Phase-shifting point-diffraction interferometry

at 193 nm
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Phase-shifting point-diffraction interferometry at the 193-nm wavelength suitable for highly accurate
measurement of wave-front aberration is introduced. The interferometer preserves the advantages of
the previously described extreme-ultraviolet phase-shifting point-diffraction interferometer but offers
higher relative efficiency. Wave-front measurement of an imaging system, operating at the 193-nm
wavelength, is reported. Direct measurement of the refractive-index change in a deep-ultraviolet
radiation-damaged fused-silica sample is also presented as an application. © 2000 Optical Society of

America
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1. Introduction

The desire for high-quality optics places stringent
requirements on the accuracy of interferometers used
for optical metrology. Wave-front measurement at
the operational wavelength of an optical system plays
an important role in system performance character-
ization. To provide high-accuracy wave-front mea-
surements at short wavelengths, the phase-shifting
point-diffraction interferometer (PS/PDI) was re-
cently developed.'5 The PS/PDI design preserves
the advantages of the conventional point-diffraction
interferometers? yet allows for phase-shifting capa-
bility and higher throughput.! Because the PS/PDI
is a common-path interferometer, it is stable, resis-
tant to vibration, and appropriate for light sources
with moderate longitudinal coherence.

The PS/PDI was initially developed for wave-front
characterization of extreme-ultraviolet (EUV) litho-
graphic optics operating at wavelengths near 13.4
nm.23 Here we implement an alternate configuration
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of the PS/PDI optimized for operation at the wave-
length of 193 nm.

The configuration of the EUV PS/PDI is depicted in
Fig. 1(a). The EUV PS/PDI consists of an object pin-
hole, a transmission grating, a pair of pinholes in the
image-plane pinhole mask, and a CCD detector. Spa-
tially coherent spherical-wave illumination is provided
by diffraction from the object pinhole. The transmis-
sion grating serves as a small-angle beam splitter pro-
viding the test and the reference beams required for
the interferometry. The optic under test focuses the
various grating orders to the image plane. One pin-
hole in the image plane generates the reference beam
by spatial filtering of one of the grating diffracted or-
ders; the test beam, however, propagates, largely un-
affected, through a relatively large second pinhole, or
window, as shown in Fig. 1(a). The rest of the grating
orders are blocked by the opaque membrane contain-
ing the pinholes. The test and the reference beams
propagate to the mixing (CCD) plane where they over-
lap to create an interference pattern. The interfero-
gram is thus a comparison of the test beam with the
ideally spherical reference wave. Phase shifting can
be achieved by translation of the grating, which pro-
duces a controllable relative phase shift between the
orders of the grating.

Errors in the grating line placement can be filtered
if the first order of the grating is used as the reference
beam. However, because the first-order beam is
weaker than the zeroth order when an amplitude grat-
ing is used as is in this case, and because pinhole
filtering can attenuate the beam significantly, use of
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Fig. 1. (a) Schematic diagram of conventional PS/PDI configura-
tion used at EUV wavelengths to test lithographic optics. The
grating is placed after the object pinhole. (b) Schematic diagram of
the upstream-grating PS/PDI configuration used at the 193-nm
wavelength. Placement of the grating before the object-plane pin-
hole improves the throughput of the interferometer.

the first-order beam as the reference can lead to low
fringe contrast.

To improve the fringe contrast while maintaining
suppression of grating-line-placement error, an alter-
nate configuration of the PS/PDI'8 was proposed
with the grating placed before the object plane [Fig.
1(b)]. Since the reference and the test beams are
each spatially filtered once, fringe contrast exceeding
90% is readily achieved. Also, the fact that the spa-
tial filtering is performed after passage through the
grating allows for suppression of grating-line-
placement errors. This design, however, is limited
to use when the beam delivery system illuminating
the object plane can provide a small image spot rel-
ative to the grating-induced beam separation at the
object plane. We note that this is not the case for the
EUV PS/PDI when an undulator beamline is used as
the beam delivery system,2:3 but it can be the case at
the 193-nm wavelength, where conventional lasers
and lenses are used.

In the upstream-grating PS/PDI configuration
[Fig. 1(b)] an illumination system is used to produce
a focused spot in the object plane of the optic under
test. A coarse grating placed before the object plane
is inserted into the illumination system to act as a
beam splitter, producing multiple laterally displaced
foci in the object plane. A mask containing a spatial-
filtering pinhole and a large window is placed in the
object plane to select two of the orders diffracted by
the grating. The weaker first-order beam passes un-
attenuated through the window and will eventually
serve as the reference beam. The zeroth-order beam
is spatially filtered by the pinhole providing nearly
perfect spherical-wave illumination used as the test
beam.

