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ABSTRACT

There is a surprising lack of clarity about the exact quantity that a lithographic source map should specify. Under the
plausible interpretation that input source maps should tabulate radiance, one will find with standard imaging codes that
simulated wafer plane source intensities appear to violate the brightness theorem. The apparent deviation (a cosine
factor in the illumination pupil) represents one of many obliquity/inclination factors involved in propagation through the
imaging system whose interpretation in the literature is often somewhat obscure, but which have become numerically
significant in today's hyper-NA OPC applications. We show that the seeming brightness distortion in the illumination
pupil arises because the customary direction-cosine gridding of this aperture yields non-uniform solid-angle subtense in
the source pixels. Once the appropriate solid angle factor is included, each entry in the source map becomes
proportional to the total |[E[*2 that the associated pixel produces on the mask. This quantitative definition of lithographic
source distributions is consistent with the plane-wave spectrum approach adopted by litho simulators, in that these
simulators essentially propagate [E|*2 along the interfering diffraction orders from the mask input to the resist film. It
can be shown using either the rigorous Franz formulation of vector diffraction theory, or an angular spectrum approach,
that such an |E|*2 plane-wave weighting will provide the standard inclination factor if the source elements are incoherent
and the mask model is accurate. This inclination factor is usually derived from a classical Rayleigh-Sommerfeld
diffraction integral, and we show that the nominally discrepant inclination factors used by the various diffraction
integrals of this class can all be made to yield the same result as the Franz formula when rigorous mask simulation is
employed, and further that these cosine factors have a simple geometrical interpretation. On this basis one can then
obtain for the lens as a whole the standard mask-to-wafer obliquity factor used by litho simulators. This obliquity factor
is shown to express the brightness invariance theorem, making the simulator's output consistent with the brightness
theorem if the source map tabulates the product of radiance and pixel solid angle, as our source definition specifies. We
show by experiment that dose-to-clear data can be modeled more accurately when the correct obliquity factor is used.
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INTRODUCTION

Overview

To the authors' knowledge, all major litho simulators are based on fundamentally equivalent imaging equations.
However, the radiometric interpretation of these equations has received little if any coverage in the lithographic
literature. And though all litho simulators can be expected to handle input source patterns in a consistent way, there
appears to be no clearcut common understanding of the exact physical quantity that a lithographic source should
represent; at any rate we have not found any previous discussion of lithographic source radiometry in the literature. In
our opinion the question has been somewhat clouded by the presence of a number of cosine factors in the standard
imaging equations (referred to as obliquity or inclination factors) whose interpretation can be somewhat confusing. Such
factors arise in describing diffraction of the E-field from the mask into the projection lens, and are not easy to relate
conceptually to measurements of open frame irradiance patterns obtained with wafer-plane detectors. Such radiometric
measurements involve cosine factors of their own, and we know of no previous work to reconcile the two sets of
geometrical correction factors. (It should be noted that until recently the source-side obliquity factors in 4X reduction
systems have involved fairly small angles.)
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In deriving the obliquity factors for the imaging equations, the litho literature typically references classical treatments of
scalar diffraction theory; by doing so the imaging equations can incorporate the cosinusoidal angular apodization factors
(inclination or obliquity factors) that the classical diffraction theories predict. As we discuss below, the various
diffraction formulations in the literature predict inclination factors that are (nominally) somewhat different.

Since these classical theories assume idealized thin-mask stencil screens (and in some cases Fresnel-type approximations
in the geometry), it may not be immediately clear how applicable their inclination factors are to modern litho simulations
involving e.g. hyper-NA and/or phase masks with thick multilayered topography. The question is one of practical
importance since accurate OPC requires consideration of the detailed source shape'?, and to address this need, state-of-
the-art process models often include a measured tabulation of the intensity in the illumination pupil (or an accurate
parametric representation). Moreover, as source design becomes more sophisticated it will be increasingly advantageous
to employ precisely constructed source patterns of appreciable complexity®. In general, it is important that lithographic
source maps provide the proper input to simulation tools, and that simulators properly interpret the source maps
measured by exposure tools.

A key goal of this paper is to provide a definition of lithographic sources that is radiometrically valid, and that provides a
correct prediction of image intensity (i.e. the |E|2 distribution within the resist film, which is a measure of the local resist
reponse4). In addition, we will clarify the derivation of the various obliquity factors that arise in the standard imaging
equations, and will provide intuitive explanations of their functional form. We will also demonstrate experimentally that
measurements which include these factors provide appreciably better fits to measured intensities in resist (via dose to
clear measurements).

Our goal is to provide a
conceptually sound definition for
the sources used in lithographic
imaging models, but we will
consider only the physical
consistency of the underlying
X equations; numerical consistency
is outside the scope of this paper.
(We likewise ignore many
practical  issues of  source
metrology  that must  be
considered once the conceptual
definition is clearly established.)
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Figure 17 - Each Fourier order diffracted into the imaging system (assumed double
telecentric here without loss of generality) constitutes a parallel bundle in object or
image space whose width corresponds to an isoplanatic patch. Such bundles can be
considered large compared to the lens resolution but small compared to the overall field
size, and so can essentially be propagated through the lens as single rays. The areas cut
by each Fourier bundle as it crosses the object and image planes must stand in the ratio
of magnification squared, but the perpendicular cross-sections of the bundles vary over

The radiometrically appropriate
definition of the source that we
derive is a new result, to our
knowledge. The diffraction
theory upon which it is based is
certainly well-known, but we

have tried to develop a more
intuitive explanation of the cosine
factors involved than we have
seen elsewhere. We will show that the obliquity factors involved in propagating from source to mask, and from mask to
entrance pupil, both have common underpinnings - More specifically, they both describe the nonuniformity that arises
in mapping direction cosine space to direction solid angle.

the pupil by an additional cosine factor. This gives rise to the so-called radiometric
obliquity factor.

Generic imaging model in lithography

Litho simulators use the input source description to set the magnitude E of the electric field illuminating the mask (as
well as its state of polarization). To the best of our knowledge, all major simulators follow the equivalent of a more
specific procedure appropriate to the Abbe model of image formation: User-input source maps are treated as a
tabulation of the normalized |E[* intensity of a gridded set of plane waves that illuminate the mask, or as a sampling in
direction cosine space of the |E]* produced by a continuous source. In many cases we have confirmed this both by
querying the developers of these simulators, and by our own benchmark testing. Their choice of |E|* for the source
strength metric, instead of e.g. radiometric brightness (which would be an appropriate choice in a conventional
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radiometric measurement) affects the shape of the output image, as well as its dimensionality or overall scale. Of
course, sources are conventionally supplied in normalized form, rather than in physical units (which for squared electric
field might be e.g. [statvolt/cm]”), but even when normalized the interpretation of the source as proportional to [E|* has
influence on the shape of the calculated image. In fact, we show in section II that even a simple open frame intensity
calculated by litho simulators would be in violation of the brightness invariance theorem (a fundamental physical result;
see ref. 5) if the source intensity were interpreted as having standard radiometric units (i.e. brightness). For example, we
will show that in the simple case of an imaging system for which the radiometric obliquity factor is unity, the open-
frame wafer intensity |E|* becomes independent of the radial distance at which a monopole test source (of specified size
[in o units] and intensity) is displaced from the optical axis, as long as the source intensity is interpreted as |E|*.
However, we show that when source intensity is specified as a brightness measure, the open-frame intensity must instead
change as the radial position of a fixed-brightness test source is made more oblique; this is a consequence of the
brightness theorem, which states that the (index-scaled) source brightness must be the same in the object and image
spaces (for an ideal lossless lens).

