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ABSTRACT

Previously, we have given a detailed description of the so-called Extended Nijboer-Zernike approach and its
application to aberration measurements of the optical projection system in a wafer scanner in the case of a low
or medium high-NA system. The Extended Nijboer-Zernike theory provides an analytical description of the
through-focus intensity point-spread function in the presence of lens aberrations and defocus.

Taking the Extended Nijboer-Zernike description for the electric field components in the case of a high-NA
optical system as a starting point, we present an approach to aberration retrieval when the NA is very high. The
experimental procedure involves the analysis of a focus-exposure matrix. The differences between aberration
retrieval using the low-NA scalar model and the high-NA full vectorial model are discussed. The mathematical
framework is shown and the experimental procedure to extract aberrations for a high-NA lens is demonstrated
on modern 193 nm wafer scanners.

Keywords: Optical lithography, high NA, vectorial diffraction formalism, point-spread function, Extended
Nijboer-Zernike theory.

1. INTRODUCTION

Optical lithography continues to increase its resolution, not only by reducing the exposure wavelength, but also
by increasing the numerical aperture of the projection lens. A gradual increase through the years can be observed
that partially explains the continuous increase in packing density on integrated circuits. At the same time, a
few steps in wavelength have been made, from the near UV towards the actual deep UV at 193 nm. The total
increase in packing density over the years has only been possible by a drastic reduction in the value of the
ki-parameter. The projection lenses have contributed to this by a steady reduction of the aberrational level.
Rms-values as low as 25mA are current nowadays. For this reason, a lithographic projection system has to be
very carefully manufactured and monitored during its life with respect to aberrational level. Figure 1 shows a
historical overview of the evolution of the numerical aperture. The fast increase starting in 2005 is caused by
the introduction of immersion systems. Immersion lithography, with a fluid between the last lens element and
the wafer, allows a numerical aperture greater than 1. These so-called hyper-NA tools are scheduled within one
year.

Important optical properties of an optical system can be obtained from the intensity point-spread function
or impulse response.! In optical lithography, an exact knowledge of the point-spread function is required to
calculate the image of an object. Projection lens aberrations cause the point-spread function to deviate from
its ideal shape that is well approximated by the Airy intensity distribution at moderate values of the numerical
aperture. The impact of lens aberrations on the image performance of the lens is well known and described by
various authors.?™®
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Figure 1. The evolution of the numerical aperture over the past 30 years. The sharp increase in 2005 is caused by the
introduction of liquid immersion tools, allowing a numerical aperture in excess of 1. For small NA-values the scalar ENZ
theory is sufficiently accurate, for NA-values above 0.7 the high-NA ENZ theory is needed.

The Extended Nijboer-Zernike (ENZ) theory provides an analytical description of the PSF. The through-
focus image intensity of the point-spread function, including the effects of aberrations and image blur caused
by diffusion and focus noise, is described by a recently found Bessel series representation.” These new series
representation yield a flexible means to compute optical point-spread functions, both accurately and efficiently,
under conditions that seem to cover almost all cases of practical interest. Due to the analytical nature of the
formulas the ENZ theory is not only useful to do computations in the forward direction, i.e. to evaluate the
point-spread function starting from aberrations, but also in the reverse direction, which amounts to aberration
retrieval from the measured 3-D intensity point-spread function.

Up till now, the scalar ENZ theory was used for aberration retrieval and for estimating the DAIM param-
eters.>” However, it is well known that the point-spread function calculated by scalar theory deviates from
the high-NA calculation when the NA exceeds a value of about 0.70. Aberration retrieval, therefore, becomes
increasingly inaccurate when the NA is very high.2® Moreover, one tends to overestimate the diffusion parameter
of the DAIM model as a scalar calculation tends to produce a PSF with a smaller lateral extent compared to
the vectorial calculation. This paper discusses the extension to high-NA optical systems using the full vectorial
ENZ theory in order to improve the accuracy of the retrieved parameters.

The paper is organized as follows. Section 1.1 gives an overview of ENZ publications in the period 2002 -
2005. Section 2 summarizes low-NA forward calculation and low-NA aberration retrieval. Section 3 summarizes
the high-NA full vectorial forward calculations. In the special case of an unpolarized system with rotational
symmetrically aberrations, we discusse aberrations retrieval and validate the high-NA formulas by comparing
the results to SOLID-C simulation results. Section 4 shows some experimental results obtained on an ASML
PAS 5500/1150 scanner and on an ASML Twinscan XT:1250i immersion scanner.

