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ABSTRACT

Traditional Z-Pinch discharge plasma sources designe&fby applications use electrodes to conduct the high current
pulse into the plasma. The contact of these electrodes dthigh temperature plasma required for EUV production can
cause issues of electrode erosion, electrode spitting aenl melting. These can be sources of contaminating debris fo
any optical system connected to the source. We will presetval approach to the Z-pinch discharge plasma where the
current pulse is induced into the discharge, rather thanlected. The inductive coupling creates magnetic elds Wwhic
position the resulting electrodeless z-pinch plasma away the source walls, thereby allowing relatively strafghward
approaches to source cooling. We will show results from armercially available electrodeless z-pinch EUV source
that delivers 10Watts at 13.5nm {% bandwidth) into 2 steradians, using xenon as the EUV emitting gas. Source size
measurements and the ability to tailor the size to specigligptions will be presented. In particular we will report the
optimization of the source for high brightness, for apgiimas such as EUV metrology, microscopy and defect inspacti

of EUV masks and mask blanks, and the optimization of thecgoiiar power output for applications such as resist exposure
and resist out-gassing studies. In imaging applicatidvesiltumination optics are often able to reject light excipin the
immediate region of the pinch. This characteristic has eqnences for out-of-band light measurements. We will prese
out-of-band measurements of light from a highly collimatéslv of the pinch.
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1. INTRODUCTION

We present here a description of an inductively driven,tebeleless Z-pinch device, optimized for use as a high bnigg
EUV source. Instead of using conductive electrodes to piethie Z-Pinch current, the current is produced by transéorm
action in several converging loops of plasma. In the detditee pinch discharge and the atomic physics of EUV emission
the device behaves essentially as any conventional Z-piHchivever the overall plasma environment is rather differen
than in a conventional pinch and leads to some unique opgretiaracteristics.

The source described here was designed to produce 10 W gonsimt 13.5 nm, 1% bandwidth, into 2 sr., operating
in xenon gas; more power is available in short (1-3 secondtbu The primary applications for a source in this power
range are metrology and resist development. While thesdcagiphs share many similar requirements, they differ in
some respects. Principally, for metrology, the gure of ih&xr usually brightness, while for resist development (@syre
or out-gassing studies) the gure of merit tends to be the dedivered 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 generaladtaristics 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 previoushpitesigns, is that the plasma appears as closed loops
supported by induced currents, rather than as a currennethanpported by electron emission from electrodes.

There are many examples of inductively driven plasma deyi@nging in size from a few hundred watts to many tens
of megawatts for large fusion experimentsThese devices share some common characteristics. One cofeatare is
that the peak induced voltages and electric elds tend torballscompared to other methods of plasma generation. In a
large tokamak with high electron temperature (hence vegh plasma conductivity) the electric elds required to driv
millions of amperes of plasma current are fractions of apettmeter. In small industrial plasma devices (with muchemor
resistive plasmas) the elds may be on the order of a few vadiscm. 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 usiggire 2: An early prototype (six plasma loops) operatingigon
three plasma loops. gas.

2.1. Properties of Inductively Driven Plasmas

The voltage which sustains an inductively driven plasmavdsrfrom the rate of change of magnetic ux linked by the
plasma current loops. Typically, the vacuum vessels orratmactures surrounding the plasma are electrically cotide;
therefore some combination of insulating breaks are uguatjuired, to allow the magnetic eld to penetrate into the
plasma. (In some tokamaksthe voltage requirements are so low that diffusion of magnetd through the 1cm thick
continuous stainless steel vacuum vessel is completelyienif to drive the plasma.)

Another common element of inductively driven devices ist tiieere is great freedom in how these breaks can be
arranged. This is in contrast to devices where the plasnramuierminates on electrodes; high electric elds are negly
leading to high voltages, small electrode spacings, anchasenuch less freedom in arrangement of dielectrics.

Since an arc between electrodes must be sustained by thecneimission of electrons from the cathode, high tem-
peratures are required. The presence of high temperatacuctve electrodes biased to many kV relative to the plasma
leads inevitably to erosion of the electrodes due to botltepng and evaporation, with resulting deposition of &lede
material within the device. Since the nearest structurdéise@lectrodes are usually the insulating dielectricspdijon of
conductive electrode materials on these structures (igaditracking and arcing) is a pervasive problem.

2.2. The Inductive Z-Pinch

In the inductively driven Z-pinch, these issues simply ganiFigure 1 shows the main features of the source. The basic
structure consists of two roughly circular conductive ptatseparated by a thin annular insulator. The plates aredoi
mechanically and electrically in the center by a hollow aaetie cylinder which forms the bore of the device. In opienat

the primary current ows radially inward on one plate, ajahlong 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 eldklvei con ned to the interior region between the plates, and
therefore the primary currents must ow on the interior (fag) surfaces.

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

One should note the following features. The bore region iglaative electrically — a fundamental requirement, since
it must conduct current between the two plates — so there issue of maintaining large potential differences acrosallsm
distances in the presence of a hot plasma. Since the bornregessentially homogeneous conductive metal, cooling



issues are simpli ed relative to a conventional pinch.