Sources are often tabulated in pupil coordinates (i.e. in "G-space"), which, to within a constant of proportionality (NA),
is the same as direction cosine space. In other cases the grid-step may be explicitly given in direction cosine units, e.g.
as a step Ao, ABs (using here the conventional direction cosine notation, with subscript S denoting the source), meaning
that the /s, mgsth entry in an input source table supplies the intensity of the illuminating wave from a direction with k-
vector k. given by:

m,

Ky = Koy = ko (L Aag & + mgABGY + Y Z). Ny = 1= (s Aag)® — (mg Ag)” 1]

Ig.mg

where as usual k, =2w/X\, Z represents the optical axis, and /s and mg are integers whose range is determined by the

maximum 6. Sometimes the source distribution is explicitly given in k-space; our assumption here is that the direction
cosine space variables o and Bg are used. For concreteness we will assume that the o, Bs source coordinates refer to
the propagation directions in air, rather than within the (typically SiO,) mask blank. However, in an accurate simulation
it is necessary to consider the effect of refraction into the mask substrate, as discussed in section II.

Lithographic imaging models are ultimately grounded in the familiar Abbe model - In some cases the Abbe formulation
is used explicitly, i.e. the partially coherent image is explicitly 33
calculated as the incoherent sum of sub-images that are each
coherently formed by an illuminating planewave from a particular 2.0 .
source pixel (as in refs. 4,6,7), or the calculation may be carried out s
using the mutual coherence function (spatial domain), or TCC's
(frequency domain), which essentially derive from the Abbe
formulation by switching the order of integration/summation [so that
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the source integral precedes the integration(s) over the mask]. o

However, in all treatments that the authors are aware of (e.g. refs. 8- 0.5

13), the source integration is carried out in the direction cosine units

O, Bs of the eq.[1] grid (or in pupil coordinates where the direction 0

cosines are simply scaled by a factor of NA), with the source 0 02 0["1 . 0.6 0.8
« |at water

intensities being treated as the square of the illuminating E-field. We
also note that while most of our discussion is couched in terms of
source inputs that are supplied in tabular form (per eq.[l]), our
conclusions apply to any method that specifies the source as an |EJ*
distribution in direction-cosine space (or in pupil coordinates).

The source tabulation is treated as applying to the mask plane
illumination, though some simulators allow the overall image
normalization to optionally be applied in the wafer space. It is natural
under an Abbe model to employ a mask-plane normalization because
the light in a given illuminating ray will typically arrive at the wafer
along paths from many different pupil coordinates (having been split
by diffraction at the mask). As will be discussed further below, the
standard radiometric obliquity factor introduces a pupil-dependent

Figure 2" - Due to the eqs.[2] & [5] obliquity
factor, a "tophat" source (red solid) that produces
a uniform [E|’ out to some source radius (shown
here as 0=0.9) will produce a nonuniform [E|* in
the directional distribution illuminating the wafer
(blue dashed). This example is for a non-
immersion 4X system. |E[* is calculated in air at
both conjugates, it being assumed that thin-film
models are used in a separate step to account for
the effect of refraction into the resist layer, and
into the mask blank. Lens transmission and the
constant factor of magnification-squared are
neglected in the plots.
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apodization in E that is present even when the lens is ideal. This means that even in a mask-free open-frame exposure, a
source having a classic tophat disk shape will not produce a tophat illuminating profile in the projection lens image space
(Figure 2). As discussed further below, this has the implication that source brightness measurements should not be used
directly as lithographic source inputs.

The interpretation of sources as |[E|* distributions is

Spacing is ” . ”
non-uniform in computationally appropriate under an Abbe model, since most
solid angle. steps of the detailed lens simulation involve the E-field,

usually referring to the amplitude of planewaves. More
generally, this "field-centric" representation is appropriate for
the simulation of most aspects of the lithographic process. For
example, rigorous E&M solvers that calculate the mask
transmission use field variables, the Jones matrices that
characterize the lens'* use the E field as input, as do the thin-
film matrices that characterize the wafer process stack, and the
resist response is likewise proportional to |E[>.  Most
simulators assume periodic boundary conditions on the mask,
meaning that the Abbe orders are diffracted on a discrete grid
in direction cosine space. A similar discrete gridding for
integration might be used when TCCs are calculated. We note
that interpolation may be necessary to mesh the grids of the
illumination and collection pupils; however such numerical
issues are generally outside the scope of this paper.

Diffraction orders
are uniformly
spaced in
direction cosine.

Similar issues of interpolation and anti-aliasing arise in
simulating mask electromagnetic properties (so called EMF

Figure 3" - When an object is illuminated by a source
point that is focused into the pupil (shown here at a finite
conjugate for simplicity), the directional distribution of
the diffracted spectrum is uniform in cosine space, but
nonuniform in solid angle. This follows from the grating

effects'”). To account for large-angle effects in an accurate
way it is necessary to make an accurate calculation of the mask
transmission (using e.g. FDTD or RCWA [see ref. 16 for
further background]), thereby obtaining the amplitudes of the
Abbe imaging orders via Fourier transform of the E-field

law in the case of discrete orders (periodic boundary
conditions), and the grid step between successive orders
(which is constant in direction cosine units) subtends a
solid angle that is increased by a factor 1/y for orders that
are steeply propagating. This can be understood to result
from foreshortening of the near-field spatial frequencies
at steep obliquity.

transmitted through each mask period (assuming periodic
boundary conditions). Note that rigorous methods calculate
mask "transmission" only in the formal sense of calculating the
vector field at the output plane that is produced by a specified
vector input. For practical efficiency one might stipulate that
the detailed interactions of the illuminating fields with the
mask topography entail only a slowly varying adjustment to
the ideal shift-invariant behavior of a generic thin mask (often referred to as Hopkins shift-invariance), allowing the
fields diffracted from most of the discretely sampled source-waves to be obtained by interpolation across a limited
number of mask simulations. We do not consider such computational questions in this paper. And while it is possible
for reasons of computational efficiency to absorb certain limited departures of the mask behavior from pure shift
invariance into an effective "optical" kernel'>, we are concerned here with a conceptually accurate accounting of the
imaging model, and do not consider this computational shortcut which in effect blurs the division between mask and
lens. (We likewise ignore the computational advantages gained by absorbing resist diffusion and film stack effects into
the optical kernel.)

Obliquity factor

Litho simulators apply a so-called radiometric obliquity factor to the individual Abbe plane wave components. To the
authors' knowledge it was Richards and Wolf'” who first recognized the need for this radiometric correction. Though the
basic Abbe model is essentially angular-spectrum-based, most published derivations of the obliquity factor obtain it
through application of classical diffraction theory to three separate stages of propagation through the lens (see for
example ref. 4), in order to take into account the apodizing inclination factor that arises in diffracting from the mask to
the entrance pupil:
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i) An inclination factor ~ . = RObjecl -Z is applied to each plane-wave component ﬁObjecl as it diffracts
from the mask into the far-field entrance pupil.

if)  Aninclination factor \/W = \/ (leage -Z) / (12Object -Z) is applied to account for propagation
from entrance pupil to exit pupil.

iii)

[2]
An inclination factor 1/ Vimge 18 applied to account for propagation from exit pupil to image.
Net obliquity factor (denoted C) is thus given by C(k) = N Vobject / Vimage -

Here the subscripts "Object" and "Image" refer to the air or immersion-fluid spaces post-mask and pre-wafer respectively,
while "Source" is used below to refer to the air space preceding the mask substrate. Factor i is typically obtained from
classical Fresnel diffraction integrals (see for example refs. 4,7), while factors ii and iii are typically justified by
reference to the arguments in the classic paper of Richards and Wolf'”. In the present authors' opinion the realm of
accurate applicability of the eq.[2] derivation of C is not widely known in the litho community. The arguments by which
factors ii and iii are obtained tend to be somewhat sketchy, while the diffraction theory from which factor i is derived
tends to use approximations whose applicability in the regime of modern hyper-NA OPC is suspect.