1.1. Overview ENZ theory

The Nijboer-Zernike aberration theory is described in the 1942-thesis of B.R.A. Nijboer.® The Extended Nijboer-
Zernike theory was formulated for the first time® in 2002, where the basic diffraction integrals were represented
in the form of easily computable power-Bessel series (Lommel type series). The forward calculation and an
assessment of the validity of the new theory was given in a companion paper.'® Here it was shown that the
through-focus point-spread function can be calculated for an optical system with arbitrary aberrations. The new
Bessel series representation yields a flexible means to compute optical point-spread functions, both accurately
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and efficiently, under defocus and aberration conditions that seem to cover almost all cases of practical interest.
Because of the analytic nature of the formulas, there are no discretization effects limiting the accuracy as opposed
to the more commonly used numerical packages based on brute force integration methods. The old diffraction
theories of Airy (1835), Lommel (1885) and Nijboer (1942) arise as special cases of the Extended Nijboer-Zernike
theory.

The proof-of-principle of the backward calculation or retrieval of aberrations is described in Ref.!! The mea-
surement method was demonstrated both analytically and experimentally. The extension to general aberration
retrieval is described in Ref.,'® where the retrieval of a general aberration function, A - exp(i®) with a possible
non-constant pupil transmission amplitude A, was considered. In addition, the extension to finite pin-hole size is
described. This makes the method much more practical as larger pinholes allow transmission of more light and
thus significantly reduce the required exposure dose. In Ref.'* we show various experimental results performed
on a modern wafer scanner.

Reference!'® describes the so-called extended diffused aerial image model (DAIM) and a method to retrieve
its parameters. The DAIM parameters are at the origin of a general blurring of the projected aerial image and
include the effects of diffusion and focus noise. The experimental procedure was demonstrated for several 193
nm resists under various conditions of post exposure baking temperature and baking time. Recent experimental
results are discussed in Ref.,!? on this conference.

A new calculation scheme to compute point-spread functions for any, small or large defocus value and at any
spatial point is presented in Ref.! The resulting Bessel-Bessel series expression, involving products of Bessel
functions, can be shown to be practically immune to loss-of-digits.

The retrieval of large aberration values was discussed in Ref.!” By adopting an iterative approach, the effect
of linearization can be eliminated iteratively for a surprisingly large range of aberration parameter values, and
this yields accurate or even perfect retrieval of aberrations well beyond the diffraction limit. In addition, the
impact of measurement noise on the retrieved aberrations was investigated.

The Extended Nijboer Zernike approach can also be applied to aberrated optical system with high NA by
using the vectorial diffraction formalism.'® The relationship between the properties of the imaging system and
the focal field distribution paves the way for a possible inverse problem solution, i.e. the retrieval of the complex
pupil function from intensity measurements in the focal region for high-NA systems. In Refs.!% 2% it was shown
that the basic methods employed in the previous scalar approach can still serve as a starting point for high-NA
aberration retrieval. Using a vectorial analysis of aberrated imaging systems, a procedure to retrieve the complex
pupil function of a high-NA imaging system is given.

Additional information can be found on the ”Extended Nijboer-Zernike website”.?!

2. THEORY: LOW NA - ENZ THEORY

For low-to-moderate numerical aperture values of, say, NA < 0.70, the scalar Extended Nijboer-Zernike approach
applies. In this section we reproduce some formulas of the low-NA forward calculation. The electrical field is
approximated by a scalar function:

Ew2Voo +2i ) apm - i™ Vamcosmo (1)

n,m

where ay,, are the Zernike coefficients corresponding to the single aberrations R} (p) cosmf. The definitions of
the Vj,,,, functions can be found elsewhere? !1:13 and are not reproduced here. The intensity I(r, ¢, f) is found
as the square modulus of the field:

I(r,¢,f) x E- E*. (2)
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2.1. Low-NA aberration retrieval

The next step is to apply a Fourier analysis with respect to the angular dependence of the observed image
intensity:

1 27

V)= oo [ 1036, 5 cosm do. Q

T Jo
The physical interpretation of the m!* Fourier component is as follows: The Fourier component ¥°(r, f), with
m = 0, includes the aberration-free and spherical aberration terms. For a high-quality lens the aberration-free
term is dominant. The components ¥!(r, f) and 2(r, f) represent the contributions of coma and astigmatism,
etc. Thus the Fourier analysis splits information according to aberration type. In addition, the Fourier analysis
strongly suppresses the impact of measurement noise, making the retrieval method robust.

