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An at-wavelength interferometer is being created for the measurement and alignment of the 0.3
numerical aperture Micro Exposure Tool~MET! projection optic at extreme ultraviolet~EUV!
wavelengths. The prototype MET system promises to provide early learning from EUV lithographic
imaging down to 20 nm feature size. The threefold increase to 0.3 NA in the image-side numerical
aperture presents several challenges for the extension of ultrahigh-accuracy interferometry,
including pinhole fabrication and the calibration and removal of systematic error sources. ©2003
American Vacuum Society.
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I. INTRODUCTION

Extreme ultraviolet~EUV! projection optical systems op
erating near the 13 nm wavelength require subnanom
system wavefront performance to achieve diffraction-limit
imaging.1 At this time, interferometry with sufficiently high
accuracy for EUV optical testing and alignment is not wide
available. Furthermore, as the numerical aperture~NA! of the
prototype EUV optics is extended from 0.1 in the previo
generation to 0.3 in the latest, the challenge of high accur
increases by several-fold.

High-accuracy interferometry is a cornerstone requ
ment for the success of EUV optical systems. Interferome
absolute accuracies in the 50 pm range are a requiremen
the measurement of production-quality EUV elements a
assembled systems.1 State-of-the-art visible-light testing i
used in the fabrication of the individual mirror elements2,3

and has been used in the alignment of numerous assem
EUV optical systems.4,5,6

Visible-light interferometry continues to benefit by clos
ongoing comparisons with EUV interferometric measu
ments performed on the same optical systems. A syst
level comparison performed at more than 40 points acr
the field of view of the Engineering Test Stand~ETS! Set-2
optic, revealed a level of agreement of 0.3560.11 nm be-
tween EUV and visible light interferometries.7 The discrep-
ancy was concentrated in the lowest spatial frequency a
rations~astigmatism in particular! which are most importan
for system alignment. Several systematic measurement e
sources have been identified via comparison, and were
dressed in subsequent visible-light measurements.

Measurements performed at the operational EUV wa
lengths,at-wavelength, remove potential uncertainties abo
the response of the resonant-reflective multilayer coatin
and have provided accurate predictions of imag
performance.8 Relative to visible-light interferometry, the
considerably shorter EUV wavelength reduces the len
scale of reference and simplifies many aspects of interf
metric measurement. EUV interferometry has been use
1 J. Vac. Sci. Technol. B 21 „6…, Nov ÕDec 2003 1071-1023Õ2
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the diagnosis and remediation of several types of fabrica
and system-alignment errors, in the assessment of chrom
effects9 and flare,10 and most importantly, in the optimizatio
of imaging performance.

EUV interferometry performed with the phase-shiftin
point diffraction interferometer~PS/PDI! ~Refs. 11 and 12!
has demonstrated accuracy levels of 40–70 pm during
testing of previous generations of prototype EUV optical s
tems, typically of 0.08–0.10 NA, developed for EUV lithog
raphy research.13 Prior to measurements with the PS/PDI, t
optics are measured with lateral shearing interferome
~LSI! which is performed with a cross-grating transmissi
beamsplitter placed near the image-plane.14 As reported pre-
viously, for the initial measurement of a nominally pr
aligned test optic, the LSI has several advantages over
PS/PDI. These include ease of alignment, high efficien
and the potential to measure aberrations of larger ma
tudes. Switching between the PS/PDI and the LSI requ
only a change of the image-plane mask. To accommod
image-plane mask changes, the experimental chambe
equipped with a manual transfer port. This same port a
supports the vacuum load-lock wafer transfer system u
when the system is operated in its printing configuration.

In pursuit of early learning with EUV prototype projec
tion imaging systems having sub-30 nm resolution, a n
generation of 0.3 NA micro exposure tools~MET! is being
created.15 The MET optics have an annular pupil; the desi
has a convex primary mirror and a larger, concave second
mirror ~see Fig. 1!. One such system is being developed
an undulator beamline at Lawrence Berkeley National La
ratory’s ~LBNL ! Advanced Light Source~ALS!. Prior to
static microfield imaging experiments, the projection op
will undergo an array of at-wavelength tests including EU
interferometry using point-diffraction and lateral sheari
techniques.