Many textbooks cover diffraction calculations of this kind, using various levels of approximation. Jackson'® and Stratton
and Chu'"’ are notable for including vector diffraction theories, which yield appreciably different radiometry from scalar
models when source obliquity is high'®. It should be noted that these classical formulations implicitly fold together
[approximate] treatments of 1) the interaction of the illumination beam with the diffracting apertures, and 2) propagation
from the screen (which is usually treated as an infinitely thin stencil) to the far field. It is known that the approximations
employed by the classical diffraction theories (in particular an oversimplified choice of boundary conditions at the

screen) make them mathematically problematic, and in many cases they cannot be rigorously correct™'®,

We now summarize these standard treatments very briefly (see ref. 18 for further details). First, Green's theorem is
applied to the wave equation
in order to express the field at
a distant point in terms of an
integral over the diffracting
screen. Various formulations
of this integral are possible,
but in the scalar theories that

Light

are usually cited in the
derivation of eq.[2]-i these
integrals all consist of

Figure 4" - a) When an object that consists of an array of periodically tiled cells (perimeter
of array shown purple) is Koehler-illuminated by a single source point, the image of the
source point (green) that is focused into the far-field entrance pupil (beam shown dashed-
blue) has the shape of the Fourier transform of the near-field beam footprint (ignoring
illuminator aberrations). As shown in Figure 3, each diffracted Fourier order produces a
separate copy of the beam, whose amplitude is governed by the cell contents. Part a shows
two diffracted Fourier orders; an on-axis beam, and an obliquely diffracted beam that is
focused to the right side of the entrance pupil. When the field is diffracted obliquely,
foreshortening reduces the effective width of the defining aperture by a cosine factor v, and
as a result the diffraction pattern at the far-field beam focus spreads out. Other things being

products of a Green's function
with the normal-derivative of
the field, and/or products of
the field with the normal-
derivative of a Green's
function. These kernel
variations arise from different
choices for the Green's
function, which in turn are

equal, this spreading diminishes the amplitude at individual points of the diffraction pattern
by this same 7y cosine factor (see also eq.[13]).

b) According to the grating law, the Fourier orders have a uniform density in direction
cosine space (shown orange in part b), and in this space the Fourier transform of the beam
footprint is invariant with respect to illumination and diffraction obliquity (the so-called
shift-invariance property). The Fourier transform thus differs from the true far-field
amplitude by a y factor. This 7y factor describes the expansion of the uniform direction-
cosine grid when projected to the far-field reference sphere. The first term in the eq.[2]
obliquity factor can thus be understood as a consequence of free-space propagation from a
plane to a far-field reference sphere.
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essentially determined by the
choice of boundary conditions
at the screen. When the field
at the aperture is known
(assumed equal to the incident
field multiplied by the screen
transmission  in  classical
treatments), the kernel
includes the derivative of the
Green's function, which gives
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rise in the far-field to the Yopjee: inclination factor i in eq.[2]. (The associated scalar diffraction integral is known as the
Rayleigh-Sommerfeld integral with Dirichlet boundary conditions.) However, one can instead assume that the known
quantity at the screen is the derivative of the field in the outward-normal direction. Classically, this quantity is assumed
to be equal to the derivative of the incident field (within the open screen apertures). With this second choice of
boundary conditions the classical formulations arrive at an inclination factor of Ysouce (Rayleigh-Sommerfeld with
Neumann boundary conditions). Alternatively, by using the simplest choice of boundary conditions (which, however,
gives rise in the classical treatments to the most severe mathematical inconsistencies) one arrives at the Kirchoff
formulation, in which the inclination factor is (Yobject T Ysource)/2-

In the far-field all of these scalar formulations differ only in their obliquity factor. Though the Kirchoff boundary
conditions are the most problematic mathematically'®, the Kirchoff obliquity factor has intuitive plausibility in
registering an effect from inclination of either the source or collection directions. And in point of fact all of these
boundary conditions are known to be mathematically invalid unless the field exhibits a singularity along the aperture
edges®, in the case of the idealized perforated screens (infinitely conductive and infinitely thin) that are assumed in the
classical theory. This difficulty seemingly calls into question the accuracy of any of the standard choices for the
obliquity factor that might be used in item i of eq.[2], and of course today's lithographic masks bear little resemblance to
the idealized classical apertures.

However, it is not widely appreciated that all of these formulations can readily be made consistent and rigorous if the
fields are accurately known at the exit of the screen/mask, a point we discuss in detail in the next section. (See also
Kerwien et al.”?) We then show that an appropriate reformulation is already implicitly incorporated into the standard
Abbe model used by litho simulators, with one qualification - It appears not to have been explicitly recognized before
now that in order to properly calculate the correct [E|* distribution within the resist, such simulators must be provided
with a source map that is proportional to the product of source radiance (brightness) and pixel solid angle, the latter
factor being essentially equivalent to a 1/Ysouce apodization.

Before turning to these topics we should note that the literature includes a derivation of the eq.[2] obliquity factor which
is quite different from that described above. Gallatin®' derives the obliquity factor by applying an energy conservation
expression for scalar fields to the case of high-NA scalar imaging. A more intuitive derivation along the same lines
(which applies equally well in the vector-imaging case) had previously been made in ref. 6, and was later elaborated in
ref. 22; we now summarize it here.

For purposes of discussion we can analyze the imaging radiometry by considering a mask region that covers a single
isoplanatic patch (i.e. a region of uniform imaging), and in a high-quality imaging application we can assume the
isoplanatic patch to be many times larger than the object period. This is illustrated in Figure 1. Under illumination by a
single source point, each Fourier order will diffract from the isoplanatic patch as a bundle of rays that is converged
through a common point P in the pupil. (In fact the bundle forms a diffraction pattern at point P corresponding to the
Fourier transform of the beam aperture, as we discuss later.) Energy conservation and Poynting's theorem require that
the total power in the bundle satisfy

(AL [E[ g = Toaw M AL[E[ oy Where A, = wd. [3]

Here n represents the refractive index, in object space or image space. (We define the image space as the coupling
medium immediately above the wafer; the effect of refraction into the resist layer is assumed to be dealt with separately
via a thin-film calculation4.) TLens 18 the intensity transmission of the lens, E is the electric field, w the perpendicular
cross-section of the bundle in the plane of the Figure 1 diagram, and d the out-of-plane cross-section. The oblique (non-
perpendicular) cross-sections of the bundle as taken across the object and image planes must stand in the fixed ratio of
the lens magnification (which we will denote as M), and as a result the perpendicular cross-section A will vary with

diffracted direction. Thus, letting h denote the (oblique, non-perpendicular) span of the beam boundaries as cut by the
object or image planes, we have

Wlmage = hImage/\‘lmage H wObject = hObject/\‘Object H hImage = MhObject b dlmage = MdObjecI . [4]
Eqgs.[3] and [4] then yield the following expression for the obliquity factor C:
E| e ) N T s P - . .
C= | el — [ty o (Usually only the cosine factors are retained.) [5]
EObject M ,\{[magenlmage ,\{[mage
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The obliquity factor arises automatically in any moderately well-corrected lens when the Fourier orders are reconverged
with rescaled direction cosines in order to create a demagnified image. Through very similar arguments we show in
section II that this process maintains the brightness theorem. We first show in section I that such geometrical
considerations also underlie the diffraction-based inclination factor in eq.[2]-i. When employing the eq.[2] line of
argument one might question whether a Rayleigh-Sommerfeld (Dirichlet) inclination factor is applicable in modern
high-NA vector imaging simulations. For example, in critical cases where rigorous mask EMF simulations are carried
out, use of an obliquity factor from Rayleigh-Sommerfeld scalar diffraction theory appears to mix exact and approximate
diffraction calculations. We show below that these approaches are in fact quite consistent.

