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At-wavelength characterization of the EUV Engineering Test Stand Set-2 optic
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At-wavelengh interferometrc characterization of a newx<4edudion lithographic-
qudity extrene dtraviolet (EUV) optical syste is describd. This state-of-the-arprojedion
optic was fabgated for instidation in the BJV lithograply Engineerig Teg Stand ETS) and is
referred to as the ETS Se® optic EUV chatacterization of th Set2 optic s peformed usirg the
EUV phase-shiing point diffraction interferomete(PS/PD) instdled on an undulatorbeanline
a Lawrerce Berkelg Nationd Laboratorys Advancd Light Source. Ths is the same
interferomete previously usel for the at-wavelendt characterizizon and ignment d the ETS

Set-1 optic.

In addition b the PS/PDI-baskefull-field waveront chaacterization, w al® present
wavefront measurement peformed with laterd shearig inteaferometry the chromatic
dependece d the wavdront aror, and the system-level pupil-depgent spectrabandpas
characterigscs d the optic the latte two propeties ae only measural# usirg at-wavelength

interferometry.
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Introduction

The recent interest in extreme ultraviolet (EUV) lithography [1] has led to the devel opment
of avariety of novel metrologies. Because EUV optical systems utilize resonant-stack, reflective
multilayer-coated optics [2], performing metrology at the operational wavelength is essentia to
the development process [3]. This has led to numerous advancements in the field of EUV
interferometry [4-10]. With a demonstrated reference-wavefront accuracy of better than
Aeuv/350 (0.04 nm at Agyy = 13.4 nm) [10], the PS/PDI [6,7] is, to the best of our knowledge, the
highest accuracy EUV interferometer available.

Operating at the Advanced Light Source (ALS) synchrotron radiation facility at Lawrence
Berkeley Nationa Laboratory (LBNL), the PS/PDI has been in use for several years in the
measurement and alignment of numerous smal-field EUV 10x-reduction Schwarzschild
objectives [11]. Independent verification of the accuracy of the PS/PDI and its utility in
predicting and optimizing imaging performance has come from ongoing lithographic exposure
experiments conducted at Sandia National Laboratories[12].

More recently, a new interferometry endstation was constructed [8] specifically for at-
wavelength testing of projection optics designed for the EUV-Lithography Engineering Test
Stand (ETS) [13]. This interferometer was used last year to characterize and align [8] the first of
two projection optical systems [14] (the ETS Set-1 optic) which is currently installed in the
operational ETS. Since that time, a second projection optic of higher quality (the ETS Set-2
optic) has been fabricated and assembled. The projection optics are four-mirror, aspheric ring-
field systems, designed to operate at approximately 13.4-nm wavelength with a numerical

aperture (NA) of 0.1 and 4x demagnification.



Here we describe the characterization of the ETS Set-2 optic using at-wavelength
interferometry. Installed on an undulator beamline, the PS/PDI (Fig. 1) is a versatile metrology
tool, which can be configured to perform a variety of system-level interferometric and non-
interferometric measurements. The interferometer is readily configurable as a lateral shearing
interferometer [9] providing a significant increase in aberration magnitude measurement range,
which is useful for initial system alignment. We present the use of the PS/PDI for the full-field
wavefront characterization of the ETS Set-2 optic. In addition to field-dependent wavefront
measurements, we also present the chromatic dependence of the wavefront error, and the system-
level pupil-dependent spectral-bandpass characteristics of the optic, properties that are only
measurabl e at-wavelength.

PS/PDI Configuration

The PS/PDI was constructed to evaluate the system wavefront at arbitrary positions across
the field of view. In the object plane, the ring field is arc-shaped, spanning 104-mm by 6 mm
wide, and subtending 29-degrees. Measurements of the field-dependent optical performance,
across the large ring-field, provide feedback for the alignment of the individual mirror elements,
enabling optimal imaging quality to be achieved.