In order to retrieve the aberration coefficients, the m!* harmonic of the observed intensity point-spread
function ™ (r, f) is expressed as a linear sum of the ¥ (r, f) basic intensity functions:

U (r, f) & Y onm U(r, f) with W2 (r, f) o< Re{i"™ T V5o Vi } - (4)

In general, the aberration coefficients a,,,,, are found by a matching procedure between the observed and theoret-
ical Fourier components. Referring to Figure 2, we demonstrate our algorithm that is valid for small aberration
coefficients. A NA = 0.2 microscope objective lens suffers from a mixture of several aberrations: spherical,
astigmatism and trefoil aberration. Here we want to determine the dominant term: a small amount of low
order trefoil aberration. We therefore extract the experimental third harmonic ¥3(r, f) from the through-focus
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Figure 2. A comparison between the experimental third harmonic on the left and theoretical third harmonic on the right
for a low NA microscope objective lens. The scaling factor ass represents the amount of trefoil aberration.

intensity PSF, as shown in Figure 2 left, and match this experimental function to the theoretical ¥3(r, f) basic
intensity function shown in Figure 2 right:

U (r, f) ~ asz ¥s(r, f) . (5)

The proportionality coefficient ass is found by a simple matching procedure. In general, also higher order
aberrations may be present, and these can be found by solving a linear system of equations. This method can
be extended to include transmission errors, effects of diffusion, focus noise and the finite diameter of the pinhole.
For the retrieval of general, large aberrations an iterative scheme exists as discussed in the literature overview
presented in the previous section.

3. THEORY: HIGH-NA PSF CALCULATIONS

For a numerical aperture that exceeds the value of 0.7, the vectorial character of the light becomes important.
Instead of the scalar expression in Eq. 1, the electrical field is now represented as a vector. The starting point
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of the high-NA aberration retrieval procedure is a set of high-NA papers'® 2% on the high-NA extension of the
ENZ theory. Assuming linearly polarized illumination along the x-axis, the electrical field in the image space is
now given by:
Eew
E*(r,¢, f)=1| E*Y | . (6)
E&*

The Extended Nijboer-Zernike theory provides an analytical expression for the electric field vector:
E*(r,¢,f) = —iyNA%exp [_—Zf} Zim & €xp [ime] X
o n,m
Vnm,O + NTsznmJ exp [2'L¢] + NTAZVnn“fz exp [—2'L¢]

—NATy s exp [2i0] + DALY, exp [—2id)] : (7)
—iNAV,m.1exp [i¢] + iNAVm, 1 exp [—id)]

A similar expression exists for y—polarized illumination. We have introduced the Vj,p, ; functions. These func-
tions show a resemblance with the V., (r, f)-functions appearing in the scalar treatment of the diffraction problem
as given in Ref.”!? The appropriate Bessel-series expansion of the V,,,, ; function is not reproduced here, but
can be found elsewhere.'® We note that in general, the aberration coefficients 52, and Y, are complex numbers
and depend on the polarization state of the illuminator.

3.1. Unpolarized Illumination

For regular lithographic patterns, such as linear gratings, improved exposure latitudes are obtained when a
polarized illuminator is used. However, for many other lithographic cells, such as logic-type of cells with a more
"random-like” pattern, the gain in performance is marginal. In this paper, we therefore treat a more practical
case of aberration retrieval using an unpolarized illumination of the pinhole. The advantage is a considerable
simplification of the retrieval procedure, as the PSF maintains its rotational symmetry for an aberration-free
lens. The intensity is found by:

I(r,¢,f) x E* - E** + EY - E¥* . (8)

The next step is to calculate the Fourier components with respect to the azimuthal component, just as we did
in the scalar case. In addition, we restrict the analysis to the rotationally symmetrical components. The 0
Fourier component is defined as:

1 s
V() = o [ Tro.pe. ©)
In our restricted analysis, the rotationally symmetrical term is written as
Nmaz
V0= (59)°®0 + 260 Y Re(53,89,). (10)
n=1
with
o), = ‘I’On;mo + 2NA2‘I’?;;1,1 + NA4‘I’%;2,2 where ‘I’Oka = Vo%(Ta f)vr?,l(ra f)- (11)

Equations (10) and (11) together resemble Eq.4 of the low-NA theory. Indeed, one can show that for NA — 0,
the Egs. (10) - (11) and (4) give the same result.