I. INCLINATION FACTOR IN MASK DIFFRACTION

Inclination factor in the plane wave spectrum

The angular spectrum approach to diffraction theory can be derived directly from Maxwell's equations®, and is a well-
known framework for analyzing imaging systems®'. In an angular spectrum treatment one can use the arguments of
refs. 6,21,22 (summarized in Figure 1 and eqs.[3]-[5] above) to derive the obliquity factor. However, in order to clarify
the connection between this approach and the more prevalent diffraction-based treatment summarized as eq.[2] above,
we show in an Appendix that the rigorous Franz vector diffraction formula reproduces the angular spectrum result used
by litho simulators. The Franz formula is regarded as the most rigorous of the standard vector diffraction formulations
(see ref. 25, and also ref. 26), in that other vector diffraction formulae require the addition of ad hoc edge terms when
used with classical boundary conditions. A key point, however, is that in free space all of these vector formulations are
equivalent (see the Appendix). By using a Maxwell solver to numerically propagate the illuminating fields to the output
face of the mask, the analytical problem faced by litho simulators in carrying out the eq.[2]-i propagation from mask to
entrance pupil is greatly eased.

In particular, we show in the Appendix that as long as the mask exit plane is offset by a finite distance from the mask
topography, the Franz formula will simply reproduce the angular spectrum result. More specifically, the Appendix
shows that if we begin by formally calculating the local angular spectrum as a mathematical 2D Fourier transform of the
field at the mask exit plane z=2z", i.e. if we represent this field by

{E (rM) or H (rM )} = éff dk, dk, {5 (f(, zM) or # (ﬁ, M )} ejf('fM ’ (6]
2D Inverse Fourier Transform
with tildes denoting 2D vectors in the x,y plane, then Maxwell's equations imply that
kos(f(,zM):kxw(f(,zM), [7]

and the Franz formula for the fields in a further-distant plane z=z" reduces upon Fourier transformation to the angular
spectrum result

{5 (ﬁ,zp) or W(ﬁ,zp)} = {3<E,ZM) or W(R,ZM)} ko (Z=2") [8]
The 2D forward-transform that inverts eq.[6] is
g(k.z) = ziffdxdy E(F.z)e T, [9]
™

Evaluating this in the z" and z" planes, and substituting into eq.[8], we find from the identity k-r = k-F + kovz:

{E(") orH(r")}:% [[ ak, dk, {€(k.0) or #(k,0)} ", [10]

indicating that the 2D Fourier components of the field in fact propagate in 3D as plane waves. We should note a subtlety
in the notation used here: We have written the field Fourier amplitudes with a script font to indicate their calculation via
a simple 2D Fourier transform over a plane, i.e. eq.[6] implicitly defines them by a purely mathematical or numerical
operation whose equivalence to planewave decomposition is derived rather than presumed. This transformation is two-
dimensional, i.e. over x and y (or ki and k, in the inverse transform), which we indicate using a tilde over the
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corresponding vector variable, e.g. k = kX +k ¥y =k (ax +[y), where as usual the direction cosines of the full 3D

propagation vector k are denoted oy, so that k =k + ky,vz . These 2D transforms do not involve any adjustments in

z or k,; however the eq.[10] result from the Franz formula shows that the Fourier components do in fact propagate along
z as plane waves. (This fundamental angular spectrum result is usually obtained directly from Maxwell's equations, and
can in fact be used as a basis for deriving the Franz formula [reversing the procedure of the last two paragraphs; see
Appendix], under the free-space conditions in which there are no currents or back-propagated waves between the mask
exit plane and the far field.)

Eq.[10] applies no obliquity factor to the Fourier order, and thus may appear inconsistent with factor i of eq.[2]. As
discussed above, factor i arises during propagation to the far-field (entrance pupil), and is the first of a sequence of terms
in eq.[2] which together comprise the radiometric obliquity factor. However, propagation to the far-field is not precisely
equivalent to plane-wave propagation. Though this point may be seen by close reading of the literature, it is not
explicitly explained in the treatments known to the authors. In order to provide an intuitively clear explanation, we make
use of a lemma of Jones”’, cited by Alonso and Borghi**, which states the mathematical result that when a vector field F
can be represented as a distribution A over a set of plane waves that are uniformly dense in direction, i.e.

F(r) = f dQA(W)e! o™ [11]

Forward
Solid
Angle

we find that at a large distance R from the origin (Rk, > 1), the field will asymptotically approach the far-field value

F(RP) ~ A(F i 12
(Rr) (r)j(R/X) [12]

where we have assumed all waves to be forward-traveling. Eq.[12] states the intuitively plausible result that when the
planewave components are uniformly distributed in solid angle Q, the field that propagates outward in some direction r
will become equal to the amplitude of the particular planewave component A(f) which is propagating in that same

direction, phase-shifted across the propagation distance (with additional /2 quadrature phase shift), and attenuated with
a 1/R? intensity scaling.

Note that the eq.[12] result contains no obliquity factor. However, eq.[12] is based on the eq.[11] expansion over a
planewave basis that is directionally uniform, i.e. uniform in direction solid angle. In contrast, the grating law implies
that the planewave spectrum diffracted from a planar mask will be uniformly dense in direction-cosine space, not
direction solid angle. Equi-spacing in direction-cosine simply expresses the elementary requirement that the oscillation

across the unit cell (e.g. of periodicity {px ,P, }) must increment by one cycle between successive diffraction orders, in

order that the spatial frequency harmonics of the near-field be matched by the oscillation along cross-sections of the
diffracted planewaves.

Foreshortening of these spatial frequencies implies a non-constant angular step between adjacent orders (for diffraction
angles outside the paraxial regime). Quantitatively, each uniform step in direction cosine (denoted {AOL,AB}, with

{Au,AB} = {>\ /P N/ py}) will subtend a solid angle that varies over the pupil according to (see Figure 3):

AoAB  AaAp
1—a?—@? ’

A, B) = [13]
If we now use eq.[13] to substitute dk, dk, =k;dad3 =k; vdQ into eq.[10], and apply the egs.[11] and [12]
asymptotic identity with A setto &, r’ setto Ra, and with F set to E(r"), we obtain for the far-field amplitude:

jkoR
eJo

ER®) = oy j—Rg(fc,o), [14]

Field

which now includes an obliquity factor (specifically factor i of eq.[2], traditionally obtained from the Rayleigh-
Sommerfeld [Dirichlet] diffraction integral). We have given 7y the subscript "Object" to emphasize that it refers to the
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propagation angle (against z) in the object space between mask and entrance pupil. In a similar way Ysouce denotes the
inclination of a planewave component illuminating the mask, and Yima. the inclination of a planewave illuminating the
wafer. (Note that the above discussion assumes periodic boundary conditions and a discrete spectrum for purposes of
discussion, but is in fact quite general.)