There are several areas where the extension of interfer
etry to 0.3 NA poses significant challenges. Perhaps the f
most challenge is the fabrication and use of appropria
1003Õ21„6…Õ1Õ5Õ$19.00 ©2003 American Vacuum Society
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2 Goldberg et al. : Preparations for EUV interferometry 2
sized pinhole spatial filters, which are responsible for p
ducing the nearly perfect spherical reference waves in
object ~mask! and image~wafer! planes. The testing geom
etry also necessitates appropriate calibration of the inter
ometer to remove systematic aberrations.

The mirror substrates of the 2-mirror, 53, MET optic that
will be measured at Berkeley were fabricated by Carl Ze
Molybdenum–silicon multilayer coatings were applied
Lawrence Livermore National Laboratory~LLNL ! in close
collaboration with at-wavelength reflectometry performed
LBNL. A lensless, visible-light, phase-shifting diffraction in
terferometer~PSDI! at LLNL ~Ref. 16! was used to align and
optimize the wavefront quality of the MET. A visible-ligh
system wavefront measurement is shown in Fig. 3 below.
the reduced annular range between 10 and 26 mm diam
~the full pupil spans 8.4–27 mm!, a fit to the first 37 annular

FIG. 1. MET optical system resting on a stand. Photo courtesy of J
Taylor, LLNL.
J. Vac. Sci. Technol. B, Vol. 21, No. 6, Nov ÕDec 2003
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Zernike polynomials yields a rms wavefront aberration ma
nitude of 0.56 nm (lEUV/24).

II. INTERFEROMETER DESIGN

At EUV wavelengths where well-characterized referen
optics are not available and short-coherence lengths are
rule, common-path interferometers have proven succes
Diffraction from subresolution pinhole apertures in opaq
free-standing absorber membranes is used to produce n
perfect spherical reference waves covering the measurem
solid angles. The elimination of reimaging optics to comb
diffraction, and complex numerical propagation calculatio
in the data analysis is made possible by the relatively sh
EUV wavelengths, thus removing two potential measu
ment error sources.

The details of the new interferometer design, describ
previously,17 follow the design of previously reporte
PS/PDIs,18,19 with components scaled or modified to accom
modate the higher NA and resolution of the MET optic
system. The interferometer is designed to perform wavefr
measurements at multiple points across the 2003600mm
image-side field of view, including the longitudinal directio
Light enters the MET vertically from above: the illuminatin
beam is aligned to coincide with the optic axis. Figure 2 i
mechanical drawing showing how the MET is support
within the vacuum chamber.

The interferometer operates on an undulator beamline
timized for high coherent flux near the 13 nm waveleng
this beamline has been used for all previous interferome
of reflective EUV optical systems performed by the Cen
for X-Ray Optics.20,21 An adjustable Kirkpatrick–Baez
~K–B! mirror pair focuses the synchrotron beam into t
object plane of the test optic with a numerical aperture
approximately 0.006 NA.22

High-resolution object- and image-plane stages supp
pinhole arrays and provide five degrees of freedom~x, y, z,
ux , anduy). These stages are mounted to a common sup
structure that moves with the test optic as a single unit o
vibration isolated planar bearing stage. The optic and

n

l
-
d

n

FIG. 2. Mechanical drawing of the in-
terior components of the experimenta
test chamber configured for MET mea
surement. At right is an expande
view of the MET as it is held in an
annular support ring. Object and
image-plane components are show
schematically.
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3 Goldberg et al. : Preparations for EUV interferometry 3
conjugate-plane stages move beneath the stationary illu
nating beam.

A meaningful comparison of EUV and visible-light sy
tem wavefront measurements requires accurate knowledg
the conjugate point positions with respect to the optical ho
ing of the MET. To achieve a relative wavefront accuracy
50 pm or below, the field position tolerance is 125mm lat-
erally and 8mm longitudinally. A kinematically positioned
metrology towersupporting several capacitance micromet
and two in-vacuum CCD cameras~Ref. 23! below the object
plane, is used to transfer the measured conjugate point p
tions from the visible-light interferometer to the EUV inte
ferometer.