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

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

2.3. Temporal Evolution of the Pinch

In operation, the electrodeless device behaves as a ciamwahpinch. Figure 5 shows the time evolution of various
quantities during a single pulse, for four different coratis of peak current and neutral xenon pressure.
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Figure 5: A snowplow calculation based on measured curgims a pinch time consistent with the measured EUV pulse
time.

Each plot shows the pinch current (black trace, “+” symbals)l the EUV output (red trace, diamonds). The EUV
output is measured on an unbiased diode, through a 200 migroonium foil and re ecting from a 45 degree3.5%



bandwidth mirror. (The amplitude scale is arbitrary.) Therent shows a characteristic uctuation at the beginnifig o
EUV output, due to the rapid change of plasma inductanceeapitith radius approaches zero, then expands. The blue
trace (“x” symbols) is a smooth polynomial t to the currerBy integrating the usual snowplow equatiérisone can
estimate the plasma radius as a function of time; the greee ffcircles) shows the calculated plasma radius baseceon th
tted current pro le. One sees fairly good agreement betwéee time EUV emission begins, and the time the snowplow
calculation predicts the pinch should occur. This agredrsestrong evidence that the detailed MHD behavior of the
electrodeless pinch does not differ signi cantly from tio&t conventional pinch.

3. OUTPUT CHARACTERISTICS OF THE EQ-10M
3.1. Power

The EUV in-band power produced by the EQ-10M has been medsurseveral ways. Our primary diagnostics are a

3.5% 45 mirror and Ga-As diode (calibrated at the Berkeley ALS, wathappropriate corrections for bandwidth and
polarization), and a 1% diagnostic based on a custom 8hirror.* Finally, a power audit was recently performed on
the EQ-10M at the Albany Nanotechnology CerteThese measurements were done using the Phystex power nfonito
All of these measurements are in substantial agreemertiwit5% or so). The power data quoted here is based on the
45 mirror, Ga-As diode based diagnostic, corrected fag6 bandwidth.

3.2. Size

Our data on plasma size is based on an x-ray pinhole camepdecbto a 1024 x 1024 pixel back-thinned CCD, with a
45  3.5% multilayer mirror to provide an inband image. The miisodeposited on a super-polished quartz substrate. The
design of pinhole cameras for x-ray wavelengths, and thetifative analysis of the resulting data, are not straigfward

if the goal is to precisely estimate plasma siZe. The best one can claim is that the estimated object size lmastte
nominal magni cation and the size of the image, is an uppemigbon the actual object size. Figure 6 is a typical x-ray
image. The size is determined by a 1-D Gaussian t to the imagmsity; gure 7 shows the analysis of the image.

Watts/mm*~2/Steradian Brightness/watt vs radius at source

24.338701 diodepwr
157.69819 campwr
04155901 fwhmq
18.110428 amp
02199387 ewid
3.2457762 back
00093723 xpos
-0.0043176 ypos
0.3662220 fiwhmx
325 voits

Filename 090205_25.asc
fwhmg 0.4155901mm
hp= 28.555999

9670 depwr
25 scem

350 pres

1.466 jpp
0.381875 diama.
145334 area

T T T T T T [ T T T [ T T T T T mm

Figure 6: An x-ray pinhole image. 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-stare] is usually of more signi cance than power (watts into 2
steradians). Because the source power and size scaleediffewith plasma parameters, power and brightness optimiz
at different conditions, allowing exibility in applicatins — one can trade off plasma size and power. Figure 8 sh@ws th
power (referenced to 2 dependence on source neutral pressure, for various pafise. rThis data is taken in a “burst”
mode at 20% duty cycle, which allows much higher power duthrgburst compared to the nominal 10 W continuous
mode rating. This is to be compared with gure 9, where thayhimess is plotted for a similar pressure range. (The
brightness is de ned for this purpose in terms of the gower and the full width at half maximum, de ned as shown in
gure 7). One sees that by choice of pulse rate and operatiagsprre, power and brightness can be varied over a large
range.
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3.4. EUV Spectral Output

Figure 10 shows a spectrum of the source in the
EUV range. The instrument used was a com-
pact grazing incidence spectrometeiThis 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
Xenort®" 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
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is always a cloud of cooler plasma around the pinch regiondbald be a source of contaminating radiation. However
in many imaging applications, out-of-band light origimgfioutside the immediate pinch region will be rejected by the
instrument optics. Therefore it is of interest to estimdte tlegree of contamination of the EUV output by DUV from

very near the pinch region. This measurement was made wittublé pinhole collimator arrangement. Figure 11 shows
the experimental setup. The key ingredients are an arraploés, each carrying a Iter or 400 micron pinhole, and an
XYZ stage and bellows, carrying an additional pinhole, aos@cZirconium Iter, and an EUV diode. The collimation was

designed to limit the eld of view to about 1 mm diameter at Hoairce.

