At-wavelength interferometry for extreme ultraviolet lithography
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A phase-shifting point diffraction interferometer is being developed for at-wavelength testing of
extreme ultraviolet lithographic optical systems. The interferometer was implemented to
characterize the aberrations of aXl®Bchwarzschild multilayer-coated reflective optical system at
the operational wavelength of 13.4 nm. Chromatic vignetting effects are observed and they
demonstrate the influence of multilayer coatings on the wave front. A subaperture of the optic with
a numerical aperture of 0.07 was measured as having a wave front error of 0.09Q1lv2iven)

root mean squardrms) at a 13.4 nm wavelength. The wave front measurements indicate
measurement repeatability a¢f0.008 wave (-0.11 nhm) rms. Image calculations that include the
effects of the measured aberrations are consistent with imaging performed with the 10
Schwarzschild optic on an extreme ultraviolet exposure tool.1997 American Vacuum Society.
[S0734-211X97)01306-1

I. INTRODUCTION ometer(PS/PD) that enables EUV wave front characteriza-
tion with both high efficiency and a phase-shifting
Wave front measuring interferometry plays a key role incapability*-°
the fabrication, alignment, and qualification of optical sys- In this article, we describe recent measurements of a
tems, including lithographic stepper lenses. Interferometriciox demagnification, multilayer-coated, Schwarzschild ob-
characterization of extreme ultraviol@EUV) projection li-  jective, designed for a prototype EUV lithography exposure
thography optics is necessary to achieve the near diffractionool’ using the new phase-shifting point diffraction interfer-
limited optical performance required for lithography at criti- ometer. The repeatability of the interferometric measure-
cal dimensions of 0.tm and below. Such EUV lithographic ments is characterized. The aberrations of the optical system
optical systems operate at a wavelength of about 13 nm witlhre described, and a demonstration of chromatic aberrations
numerical apertures of around 0.1. To characterize the abettue to multilayer coatings is also presented. Finally, the op-
rations, interferometry with subnanometer wave front meatical performance predicted by the interferometry is verified
suring accuracy is required. In addition, measurements at apy imaging experiments utilizing the EUV exposure tool for
operational wavelength of 13 nm are needed to characteriaghich the optic was designed.
the system EUV wave front, which is produced both by the

figure of mirror surfaces and by multilayer coating ||. INTERFEROMETER CONFIGURATION FOR

properties: Common-path techniques, such as point diffrac-TESTING THE 10x SCHWARZSCHILD SYSTEM
';lon |tnterfer|o me:}:ﬁ or sh(:an?gr:nterfterolmtit %/acrje rej[qutlr:edl K The phase-shifting point diffraction interferometer for at-
or at-wavelength wave Iront charactérization due to the fac wavelength testing of EUV lithographic optics operates at

of Iong—co_hereqce-!ength light sources at EUV Wavelengthsthe undulator beamline 12.0 at the Advanced Light Source
Point diffraction interferometry is suitable for direct mea-

 of front aberrai t EUV lenaths b (ALS) at Lawrence Berkeley National Laboratory. The
surement ot wave front aberrations a wavelengins bepeamiine optics include a grating monochromator that is
Gsed to select the desired wavelength, and a Kirkpatrick—

deS|gn, and _relaxed_ tempgral coherence-_ IengthBaez(KB) illuminator that is designed for optimum transfer
requirement$. This technique utilizes the generation of a of spatially coherent radiation to the interferometer.

high-quality spherical reference wave front by diffraction  +1o schwarzschild test optic, designed forleeduction

from a “subresolution” pinhole. This reference wave front EUV projection lithography experiments, consists of two

interferes with the unknown wave front under test. We h"’“’enearly concentric spherical mirrofBoth mirrors are coated

recently developed a phase-shifting point diffraction interfer molybdenum-—silicon multilayer reflective coatings with

peak transmission at 13.4 nm wavelength. While the annular,

dAlso at Dept. of Electrical Engineering and Computer Sciences, University. : : : :
of California. Berkeley, CA 94720, concave secondary is coated with a multilayer of nearlly uni