A retractable multipurpose stage below the object pla
holds a coarse~66 mm pitch! transmission diffraction grating
beam splitter for the PS/PDI and a photodiode to help a
the illuminating beam through pinholes in the object pla
This stage enables fine grating motion~for phase-shifting! in
addition to grating rotation and longitudinal translation~to
control the image-plane beam-separation direction and m
nitude!. A photodiode also mounted on this stage helps
align the illuminating beam through pinholes in the obje
plane pinhole array.

Below the MET, a back-thinned, back-illuminated EU
CCD camera with one-square-inch area faces upward.
CCD camera has 102431024 square pixels and is therm
electrically cooled to approximately235 °C. The camera is
stationary; in order to capture the full pupil and accomm
date the translation of the test optic, the detector plane of
CCD is positioned one inch below the image plane.

The experimental chamber, originally designed for t
measurement of the larger, ETS projection optics, mainta
a vacuum environment at base pressures in the rang
1027 Torr. Although the chamber cannot be baked, strict
herence to UHV practices is observed and only compat
materials are used in the fabrication. Situated at the be
line, a thermally insulated, temperature controlled enclos
surrounds the system.

A. Pinhole masks

Open stencil pinhole masks comprised of a free-stand
Ni absorber membrane are used in both the object-
image-planes of the interferometer. The pinhole masks u

FIG. 3. Visible-light wavefront measurement of the MET, courtesy of D
Phillion, LLNL. The full annular pupil size is indicated by the dashed line
A single arm supports a central stop and obstructs a portion of the ann
JVST B - Microelectronics and Nanometer Structures
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in the PS/PDI are fabricated with electron-beam lithograp
using LBNL’s Nanowriterelectron-beam lithography tool.24

The PS/PDI and LSI share an object-plane mask whose
sign facilitates measurement at nine field points arranged
333 grid spanning 133 mm on a single membrane. Th
pinhole sizes appropriate for the 0.06 input NA of the ME
are between 100 and 200 nm diameter. The focal spot of
beamline’s K–B mirror pair is approximately 10320mm
FWHM, significantly larger than the object-plane pinhole
To block the unwanted light, the Ni absorber membrane
given a 250 nm thickness. A pinhole-to-pinhole separation
80 mm ensures that only one mask pinhole will be illum
nated at a time. At each of the nine field points is a simi
array pinholes with a variety of sizes so that the optimal s
can be selected experimentally. At several locations, pair
pinholes oriented in various directions serve as unambigu
alignment marks for identifying the beam’s position with
the array.

For LSI measurements,14 a 25%-open square-grid gratin
made from a Ni absorber on a silicon–nitride membrane
used as the beamsplitter. The grating is positioned longitu
nally so the image-plane will lie in a Talbot plane, or se
focusing plane, of the grating. The Talbot plane positio
given approximately bynd2/l ~n is a small integer,d is the
grating pitch, andl is the wavelength!, guarantee high-
contrast fringes.25 Typically, a Talbot plane is selected whe
the grating produces 40–150 fringes across the pupil~in two
directions!. The grating pitch determines the magnitude
the shear, and hence the sensitivity of the measurement.
different grating sizes are fabricated side-by-side on the s
membrane, so the optimal grating pitch can be chosen
perimentally. Furthermore, measurements can be made
different shear ratios to reduce the measurement uncerta

The PS/PDI requires a special image-plane mask cont
ing larger ‘‘windows’’ adjacent to pinholes. While the te
beam passes through the window and preserves the w
front aberrations, the reference beam is focused onto a
hole to generate a second spherical reference wave thro
diffraction. To achieve a fringe density of approximately 6
fringes across the pupil, a 1.7mm image-plane beam separ
tion was chosen. The windows are 1mm wide with unique
identifying features along two sides.26 In addition, each win-
dow has two adjacent pinholes for measurements with a
rotation in the beam-separation direction. As with the obj
pinhole mask, the image-plane mask features are arra
with various pinhole sizes and a large redundancy of p
holes, in addition to distinct alignment marks.

