High-accuracy interferometry of extreme ultraviolet lithographic
optical systems
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Recent improvements in extreme ultraviolUV) lithographic imaging with Schwarzschild
objectives have come as a direct result of at-wavelength interferometric characterization with the
phase-shifting point diffraction interferometer. High accuracy system wave front characterization
has led to the determination of the best Schwarzschild objective and subaperture configuration.
These investigations and the results of imaging experiments are discussed. Two pinhole null tests
have provided ain situ method of demonstrating reference wavefront accuracy ®g;,/300.
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[. INTRODUCTION Lawrence Berkeley National Laboratory, Lawrence Liver-
more National Laboratory, Sandia National Laboratories
The phase-shifting point diffraction interferometé?S/  (SNL), and industry, these optics are now being used at SNL
PDI) has been developed to meet the high demands of exn EUV imaging and resist developmehas more sophisti-
treme ultraviolet(EUV) optical system wavefront measure- cated 0ptica| systems are de\/e|oi)ﬁjv at-Wave|ength
ments. Operating at a wavelength of 13 nm, these alltesting will comprise a critical step in the qualification pro-
reflective multilayer-coated lithographic optical systemscess. At-wavelength interferometry may also play a role in
have fabrication and alignment tolerances in the subnanomne optical system alignment process. The series of interfero-
eter regime. With numerical aperture$NAs) approaching metric experiments conducted over the past several years has
0.1, EUV lithographic optics are being designed for the 0.1peen designed to evaluate and improve the performance of
#m generation of lithographic pattern transfer. EUV interferometry, and to assure its availability as needed

The PS/PDI has been used in thet-wavelength for testing the next generation of lithographic systems.
characterization of 18 demagnification Schwarzschild

objectives>® These investigations have included wavefront

measurements of two different optical systems and, for one,

the characterization of three separate subapertures. The fiigt ExPERIMENT DESCRIPTION

direct observations of chromatic vignetting and chromatic

aberrations in EUV multilayers have been made using these The PS/PDi generates spherical reference wave fronts by

systems. pinhole diffraction in the object and image planes of an op-
Recent experiments demonstrate the utility of PS/PDtical system under test: one spherical beam coherently illu-

measurements in the prediction of imaging performanceminates the system, while the second is compared to the test

Based on EUV system wavefront measurements and imagingeam interferometrically. The pinhole-diffracted wave fronts

experiments, these collaborative tests have driven the seleenable the PS/PDI to achieve very high measurement accu-

tion of the best available Schwarzschild objective and theacy. With its common-path design and limited number of

specific subaperture and NA of that system that is availablecomponents, the PS/PDI is relatively easy to implement and
Interferometric measurement of and research conductedse.

with Schwarzschild objectives serve several purposes. Ca- A schematic design of the PS/PDI is shown in Fig. 1. A

pable of 0.1um pattern transfer, these are the highest resograting beamsplitter placed before the image plane, on either

lution reflective optical systems presently available for EUVthe object or the image side of the test optic, generates mul-

lithography research. As part of a collaboration betweeriple focused beams that are spatially separated in the image

plane. One beam containing the aberrations of the optical
dElectronic mail: KAGoldberg@Ibl.gov system is allowed to pass through a large window in an
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Fic. 1. Schematic representation of the key elements of the PS/@DI: ~ grating
conventional pinhole maskb) two-pinhole null mask used in the calibra- zg{fﬁc;ipfli‘ft‘;
tion of the interferometer. K-B prefocusing
mirrors

45° mi

opaque membrane located in the image plane; this becomes
the testbeam. A second beam is brought to focus orefa  Fis. 2. configuration of the EUV PS/PDI used in the measurement ofa 10
erence pinholesmaller than the diffraction-limited resolu- Schwarzschild objective. A rotatable aperture stop, expanded here for clar-
tion of the test OptiC where it is spatially filtered to becomel: rests against the primary mirror and defines three separate off-axis sub-

. ' . apertures. Here, the 0.08, 0.07, and 0.06 NA subapertures are labeled A, B,
a Sphencafeferen(:d)eam.Cove”ng the NA of measurement. and C, respectively. Measurements are performed at the Advanced Light
A controllable phase shift between the test and referencgource.