The two beams propagate through the optic under
test, acquiring aberrations imparted by the optic, and
are focused in the image plane. A second mask lo-
cated in the image plane contains a window and
small pinhole. Here the test beam passes through
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Fig. 2. Experimental configuration of the 193-nm PS/PDI. The
turning mirror is required because of space constraint. L, lens; M,
mirror; P, pinhole.
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the relatively large window, and the reference beam
is filtered by the small pinhole.

In summary, for the upstream-grating PS/PDI
each beam is filtered only once: The test beam is
filtered in the object plane, and the reference beam is
filtered in the image plane. In this way the refer-
ence beam reaches the image plane with much
greater intensity than in the conventional PS/PDI
design, and any potential aberrations introduced by
the grating can be filtered.

Another significant advantage of the upstream-
grating configuration is that it provides beam equal-
ization, allowing high-contrast interferograms to be
recorded, and thereby improving the signal-to-noise
ratio of the measurement. Beam power balancing is
achieved by proper selection of the relative sizes of
the spatial-filtering pinholes in the object and the
image planes. This cannot be easily achieved in the
other configuration, in which the reference and the
test beams both effectively experience the same
losses from the object-plane pinhole, unless the ze-
roth order is used as the reference beam and suppres-
sion of grating-line-placement error is sacrificed.

Here we describe the implementation of an
upstream-grating PS/PDI operating at the 193-nm
wavelength. The interferometer is used to charac-
terize the wave front of a 193-nm imaging system.
Furthermore, the system is designed to study deep-
ultraviolet (DUV) radiation-induced refractive-index
changes in flat fused-silica samples.

2. Phase-Shifting Point-Diffraction Interferometry
Setup at 193 nm

The upstream-grating PS/PDI described above was
implemented as shown in Fig. 2. The interferome-
ter is designed to test an optical imaging system with
numerical aperture (NA) as large as 0.11. The setup
is divided into three parts: a coherent source, illu-
mination optics, and the PS/PDI.

The illumination is provided by a Lambda-Physik
Model LPX-140I pulsed ArF excimer laser operating
at 193 nm. This laser provides pulse widths of ap-
proximately 18 ns (FWHM) at 150 Hz and can be
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operated at repetition rates as high as 400 Hz with a
maximum power output of 60 W.

Because of the relatively low spatial coherence of
the excimer laser, spatial filtering was required for
providing sufficiently coherent illumination of the
interferometer. To avoid laser damage of pinhole
spatial filters (intense excimer laser pulses readily
ablate pinholes), a dual-pinhole filtering scheme
(Fig. 2) was used. A 50-pm-diameter pinhole (P1)
is placed in the raw beam approximately 15 cm from
the source to select approximately one spatial co-
herence diameter. This first filtering stage causes
a pulse energy reduction of 2 X 107°. The illumi-
nation is further spatially filtered by the lens (L1)
and 5-pm-diameter pinhole (P2) combination. A
pair of doublet lenses (L2, L3) are used to reimage
pinhole P1 to the PS/PDI object plane. A 400-pm-
pitch chrome-on-glass diffraction grating is placed
between L3 and the object plane to act as a beam
splitter, providing a 120-um beam separation in the
object plane.

The object-plane mask consists of a 120-pm square
window and a 2-pm pinhole. The window-to-
pinhole center-to-center separation is 120 um. The
pinhole is centered on the focus of the zeroth dif-
fracted order of the grating, thus removing aberra-
tions imparted by the wupstream optics and
generating the spherical test beam. The window is
positioned to selectively pass the first diffracted order
of the grating, which will eventually serve as the
reference beam.

The optical imaging system is a combination of 14,
mirror M1, and L5 with unit magnification. Lenses
L4 and L5 are commercial DUV, high-quality doublet
lenses made of fused silica. Their focal lengths are
both 20.5 cm at a 193-nm wavelength. Mirror M1 is
a fused-silica-based mirror optically coated to have its
peak reflectivity (95%) at a 193-nm wavelength at a
45° angle of incidence.

The image-plane mask design is identical to the
object-plane mask except that the positions of the
pinhole and the window are reversed. The test
beam carrying the aberrations imparted by the opti-
cal system under test propagates nearly unaffected
through the window. The reference beam is focused
onto the pinhole where it is spatially filtered to pro-
vide a spherical reference wave with which the test
beam is interferometrically compared.