YAlso at Dept. of Physics, University of California, Berkeley, CA 94720. form_ thiCkne_SS’ the convex primary has a grad_ed multilayer
®Electronic mail: jpokor@eecs.berkeley.edu coating designed to compensate for the varying angles of
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subresolution pinhole is placed. The pinhole selects spatially
coherent radiation from the beam and spatially filters it to
illuminate the test optic with a spherical wave front. The
object—plane pinholes used in these measurements are com-
mercially available, laser-drilled pinholes with nominal di-
ameters of 0.5um. These pinholes are significantly smaller
than the diffraction-limited resolution of the test optic on the
object side(subresolutiop ensuring a high-quality illumina-
tion wave front’ This pinhole is placed in a kinematic mount
attached to a computer-controlled, three-axis stage that al-
lows alignment of the pinhole within the beam.

(a) EUV CCD
Camera

image-plane
spatial filter
10x Schwarzschild
objective

coarse grating from

. undulator ; i ; At
object-plane beamline A coarse diffraction grating, pla(_:ed be_tween the object
spatial filter ] } plane pinhole and the Schwarzschild optic, serves as a low-

K-B focusing angle beamsplitter by dividing the wave front into multiple

mirrors diffractive orders. The 18m-pitch grating consists of a

225-nm-thick patterned gold absorber supported by a 100-
nm-thick silicon nitride membrane. On propagation through
the test optic, the aberrations of interest are introduced into
the spherical illumination beams. Two of the diffractive or-
ders are selected with a spatial filter, shown in Fi¢h)1
placed in the image plane of the optic. The zero diffractive
order is chosen as the test beam and is transmitted through
the large 5umXx5-um sq window, which is significantly
larger than the focal spot size. One of the first diffractive
orders is spatially filtered by a subresolution pinhole to pro-
duce a spherical reference wave front over the numerical
aperture of the measurement. The choice of the zero diffrac-
tive order for the test beam ensures that aberrations due to
the grating line placement are not introduced into the mea-
sured wave front. Translation of the grating in the direction
perpendicular to its lines controls the relative phase shift be-
1Z2mm tween the test and reference beams necessary to perform
phase-shifting interferometry. The grating pitch is chosen to
provide a 4.5um separation between the test and the refer-
Fic. 1. (a) Components of the phase-shifting point diffraction interferometer ence wave foci in the image plane. This corresponds to the
e o e e st e ey ISNCE betvieen the subresoluton pinfole and the cener of
optic. Two subresolution pinholes with diameters of 130 tap) and 165  the Window. Two separate reference pinholes, placed in two
nm (right) are next to a 5emx5-um sq window. orthogonal directions from the center of the test-beam win-
dow, allow measurement with two different grating orienta-
tions.

incidence across its surfaBeAn off-axis aperture stop that ~ The image—plane pinhole apertures were drilled by a fo-
rests on the primary mirror can select a circular portion ofcused ion beam into a membrane structure consisting of 100
the annular clear aperture for imaging experiments. This rodm of silicon nitride and 100 nm of indium antimonide ab-
tatable aperture stop contains three separate subaperturggrber. After the aperture definition, an additional 70 nm
corresponding to different selectable numerical apertureiyer of indium antimonide absorber was deposited on each
(NA) of 0.06, 0.07, and 0.08. The image plane of the optic,side of the membrane to increase the absorption and also to
determined during the assembly of the system, is defined Wecrease the pinhole size. The pinholes fabricated with this
three balls attached to the optical housing. method and used in experiments reported here range from
The configuration of the phase-shifting point diffraction 130 to 165 nm in diameter. The pinholes are aligned and
interferometer for testing the 30 Schwarzschild optical sys- fixed to be at the center of the image plane by means of a
tem is illustrated in Fig. (8). The optic is tested in its in- kinematic mount that rests on the three balls that define the
tended vertical operational orientation. The EUV beam ismage plane.
steered into the optic with an adjustable, multilayer-coated, The interference of the test and reference beams is re-
45° turning mirror. This mirror enables small angular adjust-corded ~ with a  back-thinned, back-illuminated,
ments in the beam direction that are needed to optimize th&024x 1024-pixel, 1-in. sq, silicon charge coupled device
illumination of the optic. The KB optics focus the beam onto (CCD) detector, placed 12.7 cm beyond the image plane of
the object plane of the 20 Schwarzschild system, where a the Schwarzschild optic with its surface normal to the central

