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Preparations for extreme ultraviolet interferometry of the 0.3 numerical
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An at-wavelength interferometer is being created for the measurement and alignment of the 0.3
numerical aperture Micro Exposure To@WET) projection optic at extreme ultravioldEUV)
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 sourcex00®
American Vacuum Society.

[DOI: 10.1116/1.1627809

[. INTRODUCTION the diagnosis and remediation of several types of fabrication

) L ) and system-alignment errors, in the assessment of chromatic
Extreme ultraviole(EUV) projection optical syStems op- gttect@ and flare® and most importantly, in the optimization
erating near the 13 nm wavelength require subnanomet%rf imaging performance

system wavefront performance to achieve diffraction-limited EUV interferometry performed with the phase-shifting

imaging. At this tlme,. mterferometry W.'th sufﬂqently h|.gh point diffraction interferometefPS/PD) (Refs. 11 and 1P
accuracy for EUV optical testing and alignment is not W'delyhas demonstrated accuracy levels of 40—70 pm during the

available. Furthermore, as the numerical apertN) of the . f . . ¢ ical
rototype EUV optics is extended from 0.1 in the previoust'aStIng ot previous generations of prototype EUV optha Sys-
P : tems, typically of 0.08—-0.10 NA, developed for EUV lithog-

generation to 0.3 in the latest, the challenge of high accuracyaphy research? Prior to measurements with the PS/PDI. the

increases by several-fold. ti re m red with lateral shearing interferometr
High-accuracy interferometry is a cornerstone re0|uire—Op €S are measure _lateral shearing nterierometry
LSI) which is performed with a cross-grating transmission

ment for the success of EUV optical systems. Interferometeg litter placed the i 15ha ted
absolute accuracies in the 50 pm range are a requirement f pamspiitier placed near the image-p S reported pre-
lously, for the initial measurement of a nominally pre-

the measurement of production-quality EUV elements and' " )
assembled systemsState-of-the-art visible-light testing is aligned test optic, the LSI has several advantages over the

used in the fabrication of the individual mirror elemérts ~S/PDI. These include ease of alignment, high efficiency,

and has been used in the alignment of numerous assembl@dd the potential to measure aberrations of larger magni-
EUV optical systemé®® tudes. Switching between the PS/PDI and the LSI requires

Visible-light interferometry continues to benefit by close, Ny @ change of the image-plane mask. To accommodate
ongoing comparisons with EUV interferometric measure-mage-plane mask changes, the experimental chamber is
ments performed on the same optical systems. A systenfduipped with a manual transfer port. This same port also
level comparison performed at more than 40 points acros8UPPOrts the vacuum load-lock wafer transfer system used
the field of view of the Engineering Test StafETS) Set-2 when the system is operated in its printing configuration.
optic, revealed a level of agreement of 03511 nm be- In pursuit of early learning with EUV prototype projec-
tween EUV and visible light interferometriésThe discrep- tion imaging systems having sub-30 nm resolution, a new
ancy was concentrated in the lowest spatial frequency abegeneration of 0.3 NA micro exposure todBIET) is being
rations (astigmatism in particulawhich are most important created® The MET optics have an annular pupil; the design
for system alignment. Several systematic measurement err§2s & convex primary mirror and a larger, concave secondary
sources have been identified via comparison, and were adhirror (see Fig. 1 One such system is being developed on
dressed in subsequent visible-light measurements. an undulator beamline at Lawrence Berkeley National Labo-

Measurements performed at the operational EUV waveratory’s (LBNL) Advanced Light SourcgALS). Prior to
lengths,at-wavelengthremove potential uncertainties about Static microfield imaging experiments, the projection optic
the response of the resonant-reflective multilayer coatinggyill undergo an array of at-wavelength tests including EUV
and have provided accurate predictions of imagingnterferometry using point-diffraction and lateral shearing
performancé. Relative to visible-light interferometry, the techniques.
considerably shorter EUV wavelength reduces the length There are several areas where the extension of interferom-
scale of reference and simplifies many aspects of interfercetry to 0.3 NA poses significant challenges. Perhaps the fore-
metric measurement. EUV interferometry has been used imost challenge is the fabrication and use of appropriately
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Zernike polynomials yields a rms wavefront aberration mag-
nitude of 0.56 nm X g\/24).

