dose rate by reducing this distance. See also the discussion in section 4.2.
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Figure 14: Resist exposure setup.

Figure 15: Two exposures. The grid pattern is due to the Nickel mesh support of the Zirconium spectral �lter.



4.2. Wafer Out-Gassing at Low and High Power

For some purposes, in-band light is not required; one merelyneeds as much �ux as possible in the 10-15 nm range. One
example of such an application is the study of resist out-gassing. Since the chemistry is driven by secondary electrons
produced by the incident photons, one can take advantage of the full EUV bandwidth produced by the source.

In HVM production, the out-gassing of wafers as they are exposed can cause various contamination and vacuum issues.
In full HVM production, with one hundred 300mm wafers/hour exposed, theaverage�ux to the wafer, assuming a 5 mJ
resist, will be about 0.2 mW /cm2. However, the wafer is exposed by sweeping a spot of perhaps 2.5 cm2 across the wafer
area. Within this spot, the �ux will be over 50 mJ/cm2, and the time required locally to expose the resist will be onthe
order of 0.1 second.

The dose rate delivered in our exposure tests was about a factor of 2000 below this level. However, by using burst mode
operation, and by exposing the wafer to a wider spectral bandwidth, this factor can be signi�cantly reduced.

In one study9 of resist out-gassing using this source, continuous low-power exposure versus short intense high power
bursts were compared. By operating in a burst mode (20% duty cycle) using only a Zirconium foil for spectral �ltering (not
a narrow band �lter) power densities of up to 1 mJ /cm2 were achieved at the wafer, for two second pulses (20% duty cycle).
This is about a factor of 35 above the power densities required to expose the wafer in in Figure 15. Comparing out-gassing
behavior during high power burst operation and normal continuous operation showed clear differences in out-gassing rates.
A system optimized for this mode of operation (primarily, engineered to place the wafer as close to the source as possible)
would provide a further increase in available �ux by perhapsa factor of 10. These improvements would allow access to
dose rates about twice those projected for beta operation, and about 20% of those anticipated for HVM production.

5. CONCLUSION

A novel electrodeless Z-pinch source of EUV light has been developed and is commercially available. The Z-pinch is
generated via magnetic inductive coupling to drive closed currents within the plasma, removing the need for electrodes.
The source operates reliably and continuously at a power of 10 Watts (2� 13.5 nm� 1%); higher peak power is available
for one to three second bursts. The pinch diameter is in the range of 400 microns. The utility of the source for imaging and
resist development (exposure and out-gassing measurements) has been demonstrated.
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