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Abstract

A three-dimensional (3-D) electromagnetic field simula-
tion is used to model the propagation of extreme ultra-
violet (EUV), 13 nm wavelength, light through sub-
1500 A diameter pinholes in a highly absorptive me-
dium. Deviations of the diffracted wavefront phase from
an ideal sphere are studied within 0.1 numerical aper-
ture, to predict the accuracy of EUV point diffraction
interferometers used in at-wavelength testing of nearly
diffraction-limited EUV optical systems. Aberration

magnitudes are studied for various 3-D pinhole models,

including cylindrical and conical pinhole bores.
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Introduction

Point diffraction interferometers [1, 2, 3, 4] are a class
of common-path interferometers that generate a spheri-
cal reference wavefront by diffraction. They are presently
used to perform at-wavelength optical wavefront meas-
urements of nearly diffraction-limited extreme ultravio-
let (EUV) optical systems where sub-nanometer wave-
front aberration tolerances are required [5, 6]. The refer-
ence wavefront is created by diffraction from a tiny pin-
hole placed near the focus of a coherently illuminated
optical system under test. This diffracted wavefront in-
terferes with the wavefront transmitted by the test optic,
and the measured interference fringe pattern, recorded far
from the focus, can be analyzed to reveal aberrations in
the test optic. The fringe pattern reveals the optical path
difference between the test and reference wavefronts.
Therefore, the accuracy of the measurement relies on the
quality of the diffracted spherical reference wavefront
over the numerical aperture (NA) of interest.

A detailed simulation of pinhole diffraction enables
the prediction of non-spherical components in the dif-
fracted wavefront phase, and allows estimation of the
measurement accuracy limits. Several methods have
been developed to study diffraction from a variety of
aperture shapes with various boundary conditions [7, 8],
yet no general analytical treatment addresses diffraction
through pinholes in a highly absorptive medium, with
the range of non-ideal shapes that serve as reasonable
physical models for the experimental pinholes used in
EUV point diffraction interferometry near 13 nm wave-
length [5]. The introduction of the three-dimensional
pinhole structure and the inclusion of the polarization of
the incident light motivate the use of numerical solu-
tions based on detailed simulations of the vector elec-
tromagnetic field in the vicinity of the pinhole.

Modeling the electromagnetic field

Pinholes with diameters ranging from 500 — 2000 A
(~3 -15 M), fabricated by electron beam lithography in
a highly absorptive cobalt membrane approximately
900 A (~7 A) thick [9], are considered in this study
because they are suitable for testing optical systems
with NA around 0.1 at 13 nm wavelength. The three-
dimensional electromagnetic field in the vicinity of the
pinhole was calculated using TEMPEST 3D [10], a
time-domain, vector electromagnetic field simulation
computer program. Calculations were performed on a

Table 1. Parameters of the pinhole simulations.

Wavelength A = 13.55 nm (91.5 eV)
IHumination Uniform plane wave, normal
incidence, plane polarized.
Simulation 2306 A x 2306 A x 1152 A
Domain size =17Ax17Ax85A

Simulation nodes A/15 spacing,
2x10%total nodes
500 A -1500 A
thickness, 900 A = 6.64 A
density, 8.9 g/cm’
n=1-38+if

=1 — 0.06589 + 0.06574:

Pinhole Diameters
Cobalt membrane

Index of refraction
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Figure 1. Geometry of the pinhole simulation domains,
- showing the orientation of a pinhole in the cobalt mem-
brane. In the simulations, linearly polarized monochro-
matic light, of 13.55 nm wavelength is normally incident
from above.

range of pinhole geometry models including, cylindrical
and conical pinholes, and elliptical pinholes of uniform
cross-section. Variations of the field incident on the
pinhole were neglected: across the small simulation
domain, uniform, normally incident, plane-wave illu-
mination, with linear polarization along the x-axis was
assumed.