II. INTERFEROMETER DESIGN

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

The details of the new interferometer design, described
previously!’ follow the design of previously reported
0 5 10” PS/PDIs'®°with components scaled or modified to accom-
modate the higher NA and resolution of the MET optical
system. The interferometer is designed to perform wavefront
measurements at multiple points across the>2600um
image-side field of view, including the longitudinal direction.
Light enters the MET vertically from above: the illuminating
sized pinhole spatial filters, which are responsible for pro-beam is aligned to coincide with the optic axis. Figure 2 is a
ducing the nearly perfect spherical reference waves in thenechanical drawing showing how the MET is supported
object(mask and image(wafer planes. The testing geom- within the vacuum chamber.
etry also necessitates appropriate calibration of the interfer- The interferometer operates on an undulator beamline op-
ometer to remove systematic aberrations. timized for high coherent flux near the 13 nm wavelength;

The mirror substrates of the 2-mirrorx5 MET optic that  this beamline has been used for all previous interferometry
will be measured at Berkeley were fabricated by Carl Zeissof reflective EUV optical systems performed by the Center
Molybdenum-—silicon multilayer coatings were applied atfor X-Ray Optics?®?! An adjustable Kirkpatrick—Baez
Lawrence Livermore National Laboratoff.LNL) in close  (K—B) mirror pair focuses the synchrotron beam into the
collaboration with at-wavelength reflectometry performed atobject plane of the test optic with a numerical aperture of
LBNL. A lensless, visible-light, phase-shifting diffraction in- approximately 0.006 NA?
terferometefPSD)) at LLNL (Ref. 16 was used to align and High-resolution object- and image-plane stages support
optimize the wavefront quality of the MET. A visible-light pinhole arrays and provide five degrees of freedamy, z
system wavefront measurement is shown in Fig. 3 below. O, , and6,). These stages are mounted to a common support
the reduced annular range between 10 and 26 mm diametstructure that moves with the test optic as a single unit on a
(the full pupil spans 8.4—27 mima fit to the first 37 annular vibration isolated planar bearing stage. The optic and its

Fic. 1. MET optical system resting on a stand. Photo courtesy of Joh
Taylor, LLNL.
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in the PS/PDI are fabricated with electron-beam lithography
using LBNL's Nanowriter electron-beam lithography todt.

The PS/PDI and LSI share an object-plane mask whose de-
sign facilitates measurement at nine field points arranged in a

10 < r <26 mm
0.56 nm 37 Zernike fit

0.15 nm astigmatism

<8.(1)gmn coma oo 3X3 grid spanning X3 mm on a single membrane. The
S i pinhole sizes appropriate for the 0.06 input NA of the MET
0.49 nm gf;;fcg‘f are between 100 and 200 nm diameter. The focal spot of the

beamline’'s K—B mirror pair is approximately ¥@®0um

FWHM, significantly larger than the object-plane pinholes.

To block the unwanted light, the Ni absorber membrane is

Fic. 3. Visible-light wavefront measurement of the MET, courtesy of Don giveén a 250 nm thickness. A pinhole-to-pinhole separation of

Phillion, LLNL. The full annular pupil size is indicated by the dashed lines. 80 um ensures that only one mask pinhole will be illumi-

A single arm supports a central stop and obstructs a portion of the annulug,5ted at a time. At each of the nine field points is a similar
array pinholes with a variety of sizes so that the optimal size
can be selected experimentally. At several locations, pairs of

conjugate-plane stages move beneath the stationary illumpinholes oriented in various directions serve as unambiguous

nating beam. alignment marks for identifying the beam’s position within
A meaningful comparison of EUV and visible-light sys- the array.

tem wavefront measurements requires accurate knowledge of For LS| measurement$,a 25%-open square-grid grating

the conjugate point positions with respect to the optical housmade from a Ni absorber on a silicon—nitride membrane is

ing of the MET. To achieve a relative wavefront accuracy ofused as the beamsplitter. The grating is positioned longitudi-