The inclination factor in eq.[14] that multiplies the planewave amplitude is seen to arise from the decreased density of
the angular spectrum at high obliquity. We show in the next subsection that this is essentially a foreshortening effect.

We can put eq.[14] in conventional Fraunhofer-like form by using eq.[8] to back-propagate to the origin, i.e. setting
£(k,0)=£(k.2")e 7", [15]
and then applying eq.[9] at z=2" to obtain from eq.[14] (using r" =" +~2):

. i —jkgr™
E(Ra) ]: ’\(Objeaj_RffddeyM E(rM)e I , [16]

Field

which is the standard Fraunhofer result, containing the usual obliquity factor Yopject.

Essential equivalence of Kirchoff and Rayleigh-Sommerfeld formulations (Neumann and Dirichlet)

The above derivation shows that the eq.[2]-i inclination factor arises from a decreased solid-angle density in the
diffraction spectrum at large angles, which in the case of periodic boundary conditions can be thought of as an increased
angular separation between successive orders at high obliquity, as mandated by the grating law (see Figure 3). To make
this mechanism even more intuitive we can consider the process in a litho context, in which a single source point
illuminates a periodic array in a dark-background mask (Figure 4). We assume that the near-field mask amplitude can
jkobugr™

be represented as a windowed function E(r")=T@")Wx")e where W is a broad window function

representing the perimeter of the array, and T is the periodic inner array contribution to the field (assumed
distinguishable from W by the large size of the window relative to the cell period). In this expression we have formally
extracted out the phase dependence introduced by the illuminating source point, without necessarily assuming thin mask
behavior or Hopkins shift invariance. Using basic Fourier identities, we then find from eq.[16] that

ejkoR fl —da
E(Ra) = T ~Nw|—=——I, 17
RG) = — Z o x [17]

Field

where 7% is the Fourier transform of W, and 7}, is the {/,m}th Fourier harmonic of T, with fz,m denoting the spatial

frequency associated with 77;,,, namely

f, = &g+ @nl/P)X + (27m/P,)y. [18]

Since W is much wider than Py, the W functions in eq.[17] can be treated as delta-functions, and we can replace y
within the sum by:

’\{n,m = 1 -

n,m

f |2. [19]

In eq.[17] the only explicit dependence on observation direction @ resides in the y and % terms. Figure 4 and the
discussion above show that the planewave density factor ¥ can be understood as expressing a kind of 'uncertainty effect'
in which foreshortening of the planar object at high obliquity causes the far-field Fourier patterns to spread out more
widely at the entrance-sphere focus, for orders that are steeply diffracted.

Note that eq.[16] uses a Rayleigh-Sommerfeld-(Dirichlet) inclination factor Youeer.: We see from the above discussion (e.g.
eq.[14]) that this factor can be associated with the single planewave component that propagates in the observation direction.

Such an angular-spectrum-based description of the obliquity factor can serve as the basis for establishing an underlying
equivalence between the various classical diffraction integrals. Specifically, if we apply eq.[8] to infinitesimal
propagation, we find the basic result (also directly derivable from Maxwell's equations):
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o0& (R, ™M )
ozM
Substituting this into eqs.[15] and [14] along with the z™-derivative of eq.[9] evaluated at z=Z"" (and noting that the 2D
vector ™ has no z™-dependence), we find

= jkE(k.2"). [20]

JkoR

My s
ffddeyMaLrM)e Tt [21]

ERG) = - o

Far kR

Field

Eq.[21] is a vector version of the so-called Type II Rayleigh-Sommerfeld integral; it has a form suitable for application
of Neumann boundary conditions. The above derivation shows that eq.[21] gives the same result as the eq.[16] Type I
Rayleigh-Sommerfeld integral (which is formulated for Dirichlet boundary conditions). In the classical treatment of

diffracting stencil screens under Neumann boundary conditions, the eq.[21] normal derivative of the field OE(r™) / ozM
is taken to be equal to that of the illuminating wave (within the open area of the screen apertures). This is a reasonable
approximation for the large apertures of the classical scalar-regime diffraction screens.

The illuminating source wave has a phase tilt with z component proportional to jkoYsouce- In terms of a thin-mask
transmission function t(r™), the following analog of the classical Neumann boundary condition might be termed the
coarse-mask approximation:
OE(™)
ozM

This leads to the Rayleigh-Sommerfeld-(Neumann) inclination factor Ysoue. However, the analysis above shows that the

~ Ko Vsource t(r™) Eg e () (Approximation for low-spatial-frequency masks) [22]

eq.[21] z-differentiation (in the term OE(r") / 0z"™) should be understood as applying in the exit space of the mask (not

the incident space), where it simply acts to multiply each
Measured vs. Simulated EO outgoing planewave component by the y factor associated
with its propagation direction, appropriately accounting for
12 the increased spreading of the far-field diffraction pattern
~ 10 that arises from foreshortening of the diffracting spatial
£ gl frequency in the near-field. In short, the z-differentiation
o o in the eq.[21] Neumann formulation can be understood as
S 6 ——T i .
= an alternative method for applying the Yopject factor of the
= 4/ = with Obliquity Dirichlet f lati h
py irichlet formulation to the output waves.
w O EO_meas . . .
21 — without Obliquity Thus, whlle 'the’ above derivation shows that th'e eq.[21]
0 formulation is rigorously correct when the z-derivative of
0.5 0.6 0.7 0.8 0.9 (| the field is accurately known at the mask exit plane, use of
Ocenter the classical Neumann inclination factor Yseuee involves

assumptions that are much less general (i.e. large
Figure 5 - Experimental dose-to-clear measurements can be fit| apertures, with no large-angle phase deviation). These
quite accurately if lens apodization is taken into account, as is assumptions do not apply with low-k1 patterns, since fine
shown here for a 4X NA=0.93 system. A narrow annular| ¢k structure will cause light to be diffracted through
source is used, with ring-width of 6=0.2. Ring-radius is varied| |5r0¢ deviation angles (meaning that diffraction from low-
along the x axis. The solid curves are simulations that take| | "fostyres will radically alter the concentration of light
into account all sources of pupil apodization (including thin into different propagation directions); thus we would not

film losses in the resist stack), except that the black curve . ..
neglects the eq.[29] obliquity factor (flux concentration), and expect the eq.[22] use of the input obliquity Ysouce a5 2

hence predicts an increased dose-to-clear. (The wafer-stack| substitute for OE(r')/0z™ to be particularly accurate in
thin-film calculations implicitly include the prismatic contemporary litho applications.

concentration [and associated change in E] involved in
refraction into the resist.) The plotted measured values agree far
better with the blue curve, which includes the obliquity factor.

Of course, approximations are also made in the standard
"Dirichlet" thin-mask model used by litho simulators,
which can be written:

Er") = tr")Eg,, . (r"). (Thin-mask approximation) [23]
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This thin-mask model is appropriately used with the Yopjeee inclination factor, i.e. in the eq.[16] Rayleigh-Sommerfeld
(Dirichlet) formula, whereas the eq.[22] low resolution approximation would most naturally be used in the eq.[21]
Neumann expression.