(b)
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ray of the off-axis beam. The exposure time, typically 5-15
s, is controlled with a compact, high-speed shutter placed ir
front of the 45° turning mirror, as shown in Fig(al

In its EUV configuration, the PS/PDI records the interfer-
ence between test and reference beams without reimagin
optics. To prevent beam overlap in the image plane, the lat
eral separation of the two beam foci is designed to be quite
large. As a result, in addition to the aberrations of interest,
the recorded interference fringes contain a large tilt in the
direction of the beam separation. The geometrical effect of
the beam separation also produces various orders of coma in
the fringe pattern. For the beam separations and numerichle- 2. Transmission of light through the Schwarzschilq optic at two diff_er—

. . . . ent wavelengths(a) 13.4 and(b) 632.8 nm. The contamination of the opti-
f’ipertures “Seo_' in this eXp_e”ment’ Only the third order COm@al surfaces appears quite different at the two wavelengths.
is relevant. This systematic effect can be removed from the
measured aberrations because its orientation is known to be
perpendicular to the tilt fringes and its magnitude scales witdo reduction in the transmitted intensity. The contaminated
the measurement numerical aperture in a known way. Conregions are on the order of 1Qdm in size. When the mea-
bining the measurements performed with two orthogonaburement is repeated at a visible wavelength of 632.8 nm,
grating orientations makes removal of this coma effectshown in Fig. 2b), the transmitted intensity is quite differ-
straightforward. ent. The particulate contamination produces a loss of trans-

Alignment of the test and reference beams through theénission, but the other residue is nearly imperceptible. Over-
system is accomplished by high-precision translation of thell, the contamination effects are more pronounced at EUV
optic and the attached pinhole apertures on a bearing in tweavelengths than at visible wavelengths. Mirror surface con-
lateral directions. The focus is controlled by translation oftamination present in this Schwarzschild optic scatters radia-
the object—plane pinhole along the beam propagation diredion to moderate angles and contributes to wave front aber-
tion. When aligned for data acquisition, the interferometerrations in the midspatial-frequency regime. In PS/PDI
remains in alignment for several hours, and it has demonmeasurements, some of the scatter in the reference beam is
strated good mechanical stability despite the fact that th&ansmitted through the test-beam window. Although this
temperature of the system is not controlled. Measuregorrupts the measurement in the vicinity of the contaminated
vacuum chamber temperature fluctuations typically do notegions in the aperture, it does not affect the ability of the
exceed+0.5 °C over 24 h. interferometer to measure low-order aberrations.

To mitigate the carbon contamination problem reported The measurements reported here utilize phase-shifting in-
recently® several improvements have been made to the interferometry techniques that combine multiple interfero-
terferometer vacuum system, including the cleaning of mosgrams with different relative phase shifts between the test
of the interferometer components and increasing the pumpand reference beams. Analysis of individual phase-shifting
ing speed to achieve a base pressure ®fl8 ' Torr. In  data series is performed using an adaptive least-squares
operation during exposure to EUV light, oxygen gas is bledalgorithm!® modified to compensate for irregular phase in-
into the chamber to reduce carbon contamination buildupgrements caused by a coarsely controlled grating translation
maintaining a pressure of 10 Torr. These measures have stage. The presence of numerous blemishes on the optic
nearly eliminated the contamination problem. complicates both the phase unwrapping and the Zernike
polynomial fitting. The unwrapping of the raw phase maps
uses a highly filtered, continuous version of the phase maps
ll. RESULTS OF INTERFEROMETRIC as a guide to determine the correct phase increntétse
MEASUREMENTS unwrapped phase maps are fitted to the first 37 Zernike cir-