beams is achieved by a simple lateral translation of the

coarse grating beamsplitter. The test and reference beangange could introduce mechanical deformations to the mir-
propagate from the image plane to a detector where thegor substrates, all EUV interferometric tests are performed

overlap, producing the interference pattern. With or withoutyertically with the optic illuminated from below.
reimaging optics, the detector is positioned to capture the

NA of measurement. B. Interferometric testing

A. 10x Demagnification Schwarzschild objective The experimental configuration and procedure for inter-

The 10x Schwarzschild objective tested in these experi-ferometric testing have been described previotfsgnd are
ments is one of four Schwarzschild optics created to thaliscussed here only briefly. This configuration is shown
same optical design specificatioh§he optical design calls schematically in Fig. 2. Tests are performed using an undu-
for two nested spherical mirror substrates, molybdenum-ator beamliné at the Advanced Light Source synchrotron
silicon multilayer coated, and optimized for peak reflectivity radiation facility at Lawrence Berkeley National Laboratory.
and performance at 13.4 nm wavelength. The coatings on thEhe beamline provides a tunable source of EUV radiation
convexprimary and concave secondary mirrors are graded tawith a spectral bandwidtih/AN of 200—-1000 at 13.4 nm
accommodate the angular range of the incident light. Whilevavelength. Up to 33W (1.7x 102 photons/s) of coherent
the full optic has an annular pupil and cylindrical symmetry flux'® can be delivered through a 0.6n-diam pinhole that
about its mechanical axis, only one off-axis subaperture iserves as the entrance pinhole spatial filter for the interfer-
illuminated at a time. The unobstructed object-side andmeter.
image-side NAs of 0.008 and 0.08, respectively, are defined A transmission grating beamsplitter is placed between the
by a removable aperture stop that rests against the primagbject pinhole and the test optic, approximately 60 mm
mirror (Fig. 2). The optic is designed to have a circular, above the object pinhole. The 18n-pitch grating is made
400-um-diam field of view in the image plane, with agdm  of a gold absorber pattern on a 100-nm-thick silicon—nitride
depth-of-focus. membrane, with 0.80.5 cnf area. The grating is held on a

During assembly, the magnitude and type of the EUVone-dimensional horizontal translation stage, with motion in
wave front aberrations were not yet known. A strategy waghe direction perpendicular to the rulings, to enable phase
adopted wherein the optic was given an entrance pupil witlshifting. An identical complementary grating stage is used to
three differently sized apertures as shown in Fig. 2. The reinsert a second grating, mounted at 90° to the first. This
movable aperture stop separately defines 0.06, 0.07, and 0.@8ables rotation of the beam separation, and concomitantly
NA apertures and occupies a plane normal to the mechanictie fringe pattern, by 90°.
axis of the optic. For the particular optic described here, the With the beam and object pinhole held stationary, align-
largest subaperturéA) is unusable due to its noncircular ment of the image point within the image plane is performed
shape. by a two-axis lateral translation of the test optic. This trans-

The optic was designed to be used in the vertical orientalation with respect to a stationary object point takes advan-
tion with the image plane at the top of the mechanical houstage of the 1& demagnification to enable positioning of the
ing. In imaging applications the wafer, with photoresist fac-image point with better than 0.2m resolution.
ing downward, rests on three steel balls. Because the optic is During the PS/PDI development, reference pinh@he-
designed to be used in this vertical orientation, and anyge plang masks have been fabricated by several different
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means with pinhole diameters between 60 and 200 nm. Pin-
holes used in the interferometry experiments described here
were fabricated with focused ion beam lithography, and con-
sist of 240 nm of an indium—antimonide absorber on a 100
nm silicon—nitride support membrane. Subsequent experi-
ments, including the null-test accuracy measurements, have
been performed using 50—100-nm-diam pinholes fabricated
with electron-beam lithography. Typically, an array of pin-
holes in the mask is used to cover a range of field points.

Data is recorded with a back-thinned, back-illuminated,
charge coupled devic€CCD) detector with 1 irf area. The
CCD is mounted at an angle of 12° from the vertical to
receive the central ray at normal incidence.