Similar to the low-NA case, the aberration coefficients 39, from Eq. 10 are found by a matching procedure
between the observed and theoretical Fourier components.
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Figure 3. A comparison between a vectorial, unpolarized calculation (solid) and a scalar calculation (dashed) for a
NA=0.95 system. The radial coordinate is dimensionless and properly scaled to A\/NA. Left: the vectorial PSF is about
12 % wider. Right: the enlargement shows that the vectorial PSF has no ”zero”, in contrast to the scalar PSF.

3.2. Validating the high-NA formulas

Figure 3 shows a comparison between a vectorial, unpolarized calculation and a scalar calculation for a NA =
0.95 system. Note that the vectorial calculation shows a PSF with a half-width that is somewhat larger compared
to the scalar calculation. This result is important when we estimate diffusion constants. Figure 3 right shows
an enlargement of the PSF, showing that the PSF in the vectorial case has no ”zero”, in contrast to the PSF in
the scalar case.

We validate the high-NA formulas of the previous section by comparing the high-NA ENZ results to numerical
simulations.?? Figure 4 shows the PSF with the numerical aperture having the values NA = 0.60, 0.85 and 0.95.
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Figure 4. The point-spread function at various NA-values. The solid lines represent a simulation made with the litho-
graphic simulator SOLID-C, the dashed lines represent the analytical high-NA ENZ calculation. Left: NA=0.60, mid:
NA=0.85 and right: NA=0.95.

Up to now we have assumed that the diameter of the hole in the binary mask is so small that it can be
regarded as a true delta function. From a practical point of view, however, it would be favourable to use holes
with a non-negligible diameter since the increased amount of light allows a significant reduction of the required
exposure dose, making the experimental procedure much more practical. We assume that the diameter is small
compared to both the diffraction unit A/NA in the object plane and the coherence radius of the illumination
source, conditions that are almost always fulfilled. Here we take the same approach as for the scalar case. The
effect of a non-negligible diameter is a drop in amplitude towards the rim of the pupil and can be effectively
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described by introducing a complex focus parameter, with optimal d:

fl=rf+id. (12)

f,13

The optimal d value is given in Re Figure 5 shows a calculation for a finite hole size, using Eq. 12. Even
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Figure 5. The point-spread function at two values of the hole diameter. The solid lines represent a simulation made with
the lithographic simulator SOLID-C, the dashed lines represent the analytical high-NA ENZ calculation for an NA=0.85.
Left: a diameter of 50 nm. Right: a diameter of 200 nm.

though the hole size of 200 nm is large for the NA=0.85 system, a good agreement is obtained with the numerical
results.

The effect of spherical aberration on the PSF can be calculated by adding an additional terms 33, in Eq. 10.
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Figure 6. The point-spread function at two values of spherical aberration. The solid lines represent a simulation made with
the lithographic simulator SOLID-C, the dashed lines represent the analytical high-NA ENZ calculation with NA=0.85.
Left: aberration-free case. Right: Zg = 40m\ lowest order spherical aberration is added.

Figure 6 shows the effect of Zg = 40 mA lowest order spherical aberration. A through-focus asymmetry can be
observed.

The case of liquid immersion lithography is easily calculated by scaling the numerical aperture and wavelength
to the refractive index of the liquid, i.e. by replacing NA and A by NA /nyater and A\/nyater, respectively, through-
out all formulas. Figure 7 compares the ENZ theory to numerical simulations, assuming water with a refractive
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Figure 7. Two examples of the PSF for a water immersion system. The solid lines represent a simulation made with
the lithographic simulator SOLID-C, the dashed lines represent the analytical high-NA ENZ calculation. Left: NA=0.85.
Right: NA=1.35.

index nqyqer = 1.43664. The calculations for a wet system with NA=0.85 and NA=1.35 are shown. Note the
large depth of focus for the NA=0.85 case.

We take the same approach as in the low-NA case and adopt the DAIM model to account for image blur
effects. There are a number of image blur effects: mechanical position noise, resist processing effects such as acid
diffusion during the post exposure baking process, and a third cause for image blur originates from a stochastic
variation of the focus parameter. To a good approximation, these effects can be taken into account by convolving
the point-spread function in the radial variable r and the focus variable f by a Gaussian distribution function. It
can be shown that the three effects, manifest themselves to a large extent additively in the ideal aberration-free
point-spread function ®9. Figure 8 shows an example of the PSF, where the diffusion length is 0 and 40 nm,

o I o
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Figure 8. The impact of diffusion. The solid lines represent numerical simulations, dashed lines represent the high-NA
ENZ calculations. Left: aberration-free PSF of an NA=0.85 system, no diffusion. Right: The same, but now with a
diffusion length of 40 nm.

respectively.