Numerous experiments have been done to characterize tlalar polynomial¥’ that describe the low-spatial-frequency
aberrations in the Schwarzschild optic and to evaluate thaberrations of interest. Fitting utilizes an intermediate set of
capabilities of the interferometer. The measurements includpolynomials, orthogonal over the domain of valid data points
characterization of several regions of the annular full aperthat excludes the blemish regiohis:* Following the Zernike
ture, evaluation of aberrations at different wavelengths, andit, the geometrical coma effect is removed by combining
determination of measurement repeatability. separate measurements performed with two orthogonal grat-

One important measurement is to characterize the lighing orientations.
transmitted through the uniformly illuminated test optic. The Three different regions of the annular aperture of the
transmitted intensity of 13.4 nm radiation is shown in Fig. 10X Schwarzschild optic, corresponding to the three subap-
2(a), which reveals localized contamination of the opticalertures in the aperture stop, were characterized at 13.4 nm
surfaces. Some of the contaminants, most likely particulatewavelength. The wave front aberrations of the three subap-
on the mirror surfaces, cause complete loss of transmissioertures, reconstructed from the Zernike polynomial fit, are
Other contaminants, possibly a residue from a wet-cleaninghown in Fig. 3. Figure &) shows the relative positions of
process of the optical substrates or the coated surfaces, lettte different subapertures in the aperture stop. The largest
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(a) (b) subaperture is noncircular due to a fabrication error. The
aberrations of the 0.08, 0.07, and 0.06 NA subapertures are
shown in Figs. &)—3(d), respectively. Visible-light interfer-
ometry, performed during assembly of the optic, was used to
align the least aberrated region of the optic with the 0.07 NA
subaperture. With the tilt and defocus removed, the mea-

b
” sured wave front errors of the 0.08, 0.07, and 0.06 NA sub-
apertures are, respectively, 0.260, 0.090, and 0.043 wave
° o root mean squaréms) at 13.4 nm. Figure 3 shows the wave
J front aberrations with small a amount of defocus reintro-
duced to illustrate that the aberrations in fact follow the an-
M | |

nulus of the optic and seem to correspond to a zonal fabri-
cation error.

One primary advantage of at-wavelength interferometry is
its ability to characterize the overall EUV wave front pro-
duced by both the mirror surface figure and the multilayer
coatings. Owing to the fact that, upon a change in wave-

) @ length, the aberrations due to multilayers change whereas
those due to surface errors do not, multilayer effects can be
observed directly via wave front measurements over a range
of wavelengths. In this experiment, both transmitted intensity
and the wave front phase were measured at several wave-
lengths. Transmission through the 0.07 NA subaperture of

. ‘ the optic at 13.0, 13.2, 13.4, and 13.6 nm is shown in Fig.

N | |

-1.2 -09 -0.6 03 00 03
[waves]

4(a). Transmission through different portions of the aperture
reveals a zonal effect that follows the annular full aperture.
Within the coating pass band, at 13.2 and 13.4 nm, the trans-
-0.30 -0.15 0.0 0.15 -0.25 —-0.10 0.05 mission is quite uniform, being lower only near the edges of
[waves] [waves] the aperture. The measured transmission along the center of
the annulus is peaked at13.4 nm wavelength, in agreement
Fic. 3. Optical path difference measured in three different portions of thewith the coating desigﬁbut the transmission peak is shifted
annular clear aperture at 13.4 nm wavelength. Each aberration fiwfle  to ~13.3 nm on the inner edge of the annulus and to
(d) corresponds to a different subaperture on the aperture(afop ~13.35 nm on the outer edge of the annulus. This indicates