The PS/PDI design (Fig. 1) has only a few critica optical components. All of the
components exist in a vacuum environment with a base pressure of 10”7 Torr; a partial pressure
of 10™ Torr of oxygen gas is introduced as a pre-emptive contamination mitigation measure.
Great care is taken to follow clean, UHV practices, and to ensure that only UHV compatible
materials are introduced into the vacuum chamber. Once the interferometer component
alignments were complete, an insulated thermal enclosure was constructed to contain the

interferometer endstation and maintain temperature stability of 0.01 C over 8 hours.



Within the vacuum chamber, a synchrotron beam from an undulator source is focused onto
the object (reticle) plane of the test optic from above; the illumination angle and position
matches the design conditions. A Kirkpatrick-Baez glancing-incidence optical system focuses
the beamline radiation into a fixed spot nominally 5-um wide.

In the object (reticle) plane, diffraction from a small pinhole (the object pinhole) produces
spatially coherent, spherical-wave illumination of the test optic, filling the pupil of the optical
system with a divergence angle significantly larger than the input numerical aperture (NA) of the
system. This guarantees the spherical accuracy of the probe (test) beam. A grating beamsplitter
placed between the object pinhole and the test optic creates a series of overlapping coherent
beams that are focused to laterally displaced positions in the image (wafer) plane. The image-
plane beam separation is designed to be 5 um. By propagating through the optical system, each
of these overlapping beams acquires the characteristic aberrations of the test optic. In the image-
plane a patterned opague and transparent (open stencil) mask selects two adjacent beams with all
other beams being blocked. One of the two beams, the test beam, passes through a relatively
large window in the mask, thereby preserving the aberrations imparted by the optical system.
The second unblocked beam is focused onto a pinhole (the reference pinhole) smaller than the
diffraction-limited resolution of the test optic, thereby producing an ideally spherical reference
beam. The two beams propagate to the CCD where they overlap creating an interference pattern
that records the deviation of the test beam from an ideal sphere.

To enable characterization of the test optic across the large field of view, the extended field
is divided into 45 discrete field points, prescribed by the alignment method. The object and
image-plane masks are comprised arrays of pinholes and alignment features arranged to coincide

with each field point position. The entire interferometer, including the test optic and the pinhole



arrays is moved unde the stationay undulator leam dlowing the field poins © be measured
sequentially.

The pnhole arrag ae fabricated vth electron beam lithograpi and reactive ion etchirg at
LBNL’ s Nanowiter fadlity [15]. The mask ae made up of a 200-nm-tkicickd absorbing
layer evgporatel onto 100-nm-thick low-stes silion-nitride (SgN4) membranesThe mask
features & etched completglthroudh the membrane prioto the Ni evaporation. Thus the
pinholes and windows ae complete) open in the finished masks, which mexzes their
trangnisson and signitantly mitigates cntanination problems.

M easurement Results

Prior o EUV chaiacterization aLBNL, the ETS Sef optic was assemlae chaacterized,
and digned using visible-ligh interferomety a Lawren@ Livermoe Nation& Laboratory[16].
The alignmeth was peformed usirg an alignment algorithm develogefor boh EUV and
visibledight interfferomety [17]. The system ws then brough to LBNL for at-wavelength
characterizéion and re-alignment if were deemegkcessary.

Wavefront measurements

At LBNL, three complet ses d interferometrt measuremestwee paformed ove a five-
week time pend. Two initial measuremestwee performed using tke shearig configuraion
[9] as the system temperatiwas rduced fran the ALS ambientemperatue d 24.5 C b the
designé operaing temperature21.0 C. Al three measurementwhee performe a the optic
centrod wavelength of 13.56m.

The two shearig measuremestwee performed ©22.6 C ad 20.9 C, respectively.
Althoudh not describé hee in detd, some minorwavedront temperatue dependere (~A/100

rms) was observd. Following stalilization of the interferomete endstdon temperature, the



system was configure for PS/PDI measurements and the entire field was again characterized. As
described below, good agreement was found between the shearing and PS/PDI measurements.