By comparing the ENZ values with the results obtained by numerical integration, it can be shown that the
intrinsic accuracy of the ENZ theory is better then 1075, The observed maximum absolute deviation of 1.5 %
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between our analytical results and the numerical simulator?? is likely to be caused by the choice of the grid size,
the representation of the finite hole and aliasing effects in the FFT procedure.

4. HIGH-NA RETRIEVAL

The above examples demonstrate that the high-NA ENZ calculations accurately describe the through-focus PSF.
For unpolarized light, the retrieval scheme for aberrations and DAIM parameters is similar to the scalar approach
and is also described in Section 2.1.

The experimental procedure to measure the PSF using SEM resist images is described in detail elsewhere.!?
We use a simple chrome-on-quartz reticle with a, 0.6 um at reticle level, transparent hole. The reticle is exposed
in a focus exposure matrix (FEM). A SEM, under job control, collects all images. The data reduction, from
SEM image to through-focus intensity PSF, is done off-line. The exposures are made by two different scanners:
1) an ASML PAS5500/1150, a dry scanner system with A = 193 nm, NA = 0.75 projection lens, unpolarized
illumination and 2) an ASML twinscan XT:1250i, immersion scanner system with A = 193 nm, NA = 0.85
projection lens, unpolarized illumination.

Figure 9 shows the an example of the pinhole experiment, where the exposures are made on the immersion
NA = 0.85 scanner. The near perfect through-focus symmetry indicates a low level of spherical aberrations. For

0.5¢
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03 _ . ' ]
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-0.2F B
_0.3r 4
_O_4f 4
-0.5=
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Figure 9. The experimental PSF (solid lines) and the PSF from the high-NA ENZ theory (dashed lines), where the
exposures are made on the immersion NA = 0.85 scanner. The near perfect through-focus symmetry indicates a low level
of spherical aberrations, below 10 mA. The photo resist is PAR-817. For the DAIM parameters we find: o, = 16, oy =
100 nm.

the next experiment the exposures were made on the dry NA = 0.75 scanner. We varied the post exposure baking
(PEB) time in order to illustrate the increased diffusion length. Figure 10 shows two experimental examples of
the pinhole experiment at two different PEB times. Note that extending the PEB time increases the diffusion
parameter from o, = 26 to 48 nm. However, the focus noise parameter and aberration coefficients are the same,
as expected.

Figure 11 shows the measured diffusion parameter o, of the DAIM model versus the PEB time for GARS-
8105 resist (Fuji Film). We observe the expected increase of o, in time, caused by acid diffusion. The data fit,
indicated by the lines, represents a v/ D - t + offset function. The low-NA analysis, as we have also observed in
previous experiments,'® shows an offset. In contrast, the high-NA analysis shows a nearly zero offset. The offset
reduction is caused by the fact that the basic intensity functions we use for the new analysis are now calculated
by the full vectorial ENZ theory and have a somewhat larger halfwidth compared to the basic intensity functions
from the scalar theory, see Fig. 3.
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Figure 10. The experimental PSF (solid lines) and the PSF from the high-NA ENZ theory (dashed lines), where the
exposures are made on the dry NA = 0.75 scanner. The near perfect through-focus symmetry indicates a low level of
spherical aberrations, below 10 mA. The photo resist is GARS-8105. Left: the results for the standard PEB time of 90
seconds. For the DAIM parameters we find: o, = 26, oy = 110 nm. Right: The PEB time is extended to 270 seconds,
we find 0, =48, oy = 110 nm
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Figure 11. The measured diffusion parameter o, versus the PEB time for the GARS-8105 resist. The open circles
represents the o, values obtained by the low-NA analysis. The closed square symbols represent the o, values obtained by
the high-NA analysis. The lines represent a data fit to a /D - t + offset diffusion law. Note that the fitted curve for the
high-NA case (solid line) passes nearly through the origin.

5. SUMMARY

In this paper we have emphasized the high-NA extension of the Extended Nijboer-Zernike approach and we
found a good agreement between theory, numerical simulations and experiment. For unpolarized light a retrieval
scheme was presented that is similar to the low-NA case requiring modified basic intensity functions. In addition,
we also accounted for various effects of image blur. The solution of the inverse problem, the evaluation of the
Zernike coefficients and the diffusion and focus-noise parameters, is obtained by using the high-NA Extended
Nijboer-Zernike approach. The method also applies to immersion systems with a very high NA.
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