The source was operated at a known condition, and the pislaee aligned to the source by inserting one Zirconium
Iter and doing a ne grid search, using the XYZ stage, for theaximum diode signal. Figure 12 shows the intensity

pro le near the maximum signal.

Once alignment was established, various combinationseofltitrs were inserted to sort out the wavelength regions.

Table 1 shows the analyzed results.



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

| 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
Figure 12: The beam footprint in EUV light is consistent with
the 400 micron pinhole diameters. Table 1: Out-Of-Band Power Fractions.

The data support the following observations. First, the Défvission of the source is surprisingly low — about 0.2%
of the in-band EUV emission. This low value is almost celtamconsequence of the collimation. Second, the emission
in the pass-band of the Aluminum Iter is about 7% of the imd&EUV emission; however that power will be reduced to
a negligible amount by a Zirconium SPF. Finally, the broadbBUV emission (pass-band of the Zirconium foil) is about
2.7 times the nominal in-band power. This is consistent Withknown spectral peak at 11 nm. The 11 nm radiation is
passed by the zirconium, but will be strongly cut off by thet 6i/Mo multilayer mirror.



3.6. Open Loop Power Stability

Many (if not all) practical applications of the source wilquire multi-pulse exposures. For imaging requiremenisoe
sure times will be measured in seconds; for some resistdewednt applications minutes could be required. (Conslar t
a 5 mJ/cr resist is equivalent to about 3 &Photons on a 10 x 10 micron ccd pixel area;the requirementeésonable
image quality are many orders of magnitude less.)

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- Figure 13
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 researctEbi@L resist.

4.1. Exposure and Development

Recently we have performed simple resist exposure and @@velnt experiments at our facility. For these experiments,
we used a customer-supplied kit of coated wafers and miBgrmounting the mirror on a rotary feed-through, so that
the beam could be directed either at the wafer or to a standeid diode, we were able to make rather direct dose
measurements, without reference to foil transmissiongomie ectivity, or other potential sources of uncertainfFigure

14 is an engineered version of our improvised experimeetalswhich includes all the features of the actual experimen

The beamline was turbopumped to low presssre2(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 develope@m@blor scale inverted). Two exposed regions are
shown. The clear area was exposed to a dose of about 60 fJldra other exposure, at a level of 10 mJf¢was not
quite enough to clear the resist; the next longer exposuraen2 not shown) completely cleared. One can make out the
shadow of the nickel mesh that supported the 200 nm thiclomiten foil which was used as a visible light block. The
power delivered to the wafer under this condition was ab@uhro-watts/cr, giving a dose time of about 37 seconds/mJ.
This relatively low dose rate was due to the improvised reatifrour exposure setup (which was also responsible for the
oddly shaped exposure region); the wafer was 99 cm from theeso The engineered system (as shown in gure 14) will
signi cantly increase the dose rate by reducing this distarSee 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 Nickesh 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 meregds as much ux as possible in the 10-15 nm range. One
example of such an application is the study of resist ousiggs Since the chemistry is driven by secondary electrons
produced by the incident photons, one can take advantage &t EUV bandwidth produced by the source.

In HVM production, the out-gassing of wafers as they are sgplaccan cause various contamination and vacuum issues.
In full HVM production, with one hundred 300mm wafers/houpesed, theaverage ux to the wafer, assuming a 5 mJ
resist, will be about 0.2 mW /cfn However, the wafer is exposed by sweeping a spot of perh&p2 across the wafer
area. Within this spot, the ux will be over 50 mJ/émand the time required locally to expose the resist will bethan
order of 0.1 second.

The dose rate delivered in our exposure tests was abouta t£@000 below this level. However, by using burst mode
operation, and by exposing the wafer to a wider spectral Wwati, this factor can be signi cantly reduced.

In one study of resist out-gassing using this source, continuous lowgsexposure versus short intense high power
bursts were compared. By operating in a burst mode (20% duate)cusing only a Zirconium foil for spectral Itering (not
anarrow band Iter) power densities of up to 1 mJ fcmere achieved at the wafer, for two second pulses (20% dutgky
This is about a factor of 35 above the power densities requoexpose the wafer in in Figure 15. Comparing out-gassing
behavior during high power burst operation and normal ewttiis operation showed clear differences in out-gassteg.ra
A system optimized for this mode of operation (primarilygereered to place the wafer as close to the source as pgssible
would provide a further increase in available ux by perhapfactor of 10. These improvements would allow access to
dose rates about twice those projected for beta operatimhabout 20% of those anticipated for HYM production.

5. CONCLUSION

A novel electrodeless Z-pinch source of EUV light has beereltped and is commercially available. The Z-pinch is
generated via magnetic inductive coupling to drive closadlents within the plasma, removing the need for electrodes
The source operates reliably and continuously at a powe0 &vatts (2 13.5 nm 1%); higher peak power is available
for one to three second bursts. The pinch diameter is in thgeraf 400 microns. The utility of the source for imaging and
resist development (exposure and out-gassing measureniestbeen demonstrated.
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