A=13.0 nm A=13.4 nm A=13.6nm
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Fic. 4. Measured chromatic aberration produced by multilayer reflective coat@dss the wavelength is changed, transmission through the optic varies. The
overall transmission is peaked at 13.4 n(in. The measured differences between the aberrations at the indicated wavelengths and the 13.4 nm wavelength
demonstrate the presence of multilayer-coating phase effects.
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that the multilayer-coating period deviates from its intended (a) |
value, which is designed to achieve transmission uniformity
better than 99% at 13.4 nm. At the edges of the pass band, a . — 02—
13.0 and 13.6 nm, the transmission is very nonuniform. This : 4
behavior is not unexpected, even for perfect multilayers, be- - E
cause the coatings are designed to accommodate a range ¢ 8
incidence angles in a limited spectral band. Outside the de- g
sign pass band, the differences in incidence angles across th 0.0 &
optic are amplified because the coating properties vary rap- =
idly outside the central transmission lobe. i
The chromatic phase effects resulting from reflection by 3
multilayer mirrors are illustrated in Fig.(d), which shows g
the difference between the aberrations measured at 13.0 02 °
13.2, 13.4, and 13.6 nm and the aberrations measured a

13.4 nm. Within the coating pass band, the differences in the
measured wave fronts are small because the wavelengtt (b)

change results primarily in a constant phase offset that is not : : ; y ; ; Y .
measurable by interferometry. At the pass band edges, where (VR e ------ --------- vr::Svefrgr(x)t;O voooss 1
nonuniformities in the coating properties are accentuated, the g 0,05k b 0531400464 ]
measured phase difference over the aperture is consisten § ’ ; ; : : ; 5 : :
with a radial nonuniformity in the multilayer-coating thick-
ness. fgf

The quality of the interferometry was characterized by §_
repeatability measurements performed on the 0.07 NA sub- E : :
aperture of the Schwarzschild optic. The aberrations were § —0.1fp{f -astigmatism 0.196 £0.023 A 4
first characterized in a series of measurements performec & ; coma , 0.013 £0.008 A
over several weeks with multiple object—plane input pin- §-0.15p§ spherical aberration,  O/OUS 0,004 1.
holes, several image—plane reference pinholes, and two or- fma":gmar %S"gm?"sm :O'IOS;iO‘O?}‘
thogonal gratings. Following this series of experiments, the R S S S B