Parameters of the simulation are listed in Table 1.
The simulation domain, which exploits the two-fold
symmetry of the pinhole models, contains a cobalt
membrane in vacuum with a thin layer of free space
above and below. TEMPEST 3D uses periodic boundary
conditions in the x and y directions, thereby forming a
square array of virtual pinholes with center-to-center
spacing of 2306 A for the parameters of interest. This
separation distance is great enough to reduce overlap-
ping fields from neighboring pinholes in the periodic
domain, and thus allow treatment as if from an isolated
pinhole.

The propagation'of EUV light in cobalt is charac-
terized by rapid extinction: the 1/e intensity transmis-
sion depth is 164 A (1.2 ), and the relative transmis-
sion through 900 A is 4x10?. This attenuation further
reduces the effects of overlapping fields from neighbor-
ing domains. The diffraction pattern of standing waves
formed within the open pinholes is shown in Fig. 2.

Propagation to far-field”
The diffracted wavefront was calculated within 0.1 NA
by numerical propagation of the calculated electric field

" to a spherical surface 10 cm away. This distance repre-

Cylindrical

Flared

500 A 750 A 1000 A

1500 A

Figure 2. Calculated electric field intensity patterns showing diffraction within the pinhole, and attenuation in the cobalt
membrane. Surface heights represent the electric field -intensity in a plane containing the axis of the pinhole and the direc-
tion of the electric field polarization. The light propagates from the bottom of each image to the top. White lines on the

surfaces represent the boundaries of the cobalt.



Table 2. Far-field diffraction of a spherical wavefront from
a circular aperture, in the Kirchoff scalar diffraction ap-
proximation.
d(A) 500 750 1000
NA 0.33 0.22 0.17

1750
0.094

1250
0.13

1500
0.11

sents the far-field experimentally, and corresponds to the
position of the detector in the EUV point diffraction
interferometer [5]. The x-polarized component of the
electric field calculated 27 A (A/5) below the cobalt
membrane was used as the initial field for the numerical
propagation. In the absence of a y-polarized component,
the x-polarized component of the electric field, across
the initial x-y plane is sufficient to completely and
uniquely describe the propagated field [11]. The propaga-
tion was performed with a two-dimensional Fourier
transform that approximates the Fresnel-Kirchoff diffrac-
tion formula for far-field diffraction [8].

The propagated field may be described as the super-
position of the diffracted field and the incident uniform
field which is transmitted through the cobalt membrane.
To isolate the diffracted field, a uniform component of
the field, representing only the attenuated transmitted
field, was subtracted before the propagation was per-

Figure 3. Calculated wavefronts diffracted by cylindrical
pinholes. The optical path difference (OPD) between the
diffracted wavefront and a perfect, spherical wavefront is
shown.

formed. Isolation of the diffracted field enables the im-
position of the boundary condition that the diffracted
field becomes arbitrarily small away from the pinhole.
Rapid extinction in the cobalt membrane of all
light not transmitted through the open pinhole allows
the use of a relatively small domain size in these calcu-
lations. An estimate of the total power outside of the
simulation domain determines the uncertainty in the
calculation of the diffracted field. Based on the field

‘magnitude at the edge of the domain and the rate of field

attenuation away from the pinhole, the uncertainty in
the diffracted field is estimated to be 10, relative to a
unit intensity incident field. Further study is required to
fully characterize the uncertainty introduced by the small
domain size.

The diffracted wavefront

We characterize the reference wavefront aberrations rela-
tive to an ideal spherical wavefront, within 0.1 NA. A
first approximation to the far-field wavefront diffracted
from the experimental pinhole is the diffraction of a
coherent beam from a simple circular aperture in a pla-
nar screen, based on the Kirchoff model of scalar diffrac-
tion theory [8]. It predicts a spherical reference wave-
front covering the central portion of a diffracted Airy
pattern, bounded by the first diffraction minimum.
Based on this result, a pinhole of diameter, 4, diffracts a
spherical wavefront that fills NA = sin® = 1.22 A/d, as
shown in Table 2. )

In each simulation case, the phase of the diffracted
wavefront was fit to a series of Zernike polynomials
[12, 13} over 0.1 NA. The four lowest-order polynomi-
als that describe the displacement of the coordinate sys-
tem from the wavefront center of curvature, were re-
moved from this analysis. Pinholes from which the
remaining peak-to-valley (P-V) wavefront aberration
was larger than 0.15 A were rejected from consideration
in this study. This included all pinholes larger than
1500 A diameter.