Eq.[23] becomes less accurate with fine features, particularly if the transmission function t(r™) is identified with the
nominal 2D polygonal patterns that are written on the mask. However, considerable effort has been made in recent years
to develop computationally fast methods for calculating reasonably accurate effective transmission functions, such as by
inserting pre-calculated boundary layers'>** or edge fields™ along the perimeter of the nominal thin-mask apertures (or
by simply biasing the nominal apertures during simulation'”). This gives eq.[23] and the associated eq.[16] Dirichlet
form an advantage over the eq.[22] coarse mask approximation.

However, the above analysis shows that in the key case of rigorous mask simulation one will get the correct result using
either eq.[16] or eq.[21], or their average, since the field and its z-derivative are exactly known at the mask exit. These
three alternatives correspond in a limited sense to the classical Rayleigh-Sommerfeld Dirichlet/Neumann and Kirchoff
formulations, but the explicit inclination factors associated with the latter two classical formulations should not be used
in high-accuracy simulations.

The results of this section show that the modern ability of rigorous Maxwell solvers or high accuracy thin-mask
extensions to provide the field in the exit plane of the mask has greatly simplified the calculation of the far-field intensity
distribution. In particular, we have seen that the basic angular spectrum approach used by litho simulators provides the
same physical information as the most advanced classic diffraction integrals in this case. Angular spectrum propagation
in the free space region beyond the mask follows the simple eq.[8] form, and we will see in the next section that this
space is most naturally understood as part of the lens.

II. SOURCE BRIGHTNESS IN LITHOGRAPHIC SIMULATIONS

Energy conservation in standard simulation equations

Litho simulators employ the angular spectrum equations in the mode of the eqs.[17],[19] example, except that the entire
obliquity factor of eq.[2] is applied to the beam, rather than simply the step i factor. This is appropriate because litho
simulators are concerned with the fields in the image plane rather than in the entrance pupil (and Figure 1 shows that the
obliquity factor between mask and wafer can be calculated in a single direct step). For similar reasons litho simulators
ignore the beam diffraction pattern 7 that appears in eq.[17]. % contains (Fourier-transformed) information about the
broad footprint of the extended object field (isoplanatic patch), whereas (in the usual case of periodic boundary
conditions) litho simulators are concerned with the patterns within a unit cell, whose dimensions are far smaller. In such
simulations the footprint W of the isoplanatic patch is therefore not explicitly considered, and the focused far-field
diffraction pattern of the Fourier beam perimeter (%) is of no direct interest.

The eq.[19] approximation is strongly justified when the size of isoplanatic patch W significantly exceeds the unit cell
on which periodic boundary conditions are applied. This is easily the case with lithographic lenses, justifying a
geometrical treatment of the
flux. The classical concepts
of radiometry are only
applicable in the geometrical
regime, so for radiometric
purposes we can employ the
argument of Figure 1 to derive
the obliquity factor. (There
has been considerable research
in recent years towards
defining radiometric quantities
that are suitable for the
Figure 6’ - The obliquity factor follows from application of the brightness theorem to the physical optics regime; see for
imaging of each source pixel (red) between entrance and exit pupils. For simplicity these example ref. 31.)

pupils are shown at a finite conjugate, even though litho lenses are double-telecentric.

_ (Aas’ ABS)Objccl (Aas’ ABS ) Image

-1

Ccos YObjecf
-1

Ccos YImcge

Since the brightness theorem
is a fundamental and broadly applicable thermodynamic result’, we take the approach here of using it as a foundation,
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and show that the eq.[5] obliquity factor is essentially a statement of the brightness theorem for Koehler imaging. Figure
6 shows the image of a single source pixel as it is focused into the entrance pupil after being diffracted into a particular
Fourier order. (Only a single order is shown.) The geometry is that of Figure 1, but, as in Figures 3 and 4 the entrance
pupil is shown at a finite conjugate for simplicity. And unlike Figures 3 and 4, the Figure 6 geometry considers an
extended source pixel of finite (though small) size, rather than a point source.

The brightness theorem states that source brightness is conserved in a lossless lens (Ty¢,s=1), i.e. that

(B/n?) =T, (B/nz)Objm, T, <1 (Brightness theorem) [24]

where B is the pixel brightness (radiance), which is assumed constant over the pixel when an adequately fine pixel size is
chosen, and n is the refractive index in object or image space. Brightness is defined by

B = dzP/ dQ dA, = (I/R) dzP/ dQ, dQ., with P the power in the collected beam, Qg the solid angle that the source

subtends as viewed from the collection plane, A, the beam perpendicular cross-section in the collection plane, Qc the
Pixels at large radii solid angle subtended by the collection cross-section as
in direction cosine | viewed from the source, and R the distance between the
Spfacr‘;::' :;?ir;d collection area and source. (Note that in this paper we
angles. reserve the symbol B for brightness, and use H to denote
magnetic field.) As is usual in classical radiometry, we
have to consider the two-fold set of rays connecting every
field point and every source point; in Figure 6 these are
indicated schematically using blue-solid and magenta-
dashed rays. In addition to requiring that the system
behave identically across all field points within the
isoplanatic patch (with patch size W being made small
enough to ensure the accuracy of this approximation), we
must similarly require that the source pixel AogAPs be
sufficiently small that the isoplanatic patch is imaged
identically by every source-point within the pixel (and that
all such source points are mutually incoherent).

Image

C»

Light

Figure 7" - Litho simulators typically make use of the Fourier
domain during portions of their calculations, and so grid the
source in direction cosine space. This means that highly
oblique source pixels will subtend a larger solid angle at the
simulation field (i.e. at isoplanatic patch W) than do axial
source pixels. (Here the source pixels [magenta] are shown
directly illuminating the mask plane from above; however the

: { _ 2
same argument applies to the virtual source that is focused From Poynting's theorem we have P = (cn/8m)A, |E| :

into the entrance pupil under Koehler illumination.) The source pixel will subtend a solid angle
Aag A
AQ = Do ABs [25]
N
in the mask and wafer planes (see Figure 7), and since P=BA | AQ), we have
|E|2 = 8_ﬂB AQ = MB. [26]
cn ~en

Let us suppose that the diffraction order and source pixel in question are indexed as {/,m} (eq.[18]) and {/s,ms} (eq.[1]),
respectively. The individual source points in the pixel can be referenced by a pair of fractional factors {f,,f,}, with
| f|<1/2, in such a way that the coordinates of the diffracted source point in direction cosine space are

IDN mx
{0‘» B}Object =i+ (ls + fx ) AO‘s 5 + (ms + fy )ABS R [27]
or Px Py Object

Image
Image

Applying the sine condition for isoplanatic imaging to any of the eq.[27] rays, we have

M (Il {OL’ B})Image = (n{a, B}>Object ’
which implies: [28]

MnImage AOLS,Image = nObject AOLS,Object 5 MnImage ABS,Image = nObject ABS,Object .
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(The sine condition simply expresses the requirement that any interfering set of spatial frequencies in the object
reproduce the same interference pattern in the image at the reduced scale dictated by magnification M.) If we now
substitute eqs.[28] and [26] into the brightness theorem (eq.[24]), we recover the eq.[5] expression for the obliquity

factor C:
_ L Noject Lobject T, . [29]
M m{]magen]mage

Eq.[29] describes the cumulative effect of beam refraction across all surfaces in the projection lens. It does not include
the effect of refraction into the resist film. (Recall that the refractive index ny,,. appearing in eq.[29] is the index of the
air or immersion fluid adjacent to the wafer.) To properly account for vector imaging effects it is necessary to propagate
the waves into the resist layer, and this can be accomplished using a thin-film model of the resist stack’, for which
€q.[29] properly corrects the incident field.