other two subapertures of the optic were measured. Subse 0 4 8 12 16 20 24 28 32 36
quently, the 0.07 NA subaperture of the Schwarzschild optic Zernike polynomial number
was -measured again in a second series of eXperi-mentS' SUF?- 5. (a) Wave front aberrations anh) the Zernike polynomial fit coef-
cessive m,easurements of each subaperture required remQYiéiLnt-s of the 0.07 NA subaperture of the Schwarzschild optic determined
of the optic from the vacuum chamber, followed by reposi-from multiple measurements at 13.4 nm wavelength. The Zernike coeffi-
tioning of the optic and complete realignment of the interfer-cients correspond to polynomials scaled to have a peak magnitude of 1. The
ometer. The wave front aberration map and the correspondpagnitudes of astigmatisteoefficients 4 and b coma(6 and 7, spherical
. . . . . aberration(8), and triangular astigmatisi® and 10 are indicated. The
ing Zernike polynomial fit, determined at. 13.A_f NM Jominant aberration is astigmatism.
wavelength from 23 separate measurements including both
series, are shown in Figs(a& and 8b), respectively. The
wave front error of 0.09€ 0.008 wave (1.240.11 nm) rms  formed here on the 20 Schwarzschild optical system pre-
and 0.53%0.046 wave (7.110.61 nm) peak-to-valley, is dicts good EUV imaging quality for the 0.07 NA subaper-
dominated by astigmatism. The aberrations appear to indiure. The image quality was verified with photoresist
cate a zonal fabrication error described earlier. The relativelgxposure experiments performed on the<1EUV imaging
small aberration magnitude indicates the nearly diffraction-systent at Sandia National Laboratories in Livermore, Cali-
limited quality of the optic. The error bars of the Zernike fornia. The Sandia exposure tool utilizes imaging optics
polynomial coefficients correspond to the rms variation inidentical in optical design and housing construction to the
each term over the 23 measurements. The standard devigchwarzschild system described here. In this tool, EUV light
tions of the 23 measured rms and peak-to-valley wave fronfrom a laser-produced plasma is collected by an ellipsoidal
aberrations indicate repeatability to within0.008 wave  condenser and directed via a 45° turning mirror onto a re-
(+0.11 nm) rms and+0.046 wave (-0.61 nm) peak-to- flective mask/object at near-normal incidence. The mask il-
valley. The absolute accuracy of the measurements is culumination is of the Kaler type, with a partial coherence
rently under investigation. factor of approximately 0.5. The image of the mask pattern,
produced with the 18 Schwarzschild optic, is recorded on a
photoresist-coated wafer.
IV. VERIFICATION WITH IMAGING EXPERIMENTS Prior to the exposure experiments, the interferometry data
Perhaps the most significant value of interferometric waveon the 0.07 NA subaperture were used to calculate the ex-
front measurements is their ability to predict the imagingpected image intensities for several test patterns. The images
performance of optical systems. The interferometry perwere calculated using the prograsnLAT,*® which simulates
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Fic. 6. (a) Image intensities of a bright-field star resolution pattern calculated using the measured aberrations of the SchwarzsdlmldS@tiamages of
the same test pattern recorded experimentally in SAL 601 photoresist show excellent agreement with the calculated prediction.

partially coherent image formation. The calculations werepatterns, including the star test pattern described here.
done for a numerical aperture of 0.07, an exposure wave-

length of 13.4 nm, an illumination partial coherence factor ofyy, CONCLUSIONS AND FUTURE WORK
0.5, and the measured aberrations of the Schwarzschild optic. The aberrations of a 20 Schwarzschild optic, designed

Figure 6a) shows the calculated image intensity of a bright- : : . .
field star resolution pattern through focus. The imaging isfor EUV lithography experiments, were characterized with a

quite good in all directions at best focus. As is expected of ar?hase-shlftmg point diffraction interferometer at EUV wave-

. . ) . . . lengths. Measurements of several subregions of the annular
optic having astigmatism as the dominant aberration, some-

aperture indicate the presence of zonal fabrication errors.

what out of focus, the resolution of the optic improves in on .
direction but degrades in the orthogonal direction. On chThe 0.07 NA subaperture was found to have relatively small

other side of focus, the behavior is similar but with the twoaberratlons of 0.090 waweL.21 nn) rms _at 13.4 nm wave-
oo length. The presence of phase aberrations due to multilayer
directions reversed.

. : coatings was observed directly with wave front measure-
The presence of the aberrations measured in the g y

. o . ments at different wavelengths.
Schwarzschild system was subsequently verified with photo- : .

. ) ) . Measurements of the Schwarzschild optic have also
resist exposure experiments. Negative-tone, chemically am-

plified, 100-nm-thick, SAL 601 photoresist was used toserved to evaluate the performance of the PS/PDI design and

record images produced by the optic. Figuré)6shows implementation. The measurement repeatability+i6.008

scanning electron microscog$EM) photographs of the de- wave (£0.11 nm) rms. Although, determination of the abso-

. . | r f the interferometer is still in progr ical
veloped photoresist features of the star resolution patternUte accuracy of the Interferometer Is st progress, optica

The direction of the best resolution changes with defocus, i) erformance predicted from interferometry, evaluated with

; o . o image calculations that include the effects of the aberrations
excellent agreement with the predictions of astigmatic imag-

. . measured, is consistent with the image quality observed ex-
ing performance. Some of the differences apparent at theerimentall in the imaging experiments
center of the patterns are produced by variations in the pth y ging exp '
toresist exposure dose from image to image.
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