Good qualitative agreement was also found between the visible-light measurements and
EUV measurements and a more rigorous quantitative comparison is underway. The EUV
measurements revealed that the system alignment had not changed appreciably during transport,
temperature adjustment, and during the five weeks between the visible-light and EUV
measurements. Due to the fact that qualitative agreement was found, no subsequent alignment
was performed based on the EUV measurements.

Figure 2 shows wavefront-characterization results determined from the fina PS/PDI
measurement. Because full phase-shifting analysis has not yet been done, these results should be
considered as preliminary and small changes in the fina rms numbers should be expected.
Figure 2 shows the individual wavefronts measured at each of the 45 different field points as
well as a contour map of the rms error across the field. The rms wavefront errors listed below
each wavefront are in nm and are based on a 37-term Zernike Polynomial fit to the wavefront
[18] with the measurement-dependent piston, tilt, and focus terms removed. The depicted
wavefronts include higher spatial frequency content than is contained within the 37-term Zernike
polynomia reconstructions. At the best field point, a significant improvement in wavefront
quality (afactor of approximately 1.75) has been found relative to the Set-1 optic [8].

Figure 3 shows the comparison between the final shearing measurement and the final
PS/PDI measurement. The contour maps are based on the rms error over a NA of 0.0915 as
limited by the measurement NA of the shearing implementation that was used [9]. The shearing

measurement was performed using 2-um pitch gratings placed approximately 300 pm from

focus. For the comparison, the PS/PDI data was re-anayzed over the same 30x30 pixel grid size



as usel for the shearingThe coarser gd for shearig arises from the shear angl magitude
which is 145-th of the -NA angle Between tle shearig and PS/PD] the averag agreement
acress tre field, as detemined by the rms magitude d the differencewavdront, was found to
be 0.25t0.06)nm (A/53) with the besagreement be0.12nm (A/111).

Chromatic aberrations

One d the unique capalities d the BJV interferomete is its alility to measug chromatic
dependece d the wavdront nea the designed opetiag wavelengt [19]. In these
measurementa singd field point isinterferometricaly probed as the illumination wavelength is
tunead throudn a range exceedirthe optic ful-width-half-max spectralpassbad. Figue 4 shows
the wavefront chang as a dindion of wavelendt reldive o thewavefront measutea 13.35
nm wavelength. Tisi measuremenwas peformed a the central field point wher the rms
wavefront eror is gproxmately 0.6 nm. With a diferencewavdront precison measured at
approxmately 0.006nm (basd on regated measuremenpeformed & a singeé wavelength),
the resits in Fig. 4 indicag¢ the optica be essdrally free ¢ chromaic aberrations.

Spectral bandpass

In addition to pdorming wavdront measurementthe PS/PDis also w# suited to the
characterizion of system-levlespectralbandpas measurements. Moreoybecaus the optical
systen pupil is dfectively projected or the CCD the spectral chacterigics can ke detemined
as a indion of pupil po#tion. In this case tb gratig beamsptter is renoved from the system
and pupil transmissin image ae recorded on the CC éhe wavelendt is variel. Each CCD
pixel is then treated a an independent deteetdrom which the spectral regene for the

correpondirg point in the pupil can bednd.



Figure 5 shows the centroid wavelength change as a function of pupil position as measured
a the centra field point. The pupil map has been binned down to a 40-pixel grid. The average
centroid wavelength is 13.35 nm with a peak-to-valley linear variation of (0.015+0.002) nm
across the pupil. The variation, which is oriented along the direction of large angles of incidence,
is consistent with that expected from the optical design and the known coating parameters, which
were measured after the coating of each individua mirror. Modeling results show an expected
linear change of approximately 0.017 nm across the pupil.