[ll. ACCURACY VERIFICATION

Significant effort has been directed toward understanding
both the precision and the accuracy of the PS/PDI under
various configurations. Precision relies on the stability of theFie. 3. Typical interferogram recorded during two-pinhole null-test mea-
components the repeatability of the measurements. and tfjgrements. Shown here is the pattern from two Afi0pinholes. These tests

' - a(rje used to characterize systematic measurement effect.
number of samples averaged together, and can be inferre

from the variation in a set of measurements. Measurement

accuracy relies on the identification and removal of systemgavefront has been observed to be limited by incomplete
atic error sources, and includes the quality of the pinholespatial filtering of the aberrated wavefront produced by the
diffracted wavefronts. Accuracy verification requires a dif- optic under test, rather than by physical pinhole diffraction
ferent experimental approach. Previously, semiquantitativemits. One significant consequence of this property is the
accuracy verification has come from imaging experiments. prediction that measurement accuracy will improve with a
Recently, two-pinholeull test§ have been used to measure corresponding improvement in the quality of the optic under
accuracy as a function of the reference pinhole size and th@st. This behavior is a natural result of the fact that the
NA of measurement. PS/PDI generates its reference wavefront by spatially filter-
For these two-pinhole null tests, the image-plane windowng the aberrated test beam.

that transmits the test beam is replaced by a second referenceTaple | shows three equivalent measures of the reference
pinhole[Fig. 1(b)] for a measurement that is reminiscent of wave front root mean squatems) error as a function of the
Young's experiment. Rotation and longitudinal translation ofgpparent pinhole size, compiled from a large number of two-
the grating beamsplitter are required to produce a beam sepgmhole null-test measurements. The Schwarzschild objective

ration that matches the reference pinhole pair. used in these measurements has an EUV wave front quality
Analysis of the resultant interference patterns reveals &f 0.164 waves rms, at 0.08 NA.

small geometric systematic error that arises from the fact that

the _mterference_ occurs beMeen two_, Iater_ally dls.placedl,v' WAVEERONT MEASUREMENT AND IMAGING

nominally spherical beanfsThis error is easily predicted PERFORMANCE

and subtracted during analysis. The presence of any other

residual components in the measured path-length difference The three separate subapertures of on& Bthwarzs-

is attributable to nonspherical components in the diffractecthild objective were measured interferometrically and two

reference waves. Considering many similar pinhole pairs angubapertures have been successfully used in EUV litho-

a range of intentionally varied illumination conditions pro- graphic imaging experiments. This section describes the

vides a method to assess the accuracy present during opticdfve front measurements and the improvement in imaging

testing. performance that has come as a result of conclusions based
Figure 3 shows a typical interferogram from a two- On at-wavelength interferometry. The interferogram analysis

pinhole null test using pinholes with an apparent diameter of

100 nm. In practice, th? d.lam(.ater pf the referen_ce pmho'?s I?ABLE I. Measured reference wavefront quality at 0.08 NA.

difficult to measure; this is primarily due to their small size

and potentially nonuniform cross section. Téygparentpin- , Reference wavefront rms error

hole sizes are based on comparisons of the measured diffra@2Pa"ent pinhole

. . . . . } size (nm) (waves (nm) (waves )

tion profiles with those predicted by scalar diffraction theory:

Airy diffraction from ideal circular apertures. 138 g-ggigg-gggg 8-8‘5‘2 8-882 ggg
As _expgcte(_j, the mgasurement accuracy improves Wlth a 0.009%: 0.0007 0.133.0.009 o1

reduction in pinhole size, and a resultant improvement in 140 0.012G- 0.0005 0.16% 0.007 83

spatial filtering. Furthermore, the quality of the reference
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and wavefront phase retrieval methods used consist of phase-
shifting interferometry techniques optimized for these appli-
cations. Detailed descriptions of these methods have been
presented elsewhet®.

A. Wavefront measurement in three subapertures

Wavefront measurements have been performed for all
three of the available subapertures. Similarities among the
three measurements suggest the presence of an oxenall
fabrication error along the annular full aperture.

