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Abstract

The surface topography of optics fabricated for
Extreme Ultraviolet Lithography has been measured
using a  combination of  phase-measuring
interferometery and atomic force microscopy. Power
Spectral Densities were computed over spatial
frequencies extending from 2.0x10® nm" to 7.7x10®
nm”, Roughness values for frequencies greater than
1.0x10° nm™" were 0.64 nm rms for a spherical optic
and 0.95 nm rms for an aspheric optic. These values
are significantly larger than 0.088 nm rms, which as
obtained using a spherical optic representative of
current limits in surface polishing technology.

Keywords: Surface measurements-roughness,
Scattering by rough surfaces, Microlithography

Introduction

The surface topography of optics for extreme
ultraviolet lithography (EUVL) must be precisely
controlled from spatial scales extending from the clear
aperture to the wavelength of illumination.

Surface profile data obtained at low spatial
frequencies can be used to deterministically predict the
impulse response of the optical system, while data
obtained at "mid" and higher spatial frequencies
provide a statistical description of the modifications to
system performance due to scattering. In this statistical
regime the Power Spectral Density (PSD)
representation can be related to the angular
distribution of scattered radiation.

Because multilayer coatings are required in
EUVL, the relationship between the PSD and scattered
radiation is complicated by both the physics of thin
film growth[1] and the resonant nature of the
coatings.[2] In the case of growth physics, it has been
shown that the surface topography of a multilayer-
coated substrate replicates the topography of the
uncoated substrate for all spatial frequencies below a
cutoff value,[3] suggesting that the interface structures
are conformal at low frequencies. In the conformal
limit scattering from a multilayer is equivalent to
single-surface scattering; i.e., the substrate PSD can be
used to describe the scattering properties of the
multilayer-coated  surface.  Therefore, accurate
characterization of the substrate surface is relevant in
predicting the performance of multilayer-coated
EUVL mirrors or optical systems at frequencies below
the conformal limit.

Above the conformal limit the substrate PSD can
be used to predict the effective PSD of the multilayer
coated surface using theoretical growth models.[4]

This paper presents bare-surface PSD surface
descriptions obtained for state-of-the-art EUVL optics
over the entire frequency band relevant to EUVL.

Experiment

Two aspheric optics fabricated for the Sandia National
Laboratory (SNL) 5X ring-field EUVL system[S] were
characterized before coating wusing a Digital
Instruments Dimension 5000 Atomic Force
Microscope (AFM), a Zygo NewView 100 white-light
interferometric microscope, a custom-built Tinsley
phase-shifting interferometer, and a point-diffraction




interferometer developed at Lawrence Livermore
National Laboratory (LLNL).[6]

M1#1 is a concave asphere 298 mm in diameter,
with a best fit spherical radius of 1793 mm. M2#2 is a
convex asphere with diameter 92 mm, and best fit
spherical radius of 460 mm. Both substrates have
aspheric departures of approximately 1.5 pm in their
respective clear apertures.

A convex spherical substrate fabricated for the
LLNL EUV lithography station, and a spherical optic
and an optical flat polished close to current
technology limits were also characterized using the
NewView 100 and AFM.

The LLNL EUVL sphere is a concave surface 75
mm in diameter with a radius of curvature of 137.3
mm. The highly polished sphere is concave, 100 mm
in diameter, and has a radius of curvature of 800 mm.
The flat is 25.4 mm in diameter.

Surface data was reduced to a two-dimensional
PSD description in polar coordinates. Axial symmetry
was assumed. Tinsley ' interferometric data was
flattened using a procedure described elsewhere.[7]
NewView data was flattened by subtracting a best-fit
quadratic surface from the data. Individual scan lines
of the AFM data were flattened by subtracting a best-
fit first order polynomial. ‘

Results and Discussion

PSD data for two aspheric optics fabricated for EUVL
are shown in Figs. 1 and 2. Measured frequencies
cover the range of frequencies relevant to EUVL.
These aspheric substrates exhibit both precise figure
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Figure 1. PSD for the concave aspheric substrate M1#1.

control and minimal surface roughness at higher
spatial frequencies. Power-law fits to the PSDs are also
shown.