B. Pinhole development and testing

The accuracy of the PS/PDI interferometer relies on
quality of the spherical reference waves diffracted by p
holes whose diameters are only 2–15 times the wavelen
of EUV light. To diffract a spherical wave broad enough
cover the solid angle of measurement, the pinhole sizes
chosen approximately equal to or smaller than
diffraction-limited resolution of the test optic. While th
quality of the diffracted wavefronts generally improves wi

.
s.
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4 Goldberg et al. : Preparations for EUV interferometry 4
decreasing pinhole size, the accompanying reduction
transmitted power necessitates a compromise between
hole size and wavefront quality.27

In the object plane, appropriately sized pinholes for
0.06 input NA of the MET are expected to be 120–160 nm
diameter. This is larger than the 80–120 nm image-pl
pinholes used in the measurement of 0.1 NA optics in
past. Simulations of pinhole diffraction with TEMPEST3
~Ref. 28! ~a time-domain vector electromagnetic field sim
lation program! show that for parameters like diffraction in
tensity FWHM and total transmitted power, pinholes of th
size behave in a manner that is well described by sim
thin-screen scalar diffraction theory.

For both fabrication and diffraction analysis, approp
ately sized image-plane pinholes present greater difficult
Here the pinhole diameters of interest fall in the 25–50
range. To maintain a high opacity to block the weak
transmitted test beam, the Ni absorber thicknesses mus
main above approximately 100 nm—the aspect ratio of
pinholes can be as high as 4:1. TEMPEST3D models pre
a rapid fall-off in the transmitted power through the pinho
as the diameter shrinks below 35 nm.

In preparation for MET interferometry, pinhole fabrica
tion and diffraction experiments have been conducted o
range of pinhole sizes to determine optimal fabrication c
ditions. Diffraction measurements were made from dens
spaced arrays of nominally identical pinholes collectively
luminated with a collimated beam in ALS beamline 6.3.2
small-area photodiode was scanned in angle through the
fraction pattern. For pinholes diameters in the range 10
200 nm, a 2mm grid was used. For pinholes having 20–
nm diameter, a 500 nm grid spacing was used. Typical
fraction patterns are shown in Figs. 4~a! and 4~b!. While the
comb pattern comes from the array spacing, the enve
function reveals the aggregate single-pinhole diffraction p
tern. Theapparent sizeof the pinholes is established by fi
ting the measured diffraction pattern to an ideal circular p
hole’s ‘‘Airy pattern.’’ The apparent sizes are then used
calibrate the pinhole fabrication processes.

Figure 4~c! shows a comparison of the apparent pinh
size~based on diffraction measurements! to the programmed
size, for pinholes below 55 nm diameter in a free-stand
80-nm-thick Ni absorber membrane. For the sub-60 nm p
holes, there is a bias of approximately 5 nm; the pinho
diffract as though they are slightly larger than they are
signed to be. Possible explanations include the limitation
the SEM measurements, nonnormal placement in the S
leading to size underestimation or possibly flared pinh
bore shape.

For pinholes sizes between 100 and 200 nm, Fig. 3~d!
shows the apparent size compared with an average of pin
sizes measured in a scanning electron microscope~SEM!. ~In
the SEM measurements, the geometric mean of thex andy
pinhole widths were averaged for four or five pinholes
each size.! Here the bias is somewhat larger: for pinhol
with diameters between 100 and 160 nm, the pinholes
J. Vac. Sci. Technol. B, Vol. 21, No. 6, Nov ÕDec 2003
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fract as though they are 20 nm larger than they appear in
SEM.