Uniform and conical bore

In addition to a simple cylindrical bore, two conical
bore models, tapered (narrower at the exit) and flared
(wider at the exit), are studied in this article. For both of
the conical models, the cone half-angle is 10°. The five
pinhole diameters studied here are 500, 750, 1000,
1250, and 1500 A. Conical pinholes are labeled by
their maximum diameters.

Calculated wavefronts diffracted by the cylindrical
pinholes are plotted in Fig 3. Wavefronts diffracted by
the two smallest pinholes reveal a small astigmatic
component, while the largest pinholes diffract wave-
fronts dominated by rotationally symmetric aberrations.
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Figure 4. Calculated P-V wavefront aberrations within 0.1 NA for three pinhole bore shape models, ‘and five different di-
ameters. Pinhole cross-sections, parallel to the polarization vector, are shown above the x-axis labels: black represents

the cobalt membrane, white is empty space.
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The calculated P-V wavefront aberration magnitudes
are plotted in Fig. 4 for each of the pinhole bore shapes
and diameters studied. Within this range, the P-V aberra-
tion magnitude is an increasing function of the pinhole
size. The dominant wavefront aberration components for
the larger pinholes ‘are rotationally symmetric. How-
ever, a small astigmatic (cos 268) component, less than
0.02 A P-V, is present in each diffracted wavefront.

The asymmetric wavefront components in diffrac-
tion from circular pinholes come from the polarization
of the incident field. Electric field components parallel
and perpendicular to the walls of the pinhole satisfy
different boundary conditions: parallel fields are con-
tinuous across the boundary, perpendicular fields are
discontinuous. The field emerging from the pinhole is
not rotationally symmetric, but owing to reflection
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Figure 5. Calculated P-V aberrations (left) of diffracted wavefronts, within 0.1 NA, for elliptical pinhole bores. The pin-
hole shapes are shown in gray behind their appropriate locations on the plot. Pinhole ellipticity introduces a small
amount of astigmatism (right) into the diffracted wavefront.

symmetry across the x- and y-axes, it contains astig-
matic components.

Elliptical bore

A series of simulations was conducted to investigate the
effect of elliptical pinhole cross-sections on the dif-
fracted wavefront. P-V aberration magnitudes are shown
in Fig. 5, for 25 width and ellipticity combinations.
The aberration magnitudes increase with pinhole size, as
expected. Elliptical pinhole wavefronts show greater
aberration magnitudes in the direction of the pinholes’
major axis, giving rise to non-rotationally symmetric
aberrations separate from the field polarization effects
described above. In this case, polarization effects also
contribute an astigmatic component to the diffracted
wavefront. Figure 5 also shows the overall magnitude



of these astigmatic components. Since this term de-
pends on cos 28, a negative sign of the coefficient indi-
cates rotation by 90°.

Conclusion

Calculated EUV wavefronts diffracted into 0.1 NA by
500-1500 A pinholes in a cobalt membrane show aber-
rations that increase as a function of pinhole size. Even
in the presence of a slightly conical bore, or an ellipti-
cal cross-section, the diffracted wavefronts are spherical
to within 0.01 waves from 1250 A pinholes, and
within 0.002 waves from sub-750 A circular pinholes.
Polarization and pinhole ellipticity both introduce as-
tigmatic components into the diffracted wavefront.

To the extent that these pinhole models correctly
represent experimental conditions, measurements of
aberrated spherical wavefronts using EUV point diffrac-
tion interferometry may be limited to an accuracy of a
few thousandths of a wavelength when pinholes as
small as 500 A are used — substantially smaller than
the diffraction-limited resolution of the test optics.
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