Conclusion

At-wavelength characterization of the ETS Set-2 optic has been completed and significant
improvement of the Set-1 optic [8] was found. This characterization included both shearing and
PS/PDI measurements across the field, chromatic aberration measurements, and pupil-position-
dependent spectral passband measurements. The spectral and chromatic measurements, which
can only be performed at wavelength, demonstrated the extremely high quality of the EUV
coatings. Having completed the at-wavelength characterization, the PS/PDI is how undergoing
modifications that will alow it to be used to perform static printing experiments across the field
[20]. These capabilities will alow the earliest possible imaging demonstration with the Set-2
optic beforeit isinstaled into the ETS for full-field scanned imaging.
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List of Figures

Fig. 1. Schemé#c of the BJV PS/PD instdled & an undulatorbeamlire at Lawrene
Berkeley Nationd Laboratorys Advarted Light $urce synchrotvn radigion facility. A Kirkpatrick-
Baez glancing-incidence optical system fosube beamlire radiation into a nominally-5m ot in
the tes optic object planePinhok difraction is usé to produce bbtthe pobe and reference waves
and a tranmissbn grding is use & the beamspitter.

Fig 2 Wavdronts measured taeach of tke 45 diferert field poins and contour ma of the
rms eror acrcss tte field. Therms wavdront arors listel below eaclwavdront ae in nm and are
basel on a 37-ten Zernike Polynomid fit to the wavdront with the measurement-dependent piston,
tilt, and focus terms reoved. The depictedvavdronts incude higher spal frequeny content than
is ontainegl within the 37-tem Zernike polynomi& reconstruttons Each wavdront image is
individually scalel.

Fig. 3. Comparien betveen the final skarig measuremenand the final PS/PDI
measuremen(both atwavelenth. The contour mapae based on thems eror ove a numeal
apertue (NA) of 0.0915 a limited by the measuremeémA of the shearig implementation used. For
the comparien, the PS/PDdata was re-analyzkove the sane grid siz and NA a usd for the
shearing The averag agreemeracrcss tte field is (0.25:0.06)nm.

Fig. 4. Wavdront variation & a findion of wavelendt reldive © thewavedront measured at
a wavelendt of 13.35nm. This measuremenwas peaformed & the central field point wherthe
wavdront aror is goproximately 0.6 nm rms.

Fig. 5. Centrod wavelength chamgas audndion of pupil pogion as measured tahe central

field point. The averageentrod wavelengths 13.35nm with a peak-to-valle linea varigion of
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(0.015+0.002) nm across the pupil. Modding results show an expected linear change of

approximately 0.017 nm across the pupil.
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Fig. 1. Schem#c of the BJV PS/PD instdled a& an undulatorbeanline at
Lawrerce Berkelg Nationd Laboratorys Advarted Light $urce synchroton
radidtion fadlity . A Kirkpatrick-Bae glancng-incidene optical system focusehe
beamlire radiation into a nominally-5m ot in the tesoptic obgct planePinhole
diffraction is usel to prodwee boh the probe and referem waves iad a transiission
graing is usel as the beamsplitter.
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Fig 2 Wavefronts measured at each of the 45 different field points and contour map of the
rms error across the field. The rms wavefront errors listed below each wavefront are in nm
and are based on a 37-term Zernike polynomial fit to the wavefront with the measurement-
dependent piston, tilt, and focus terms removed. The depicted wavefronts include higher
gpatia frequency content than is contained within the 37-term Zernike polynomial
reconstructions. Each wavefront image isindividually scaled.
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Fig. 3. Comparison between the final shearing measurement and the final PS/PDI
measurement (both at-wavelenth). The contour maps are based on the rms error over a
numerical aperture (NA) of 0.0915 as limited by the measurement NA of the shearing
implementation used. For the comparison, the PS/PDI data was re-analyzed over the same
grid size and NA as used for the shearing. The average agreement acrossthefield is
(0.25£0.06) nm.
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Fig. 4. Wavefront variation, as afunction of wavelength, relative to the wavefront
measured at a wavelength of 13.35 nm. This measurement was performed at the central
field point where the wavefront error is approximately 0.6 nm rms.
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Fig. 5. Centroid wavelength change as a function of pupil position as measured at the
central field point. The average centroid wavelength is 13.35 nm with a peak-to-valley
linear variation of (0.015+0.002) nm across the pupil. Modeling results show an expected
linear change of approximately 0.017 nm across the pupil.