Fig. 3. shows PSDs derived from NewView 100 and
AFM measurements of the MI#1 asphere and a
spherical optic fabricated for the LLNL EUV
lithography station. Data derived from AFM
measurements on the highly polished sphere and
optical flat are also shown. Using power law fits,[8]
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Figure 2. PSD for the convex aspheric substrate M2#2.

the rms roughness over the mid and high-spatial
frequency band, extending from 1.0x10° nm" to
7.7x10* nm" was calculated. The band-limited rms
roughness is 0.062 nm rms for the flat, 0.088 nm rms
for the sphere, 0.64 nm rms for the LLNL EUVL
sphere, and 0.95 nm for the M1#1 asphere.
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Figure 3. PSD functions at mid and high-spatial frequencies
for aspheric (M1#1) and spherical EUVL imaging mirrors
and a sphere and flat with state-of-the-art surface finish.



The distribution of roughness power in the mid
and high-frequency bands is different for the EUVL
optics and the highly polished sphere and flat. The
distribution of roughness power determines the angular
distribution of scattered light in the optical system. If
most of the power is concentrated at the higher
frequencies, which is the case for the highly polished
optics, the scattered light will not reach the image
plane.[9] Apart from scattering light out of the
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specular beam, these frequencies do not contribute to
contrast loss at the image plane. The mid-frequency
roughness does scatter light into the image plane, and
causes a corresponding loss in contrast. For .this
reason, mid-spatial frequency roughness is a serious
concern for EUV lithography.

The combined mid and high-frequency roughness
was computed by integrating power-law fits to the
PSD over the varying bandwidths of integration shown
in Fig. 4. The lower limit of integration was 1.0x10°
nm"; the upper integration limit is the abscissa. The
roughness values for the highly polished sphere and
flat have been multiplied by x10. For example, the
sphere would have an rms roughness of 0.088 nm at f2
of 7.7x10” nm™.

These data show that the amount of roughness
power in the EUVL optics is concentrated at the mid-
frequency range, because the roughness increases
rapidly from the lower integration limit and assumes a
slower growth rate at higher frequencies. This type of

roughness would seriously compromise the achievable-

image contrast.

The highly polished substrates have almost -no
roughness power at the mid-frequencies. The
roughness power doesn’t increase appreciably until
higher frequencies. The primary effect of this type of
roughness would be a loss in the radiation transport
efficiency of the system.

Conclusions

State-of-the-art optics fabricated for EUVL have been
characterized in terms of surface roughness. The PSD
characteristics of both aspheric and spherical optics are
indicative of significant mid-frequency roughness. The
rms roughness of the M1#1 concave asphere is 0.95
nm rms in the frequency band 1.0x10° nm to 7.7x10°
nm’”. The spherical optic has 0.64 nm rms roughness.
This roughness would significantly compromise
imaging performance in an EUVL system. Optics
fabricated using advanced polishing techniques
exhibited lower roughness and would scatter negligble
amounts of radiation. A representative value of 0.088
nm rms was obtained for a spherical optic.
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The power law fit for the M1#1 asphere was based
on interferometery, NewView 100, and AFM data.
The fit for the LLNL EUVL sphere was based on
NewView 100 and AFM data. The sphere and flat
with highly polished surfaces were fit using AFM
data only. :

The band of spatial frequencies which scatter light
that does not propogate to the image plane, or
high-spatial frequencies, is system dependent.
Nevertheless, one can estimate the lower cutoff
frequency for this band by noting that EUVL
systems typically have image-side Numerical
Apertures (NA) of 0.1, which, for a 4X reduction
system, is 0.025 object side NA. Therefore, for 13
nm radiation, the cutoff frequency is
approximately 2x10” nm™'. ‘
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