[
|E

We also note that in an open frame exposure the transfer equation |Elmagc

2 .
Yobject /r\‘[magc used by litho

2
x |EObjcct

simulators and the similar equation|E o B/ Vimage 1MVOlVing source brightness predict different numerical outputs

Image

versus B) is translated in the pupil, except in the

L . . 2
when a source pole of constant numerical input intensity (|EObjcct
limit where the object-side NA is small. This means that if measured source brightness is used as an input to a litho

simulator instead of |EObjcct , the output image intensity cannot be radiometrically correct. We will return to this point

in the next subsection.

The concentration represented by the eq.[29] obliquity factor can be verified experimentally using dose-to-clear
measurements (open frame exposures). However, to do so it is necessary to correct for all other apodizations in the
system, including interfacial losses in the resist stack; these apodizations typically fall off with pupil radius and so
oppose the eq.[29] flux concentration. Figure 5 compares such a calculation to experimental results, using
measurements that include an approximate calibration for the angular response of the detector (which can be included
accurately and automatically in the most advanced exposure systems). The Figure 5 results show that when simulations
accurately model all Fresnel losses, the contribution from the obliquity factor remains significant, and further that
experimental dose-to-clear data is fit far more accurately when the obliquity factor is included.

Radiometric consistency in tabulating the source intensity

We have seen that the obliquity factor is a consequence of the brightness theorem, and so represents a radiometrically
correct treatment of the source pixels. Moreover, if one sets aside the complex angular dependence of the mask's Fourier
transfer coefficients and essentially treats the diffraction of the illuminating ray bundle by the mask as a simple prismatic
deviation, one can apply a similar brightness-conserving obliquity factor to the diffraction process. When the bundle for
e.g. source pixel {/s,ms} is deviated by the mask into diffraction order {/,m}, its cross-section across the object plane will
be a fixed quantity, but (as in eq.[4]) its perpendicular cross-section will change in the ratio of the 7y factors that apply on
each side of the mask, i.e. in the ratio of Yseurce and Youjeer (See the left-side blue rays in Figure 6 as an example.) Other
things being equal, this change in beam concentration will cause a prismatic change in the electric field magnitude E,
though the variations in the mask Fourier transfer coefficients across different diffraction angles can easily outweigh
such relatively slow cosine factors. Per eq.[25], the change in beam direction (and associated change in beam
perpendicular cross-section) is accompanied by a change in pixel solid angle (dashed magenta rays in Figure 6), since
the subtended pixel angle varies inversely with Ysouce OF Yobjeet: The net effect of the changes in beam concentration and
pixel subtense is to leave source brightness B unchanged, except for the reduction in flux transmitted by the mask into
the particular order. By analogy with eq.[24], we can express this as

<1, [30]

By ) = Tpom (B T
( Ig,mg Object Ig,mg;l,m Ig,mg Source, lg.mg;lm  —

where we have assumed that n=1 on both sides of the mask. Of course, the diffractive transfer process (described by
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factor T

Ig,mg;l,m
requires intensive numerical calculations to simulate with high accuracy (see refs. 16,32 for related information and
references). Such calculations generally use the E and H fields as variables (e.g. FDTD or RCWA), and as noted in the
introduction this is the case with many other phenomena that are important in litho simulations. It is therefore natural
that the standard litho simulation equations are expressed in terms of the field variable E rather than radiometric
quantities like brightness B; in fact litho simulators essentially map the quantity [E|* from its value at the input face of the
mask to its output value at image points within the resist film, with the transfer through the mask being carried out using
either detailed numerical solution of Maxwell's equations, or with a numerically-tuned effective mask transmission
function based on e.g. a boundary layer model. Given the fundamental character of the brightness theorem, it is
appropriate that litho simulators maintain a brightness-invariant model of the lens by applying parameter C, which
contains a merged set of cosine factors (eq.[2]). As noted above, this implies that traversal of the space between the
mask exit plane and the lens entrance pupil (step i of eq.[2]) is most naturally understood as one segment of propagation
through the lens as a whole. It is thus appropriate to regard the angular dependencies that arise during interaction with
the mask topography proper as falling under the purview
b. of the mask model. (Of course, for computational
purposes it may be efficient to combine mask and
optical obliquities together within e.g. a single set of
» SOCS kernels'?.)

) involves the detailed physical interaction of the illuminating light with the mask topography, and

;! C. Litho simulators treat the source as a tabulation of the
; , ' illuminating |E]* in direction cosine space (or its
',' ‘ equivalent), and likewise carry out the source
Lo PR integration in this space®'“'*"*. For litho simulators to
C TN yield an accurate result, it is necessary that the source
“ pixels be sufficiently small that the |E|* transfer from all

Figure 8" - Schematic illustration of the eq.[26] dependence of points is essentially identical, i.e. representable by the
illuminating electric field (green) on the angular size of source| image produced from a single illuminating planewave
elements (magenta). The e-field produced by a source patch of| (€.g. the central source point of the pixel).

specified brightness and angular subtence is independent of the
orientation chosen for the object plane which cuts the beam, as
indicated by beams a and b. (Of course, the power received by
each unit area of the receiver does depend on orientation.) Beam
c illustrates that the illuminating e-field strength will vary with
the angular subtense of the source element. Figure 7 then implies
that (evenly gridded, uniformly bright) pixels at large radii in the
(direction cosine space) pupil will produce a larger e-field at the
mask than do on-axis pixels, due to their greater subtense.

In addition, when integration over a physically
continuous source is replaced by a sum over discrete
source points, it is important that the weighting given to
each term in the sum represent the integrated effect of
the corresponding pixel of the continuous source.
Though the simulator equations may transform the basic
Abbe model in a mathematically sophisticated way (as
in a SOCS calculation), and may use a functional
description of the source distribution rather than a
tabulated pixel map, their source integration will be essentially equivalent to summing the output [E|* values that are
produced by each of the input illumination |EJ* values (source pixel intensities). It is therefore necessary that the input
source file accurately tabulate the |E|* value that each source pixel produces at the mask entrance face. Since the source
pixels subtend equal sizes (AosAPs) in direction cosine space, they subtend different solid angles at the mask plane
(Figure 7), and therefore produce different input |E* values when their brightnesses are equal, as may be seen from
eq.[26]. (This is also illustrated schematically in Figure 8.)

For this reason the tabulation of |E|* required by litho simulators must differ from a tabulation of brightness B. When a
conventional radiometric measurement of the source expresses its intensity distribution in terms of brightness, eq.[26]
must subsequently be used to convert this distribution into a source map that is suitable for use with litho simulators, i.e.
into an |E|* map. Of course, these simulators do not require that the source use physical units for the electric field, but
the shape of the |E|* distribution in the pupil must be correct. In terms of brightness B, the appropriate definition of the
source map in direction cosine space is therefore:

B

S(ag,Bg) = ————.
(as Bs) m

It should be noted that even with today's hyper-NA lenses, the denominator source obliquity in eq.[31] will remain fairly

[31]
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close to 1, due to the 4X reduction used in current litho lenses. For example, at wafer NA=1.35 the eq.[31] denominator

is about 0.94 in the space above the mask substrate. The
\d

deviation from unity, though small, is larger than the
accuracy typically sought in litho simulations for e.g. state-
of-the-art model-based OPC, making the radiometrically
consistent source definition in eq.[31] appropriate.