With the inclusion of absorber thickness effects in t
pinhole diffraction models, TEMPEST3D predicts differe
results from the larger and the smaller pinholes, assum
cylindrical pinhole shapes. The apparent size based on
fraction is predicted to be smaller than the actual size w
the pinholes are large and the aspect ratio is above 1:1.
behavior has not been confirmed through experiment. H
ever, for the smallest pinholes under consideration, those
low 30 nm, the light diffracted to large angles appears to
attenuated in the absorber membrane, limiting the diffract
angle and making the pinholes appear larger than they a

The most important outcome of the diffraction measu
ments was the demonstration that pinholes with sufficien
small size and sufficiently large diffraction angles for PS/P
interferometry could be produced in theNanowriter. Ongo-
ing research, may seek to improve the agreement betw
TEMPEST3D modeling and experimental data.

III. GEOMETRIC CONSIDERATIONS

Unlike many conventional interferometers, the PS/P
and LSI employed for at-wavelength testing have no opti
elements between the image-plane and the CCD dete
The predictable geometric path length difference between
test and the reference beams, propagating to the dete

FIG. 4. Diffraction measurements performed on dense arrays of nomin
identical pinholes during the development of pinhole fabrication techniqu
Typical diffraction patterns from~a! 35 nm pinholes with 0.5mm grid spac-
ing; ~b! 160 nm pinholes with 2mm grid spacing. A solid black line connect
the closely spaced diffraction peaks revealing the aggregate single-pin
diffraction envelope functions.~c! For sub-60 nm pinholes, the appare
size, based on diffraction measurements, is plotted vs the programmed
~d! For 100–200 nm pinholes, the apparent size is plotted against the a
age size of pinholes measured in a SEM.
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5 Goldberg et al. : Preparations for EUV interferometry 5
plane from displaced positions in the image-plane, accou
for a compensable systematic measurement error in
interferometer.27

The magnitude of the geometric aberration terms, wh
are dominated by coma, is expected to be on the order
nm rms. There is an additional sensitivity of the measu
astigmatism to the tilt of the detector plane of approximat
0.6 nm rms per degree of tilt.

To measure and accurately compensate these syste
aberrations, our PS/PDI testing procedure includes the r
tion of the image-plane beam-separation direction, which
controlled by the rotation of the beamsplitter grating.27 Since
the magnitudes and orientations of many of the system
aberrations follow the beam-separation vector, this rota
can be used to isolate the systematic error terms from
wavefront under test.

Error sensitivities in the LSI are somewhat different th
the PS/PDI. Measurements are highly sensitive to the til
the diffraction grating.In situ measurement~and compensa
tion! of the grating slope can be performed by looking at
changes in wavefront tilt components as the grating is tra
lated, and as the illumination is moved field point to fie
point. Also in the LSI, small errors or uncertainties in t
gradient measurements can lead to much larger errors
uncertainties in the test wavefront, owing to the nature of
aberration polynomial derivatives.

In addition to the aberrations that arise form the bea
separation, the projection of the spherical pupil wavefr
onto a planar detector results in a radial distortion that m
be compensated in the wavefront measurement. In prev
measurements of EUV optical systems with NA values of
and below, the radial distortion magnitudes were limited t
fraction of a detector pixel. At 0.3 NA, with 600 pixels in th
diameter of the measurement domain, the peak distor
will be approximately 3 pixels.27 At EUV wavelengths, dif-
fraction ~from the baffles, pupil apertures, and potential i
perfections on the mirror surfaces! is spatially localized ob-
viating the necessity of numerical propagation calculation
re-create the wavefront in the exit pupil of the test optic.

IV. SUMMARY

EUV interferometric testing of the 0.3 NA MET projec
tion optic is being performed on undulator beamline 12.
of the Advanced Light Source at Lawrence Berkeley N
tional Laboratory. Experimental systems and optical e
ments have been designed to enable lateral shearing inte
ometry and phase-shifting point diffraction interferometry
points spanning the three-dimensional field of view. Amo
the technical challenges of working at higher numerical
JVST B - Microelectronics and Nanometer Structures
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erture than previous EUV interferometers are the fabricat
and use of sub-50 nm pinholes, and the measurement
compensation of NA dependent geometric systematic err
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