3. Experimental Results

The interferometer measures the overall aberra-
tions in the optical system under test, a combina-
tion of lenses L4 and L5 and mirror M1. A
representative interferogram is shown in Fig. 3(a).
The fringe contrast is approximately 90%. With a
five-bucket phase-shifting method® the measured
wave-front phase map over 0.035 NA, with piston,
tilt, and defocus removed, is shown in Fig. 3(b).
The 36-term Zernike polynomial decomposition of
the resulting wave front is shown in Fig. 3(c). The
dominant wave-front errors are 0.085 \ of coma and
0.078 \ of astigmatism. The peak-to-valley aber-
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ration and rms magnitude of the overall wave front
is 0.30 A (57.90 nm) and 0.050 \ (9.65 nm), respec-
tively. The same imaging system was indepen-
dently measured over 50 times, revealing a
measurement repeatability of 0.004 \ (0.77 nm)
rms.

4. Testing Deep-Ultraviolet Damaged Fused-Silica
Samples

Recently the industrial standard critical dimension
for integrated-circuit devices dropped from 0.25 to
0.18 pm. Further progress to critical dimensions of
0.18 and 0.13 wm are anticipated by reduction of
wavelength used in the optical lithography step from
248 to 193 nm.1° At the 193-nm wavelength the
choice of optical materials for lenses is limited essen-
tially to fused silica and CaF,. For reasons of homo-
geneity, cost, and availability, the former is
preferred. However, fused silica is subject to both
irradiation-induced color-center formation and com-
paction at DUV wavelengths.10-14 Compaction in-
troduces phase aberrations in lithographic optical
systems, owing both to the change in refractive index
of the compacted area and the geometric path-length
change through the optic.10

By use of the 193-nm PS/PDI, lens materials can
be directly and quantitatively evaluated at their in-
tended operational wavelength, where changes in the
optical path length can be investigated. For exam-
ple, the effects of DUV radiation damage on fused
silica can be characterized interferometrically.

As a demonstration of this capability we tested a
flat sample of fused silica (type B, supplied by
SEMATECH)*> both before and after DUV damage.
The flat sample had dimensions of 4 cm X 2 cm X 1
cm and was polished on all six surfaces. Transmis-
sion through the sample was tested over a 15-mm-
diameter region, where the beam propagates in the
1-cm direction.

The damaged fused-silica sample was placed be-
tween mirror M1 and the final lens of the system (L5)
at which point the beams are collimated. One of the
recorded interferograms from the phase-shifting series
is shown in Fig. 4(a). The corresponding wave front is
shown in Fig. 4(b). The wave front shown in Fig. 4(b)
includes aberrations imparted by L4, M1, L5, and the
damaged fused-silica sample. However, because we
measured the undamaged fused-silica sample first,
which includes the aberrations from L4, M1, L5, and
the undamaged fused-silica sample, we can identify
the net effect caused by radiation damage by differenc-
ing two measurements. A peak refractive-index
change of 1.6 parts per million was measured for this
particular sample. A detailed description of this
study has been published elsewhere.15

5. Extendability to the 157-nm Wavelength

It is widely believed that optical lithography will
eventually be extended to the 157-nm wavelength.
The most promising lens material for 157-nm lithog-
raphy is CaF,; however, this material may also ex-
perience various types of DUV radiation-induced
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Fig. 3.

(a) Representative interferogram obtained during testing of the optical imaging system comprised of lenses 1.4 and L5 and mirror

M1. (b) Resultant wave front: The peak-to-valley wave-front error is 0.3 waves and the rms error is 0.05 waves at 193-nm wavelength
over a 0.035 NA. (c¢) Thirty-six Zernike polynomial decomposition of the wave front; the most significant term is coma.

damage. The upstream-grating PS/PDI could eas-
ily be adapted for use at the 157-nm wavelength for
direct measurement of radiation-induced CaF, dam-
age. The pinhole sizes could be scaled down appro-

@

Fig. 4.
damaged region at the center of the 15-mm-diameter test area.

priately to meet the wavelength and NA
requirements, and fused-silica-based optics used in
the 193-nm PS/PDI must, of course, be replaced with
CaFy-based optics.

(®)

(a) Representative interferogram obtained with the damaged fused-silica sample installed. (b) Resultant wave front indicating a
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6. Conclusion

A 193-nm phase-shifting point-diffraction inter-
ferometer (PS/PDI) has been demonstrated for the
first time to our knowledge. High-contrast fringes
with the upstream-grating PS/PDI design have been
achieved. An imaging lens system and a DUV dam-
aged fused-silica sample have been successfully
tested with the interferometer. Measurement re-
peatability of 0.004\ rms has been achieved. Future
research should include more detailed accuracy char-
acterization and investigation of the extendability to
higher-NA imaging systems.
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