50 pm or below, the field position tolerance is 12f lat-  nally so the image-plane will lie in a Talbot plane, or self-

erally and 8um longitudinally. A kinematically positioned focusing plane, of the grating. The Talbot plane positions,

metrology towerisupporting several capacitance micrometersgiven approximately bynd?/x (n is a small integerd is the

and two in-vacuum CCD cameréRef. 23 below the object grating pitch, and\ is the wavelength guarantee high-

plane, is used to transfer the measured conjugate point posiontrast fringe$® Typically, a Talbot plane is selected where

tions from the visible-light interferometer to the EUV inter- the grating produces 40-150 fringes across the girpiwo
ferometer. directiong. The grating pitch determines the magnitude of
A retractable multipurpose stage below the object planghe shear, and hence the sensitivity of the measurement. Four
holds a coarsé6 um pitch) transmission diffraction grating different grating sizes are fabricated side-by-side on the same
beam splitter for the PS/PDI and a photodiode to help aligrmembrane, so the optimal grating pitch can be chosen ex-
the illuminating beam through pinholes in the object plane perimentally. Furthermore, measurements can be made with
This stage enables fine grating motidar phase-shiftingin different shear ratios to reduce the measurement uncertainty.
addition to grating rotation and longitudinal translatitio The PS/PDI requires a special image-plane mask contain-
control the image-plane beam-separation direction and magng larger “windows” adjacent to pinholes. While the test
nitude. A photodiode also mounted on this stage helps tdbeam passes through the window and preserves the wave-
align the illuminating beam through pinholes in the objectfront aberrations, the reference beam is focused onto a pin-
plane pinhole array. hole to generate a second spherical reference wave through
Below the MET, a back-thinned, back-illuminated EUV diffraction. To achieve a fringe density of approximately 60

CCD camera with one-square-inch area faces upward. Thiginges across the pupil, a 14m image-plane beam separa-

CCD camera has 10241024 square pixels and is thermo- tion was chosen. The windows areutn wide with unique

electrically cooled to approximately 35 °C. The camera is identifying features along two sidé$In addition, each win-

stationary; in order to capture the full pupil and accommo-dow has two adjacent pinholes for measurements with a 90°
date the translation of the test optic, the detector plane of theotation in the beam-separation direction. As with the object

CCD is positioned one inch below the image plane. pinhole mask, the image-plane mask features are arrayed

The experimental chamber, originally designed for thewith various pinhole sizes and a large redundancy of pin-
measurement of the larger, ETS projection optics, maintainkoles, in addition to distinct alignment marks.

a vacuum environment at base pressures in the range of

10~ 7 Torr. Although the chamber cannot be baked, strict ad—B Pinhole development and testing

herence to UHV practices is observed and only compatible

materials are used in the fabrication. Situated at the beam- The accuracy of the PS/PDI interferometer relies on the
line, a thermally insulated, temperature controlled enclosurguality of the spherical reference waves diffracted by pin-
surrounds the system. holes whose diameters are only 2—15 times the wavelength
of EUV light. To diffract a spherical wave broad enough to
cover the solid angle of measurement, the pinhole sizes are
Open stencil pinhole masks comprised of a free-standinghosen approximately equal to or smaller than the

Ni absorber membrane are used in both the object- andiffraction-limited resolution of the test optic. While the

image-planes of the interferometer. The pinhole masks useguality of the diffracted wavefronts generally improves with

A. Pinhole masks
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decreasing pinhole size, the accompanying reduction in _image-plane pinhole tests ) object-plane pinhole tests
transmitted power necessitates a compromise between pin- AT\ ]
hole size and wavefront qualify.

In the object plane, appropriately sized pinholes for the
0.06 input NA of the MET are expected to be 120—160 nm in
diameter. This is larger than the 80—-120 nm image-plane
pinholes used in the measurement of 0.1 NA optics in the
past. Simulations of pinhole diffraction with TEMPEST3D
(Ref. 28 (a time-domain vector electromagnetic field simu- 201510 5 0 510152054321 01 2345

w] &

diffraction intensity [a.

lation progranm show that for parameters like diffraction in- angle [deg] angle [deg]
tensity FWHM and total transmitted power, pinholes of this €60 s (2(3) R
size behave in a manner that is well described by simple, ESO gt S 4
thin-screen scalar diffraction theory. G404 . 180

For both fabrication and diffraction analysis, appropri- 2 30 L1160
ately sized image-plane pinholes present greater difficulties. & ' 140
Here the pinhole diameters of interest fall in the 25—-50 nm %20 | :
range. To maintain a high opacity to block the weakly- © 103 ,#-7--i--i--r--120
transmitted test beam, the Ni absorber thicknesses must re- 0 '0/- -1'6 -;0——3-'0— —410——5'6- -6' 1001(%- bt
main above approximately 100 nm—the aspect ratio of the programmed size [nm] apparent size (SEM) [nm]

pinholes can be as high as 4:1. TEMPEST3D models predict

a rapid fall-off in the transmitted power through the pinholesF'G- 4 Diffraction me_asurements performed on dense arrays of nominally
. . identical pinholes during the development of pinhole fabrication techniques.
as the diameter shrinks below 35 nm.