Originally, most attention was paid to subaperture B, with
an NA of 0.07, and 0.0990.008 waves rms of aberration.
Imaging experiments performed with this aperture verified ®)
the predicted performandeSubsequently, careful consider-
ation of the wavefront data recorded in subaperture C led to
the selection of that subaperture as the best available. These
measurements were performed with the pupil-defining aper-
ture removed, revealing a large area of the annulus, shown in
Fig. 4. Having wave front data over an extended area enables
the prediction of optical performance as a function of the
position or size of the aperture stop. This is achieved by
numerically masking the acquired data during the analysis
process; in this way the optimal configuration for subaper-
ture C was determined.

The results of these calculations are shown in Fig. 5. For
each NA, available aperture stop positions were considered
only if 95% or more of the points within the appropriate
circular domain were valid measured points of the phasemap.

This requirement excluded points from the inner and outer
edges of the annulus, and points at the top and bottom rota-
tional positions in the domain. Because of its relatively large

size within the domain, the calculations performed for 0.08Fic. 4. The intensity and the phase responses of subaperture C of the
NA are limited to a small translation region. For each NA, Sch_warzs_child objectiye’s ar_mular pupil are un_der investigation. The region
the single> indicates the center of the original 0.06 NA S0 M@ andlo) s owined by & square 6. (@ an mage of e
aperture stop. Within the observable area, these measurgale blemishes in the mirror surfaces. Three circular rings illustrate
ments show that the original placement of the aperture stofye relative sizes and coverage of three numerical aperture vdfes.

is close to the position of minimum wave front rms error wavefront phasemap calculated interferometrically. Gradations in the gray
. " level indicate filled contours of 0.1 waves at 13.4 nm wavelength. The

Unfortunately, with the minimum occurring at the domain yiamond symbol indicates the original center of the 0.06 NA aperture, while
edge, it is not clear if these positions represent global “sweeihe dashed arc shows the aperture positions available by rotation of the

spots” of minimum wave front aberration, or local minima aperture stop. Three nested white outlines(ah bound the regions over
of the limited measurement domain which the apertureentersmay be placed for the position-dependent calcu-

. lations. The largest region bounds the 0.06 NA aperture center, while the
Figures %d) and 5e) show the rms wave front error as a gyajiest is for 308 N,S P

function of the rotational orientation of the aperture stop for
three NA values, and for a circular region concentric with theteristics including astigmatism and depth of focus. The line-
original aperture position. The rotation-only calculat{éig. = edge roughness in resist images, however, was seen to de-
5(d)] shows that the improvement gained by rotation is notgrade slightly for smaller features due to the reduced NA.
more than a few percent. Figurégbreveals the compromise As described above, however, the interferometry and sub-
that must be made between NA and wavefront quality. Desequent simulation also predicted good performance for the
tailed predictions of imaging performance are required tocase where the aperture stop in subaperture C of the optic is
evaluate the optimal NA value in this situation. expanded to an NA of 0.0(0.061 waves rms errarin order
to achieve this expanded NA, the aperture stop was rotated
axially by 120° to bring the 0.07 NA pupil to the position of
EUV interferometric characterization led to the selectionsubaperture C on the optic. This configuration proved to be
of subaperture C as the best candidate for imaging. To teshe optimal imaging configuration for this optic. Table II
the validity of this determination, the imaging system wascompares the line-edge roughness for subaperture C before
modified to use subaperture C at 0.06 A048 waves rms and after expansion to an NA of 0.07. The line-edge rough-
erron instead of subaperture B at 0.07 NB.099 waves rms ness values areo] one side, taken from lines printed at a 1:1
erron). This led to improvements in several imaging charac-pitch with a wavelength of 13.4 nm in top surface imaging

B. Imaging
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TaBLE Il. Line-edge roughness valué¢$o, one side at subaperture C as a
function of NA measured for lines printed at 1:1 pitch with at a wavelength

of 13.4 nm.
Line-edge roughnessm
Linewidth 9 ghnessim
(nm) NA=0.06 NA=0.07
200 3.44 3.74
175 3.53 4.08
150 4.93 411
130 5.45 3.80
120 5.83 3.59
100 10.70 4.03

tems has been demonstrated. With an accuracy of 0.040 nm
over a NA of 0.08, EUV system wave front measurements
have played a vital, guiding role in the recent success of
EUV imaging experiments. This capability is ready to ad-
dress the qualification needs of more sophisticated EUV
lithographic systems. Furthermore, the PS/PDI accuracy is
more than adequate to perform at-wavelength alignment of
these systems.
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