) ) ) ] Typical diffraction patterns fronta) 35 nm pinholes with 0.7wm grid spac-
In preparation for MET interferometry, pinhole fabrica- ing; (b) 160 nm pinholes with Zzm grid spacing. A solid black line connects
tion and diffraction experiments have been conducted on He closely spaced diffraction peaks revealing the aggregate single-pinhole

. . . . s diffraction envelope functions(c) For sub-60 nm pinholes, the apparent
range of pinhole sizes to determine optimal fabrication con fraction envelope functionsic) For su o PP

- - . size, based on diffraction measurements, is plotted vs the programmed size.
ditions. Diffraction measurements were made from denselyed) For 100-200 nm pinholes, the apparent size is plotted against the aver-
spaced arrays of nominally identical pinholes collectively il- age size of pinholes measured in a SEM.
luminated with a collimated beam in ALS beamline 6.3.2: a
small-area photodiode was scanned in angle through the dif-
fraction pattern. For pinholes diameters in the range 100-ract as though they are 20 nm larger than they appear in the
200 nm, a 2um grid was used. For pinholes having 20—55 SEM.
nm diameter, a 500 nm grid spacing was used. Typical dif- With the inclusion of absorber thickness effects in the
fraction patterns are shown in Figgatand 4b). While the  pinhole diffraction models, TEMPEST3D predicts different
comb pattern comes from the array spacing, the envelopeesults from the larger and the smaller pinholes, assuming
function reveals the aggregate single-pinhole diffraction pateylindrical pinhole shapes. The apparent size based on dif-
tern. Theapparent sizeof the pinholes is established by fit- fraction is predicted to be smaller than the actual size when
ting the measured diffraction pattern to an ideal circular pinthe pinholes are large and the aspect ratio is above 1:1. This
hole’s “Airy pattern.” The apparent sizes are then used tobehavior has not been confirmed through experiment. How-
calibrate the pinhole fabrication processes. ever, for the smallest pinholes under consideration, those be-

Figure 40) shows a Comparison of the apparent pinho'elow 30 nm, the ||ght diffracted to Iarge aﬂgles appears to be
size(based on diffraction measurementis the programmed attenuated in the absorber membrane, limiting the diffraction
size, for pinholes below 55 nm diameter in a free-standingdle and making the pinholes appear larger than they are.
80-nm-thick Ni absorber membrane. For the sub-60 nm pin- 1h€ most important outcome of the diffraction measure-
holes, there is a bias of approximately 5 nm: the pinholeéne”ts was the dempnstratlon thgt pln'holes with sufficiently
diffract as though they are slightly larger than they are de§mal| size and sulfficiently large dlff.ractlon angl'es for PS/PDI
signed to be. Possible explanations include the limitations o!'nterferometry could be produced in  theanowriter Ongo-
the SEM measurements, nonnormal placement in the SEMY research, may s_eek to improve the agreement between
leading to size underestimation or possibly flared pinhole EMPEST3D modeling and experimental data.
bore shape.

For pinholes sizes between 100 and 200 nm, Fig) 3
shows the apparent size compared with an average of pinho”el' GEOMETRIC CONSIDERATIONS
sizes measured in a scanning electron micros¢sg/). (In Unlike many conventional interferometers, the PS/PDI
the SEM measurements, the geometric mean okthady  and LSI employed for at-wavelength testing have no optical
pinhole widths were averaged for four or five pinholes atelements between the image-plane and the CCD detector.
each size. Here the bias is somewhat larger: for pinholesThe predictable geometric path length difference between the
with diameters between 100 and 160 nm, the pinholes diftest and the reference beams, propagating to the detector
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plane from displaced positions in the image-plane, accountsrture than previous EUV interferometers are the fabrication

for a compensable systematic measurement error in thend use of sub-50 nm pinholes, and the measurement and

interferometef.’ compensation of NA dependent geometric systematic errors.
The magnitude of the geometric aberration terms, which

are dominated by coma, is expected to be on the order of ACKNOWLEDGMENTS
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