/
W'

Note that the source coordinates in eq.[31] refer to the
propagation direction in air, i.e. the direction from which
each ray enters the mask substrate through the unpatterned
back face. The Fresnel loss at this interface introduces an
apodization in the beam (even if the backside is anti-
reflection [AR] coated), an effect which we have considered
here to be properly accounted for in the mask model.
However, it should be noted that the standard thin-film
equations by which such interfacial apodizations are

pd

a. b.

Figure 9 - a) Definition of transfer coefficient T for e-field
magnitude, in the case of P polarization. The relationship

between the various field components shown isAE|E|,
B= |E|cos 0, C=+1B, D= %|]:Z| = T|E|cos 0/cos®’.

b) The eq.[32] energy conservation law obeyed by the
thin-film amplitude transfer coefficient # and intensity

calculated include a purely prismatic beam concentration
factor’, and this prismatic concentration is very similar in
nature to the beam concentration effects that litho
simulations account for with the eq.[29] obliquity factor. To

calculate the effect of the backside interface (or AR coating)
on the planewave inputs to the Maxwell solver one would
naturally apply the thin-film amplitude transmission
coefficient to the E-field; however the conventional
transmission coefficient T involves only the field
components parallel to the interface. To correct the entire
field we can define a coefficient T which describes the

amplitude ratio along the refracted field direction, as illustrated in Figure 9 for P polarization. (% is identical to T for S

coefficient T shows that the transmitted field is scaled up or
down by a prismatic change in width w// w at the interface,
implicitly treating the transmitted amplitude as that of a
finite bundle. Refraction at the mask blank backside
therefore causes a prismatic concentration in the bundle of
rays that illuminate the frontside patterned surface.

polarization.) If the intensity transmittance of the interface (or film stack) is T, one can show? that in either S or P
polarization the amplitude transfer coefficient for propagation into the substrate is given by

n,, cosfy 32]

2
|~|2 o |ERefracted| o
T = =

2 !
nSubstrate cos eS

|Elncident

where the quantities involved are defined in Figure 9. (Simulators account for a similar refractive effect in the resist
layer when they model the resist stack using thin-film equations.)

Eq.[32] shows that if the backside interface is not accounted for by the mask simulator (or involves a coating of
unknown properties), one can approximate its effect geometrically by determining or estimating T (e.g. setting T=1 for
an AR coating), and then replacing the incident direction cosines in eq.[31] by those of the refracted rays inside the mask
blank (neglecting the constant index factors). The source definition in eq.[31] then takes the modified form:

B

12
I—ag

S(us»Bs) = [33]

a2’

S
where the primes denote the propagation direction within the blank. Finally, we note that either the mask or lens model
should take into account the apodization effect of the mask pellicle.
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APPENDIX

This Appendix shows that in calculations where the mask transmission is accurately known (either from rigorous E&M
simulation, or by means of a numerically calibrated approximate model such as boundary layers or edge-DDM), the
angular spectrum representation of a rigorous vector diffraction integral (the Franz formula) yields the same result as the
standard angular spectrum propagation equation, as long as the mask exit plane is placed beyond all currents in the mask
topography (i.e. offset slightly beyond the topography into free space, with optional back-propagation for re-focus).
More generally, we can show that under these conditions all of the standard diffraction integrals (Helmholtz-Kirchoff,
Stratton-Chu, Kottler, Franz) simplify considerably; in particular, they can be made to take the form of a "redundant”
pair of integrals along the lines of an integration by parts for which the total differential is zero, causing each alternative
in the by-parts integration to give an equal result. (An example of this has already been shown in the main text; if the
equal results in eqs.[16] and [21] are added, the result resembles the integral of a chain-rule differentiation of the product
of E and the Fourier propagator, and this product can be assumed on physical grounds to vanish at large radii within the
mask exit plane, as is also suggested by the equality of the two equations.)

When we apply the analysis below to any of these standard diffraction integrals, we find that each of a pair of terms can
be derived (or analyzed) using a similar set of steps involving the angular spectrum representation. The physical basis
for this simplification is the absence of source currents in the half-space beyond the mask exit pupil, the assumption that
no back-propagated waves illuminate the mask patterns from the exit side, and in particular the fact that precise
boundary conditions are automatically provided by modern mask simulation methods. We will exhibit the derivation in
some detail for one of the terms in the Franz diffraction formula, as an illustration of how the full Franz result can be
derived from an angular spectrum analysis. We will also sketch out the derivation for the complementary approach in
which the Franz formula reduces to the eq.[8] angular spectrum propagator in free space.

Both approaches depend on well-known results from spatial domain Fourier transformation of Maxwell's harmonic
equations in free space, which we briefly review here. In free-space the E-field satisfies the homogeneous Helmholtz

equation (V* +k{)E(r)=0. Substituting in the (purely mathematical) 2D inverse transform of eq.[6], we have

where dk denotes dk, dk,. Since this must hold for all values of z, we conclude that

0 5<“’% = —kvE(R2), [35]

from which we obtain in standard fashion the angular spectrum result in eq.[8] (and thence eq.[10]), for the case in
which all waves are forward traveling.

4 (i +k§m{2)5(f(,z)] , [34]

We will also make use of the angular spectrum results obtained by substituting the eq.[6] inverse transform into the free-
space harmonic Maxwell equations VxH + jk,)E = 0 and V-H = V-E = 0, namely

kos(f(,z) = kxw(f(,z) and k.-zz(lz,z) = k-s(ﬁ,z) =0. [36]
In Gaussian units, the Franz formula states that the field measured at a point r” is given by:*

E(r) = ﬁVPX[VPXIdFMG(rP,rM)[ixH<rM)H Y IR I =D

where the P subscript on V indicates differentiation with respect to the measurement-point coordinates, and where the
free-space Green's function G is given by
; jke(rP—rM)
— -~ ¢
J f R [38]

4ﬂ|rp—rM| N 81k, N

jko‘rper‘
€

G(rp,rM> =

The right-hand form is the Weyl expansion, which, as suggested by eqs.[11] and [13], can be intuitively understood to
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represent the Green's function spherical wave as a superposition of plane waves that (by symmetry) are uniformly
distributed in direction solid angle.

We now show that the eq.[37] Franz formula for free-space propagation can be derived from the angular spectrum result
of eq.[10] for free space propagation. (Later we will briefly sketch the reverse derivation.) Using vector identities and
eq.[36], eq.[10] can be written
1 qo=p P M ~ 1 ~ T o=p ejk()AfP(ZP*ZM) -
E(fP’ZP> _ dk Jkp-r ek (z' —z )5<kP,ZM> = —— | 4, eJkp-r e {kp x(ixg(kp,zM))],
2m 27 kovp

[39]

KFP ik (28— M o T M
where we have also employed eq.[15]. Using e/KrT elomr(@ =27 _ oiKeT" o= ikopz

planewave, we have

and the expression for the curl of a

. b i - ejkp-r"efjkoquM -
Ef,z) = ——V,x | dk, ———— [Zx&E(k,,z")|. 40
( ) 2n ' f ' KoVp ( ( ! )) 1401
Substituting in the inverse transform of eq.[6]
T~ jkr'rP *jko'\‘PZM
Ef".7') = -V, xffdk i ‘Jkr‘rML(sz( v,ZM)). [41]
4 k p

According to the eq.[38] Weyl expansion, this can be written

B{"2") = 29,% [6 6 {r"r) (2B (" 2)). [42]

This is twice the right hand term of the Franz formula. Through similar steps we can likewise show that the left term
also gives E (fp,zp ) / 2. When the doubled right-hand term of the Franz formula is used as a standalone expression, the

resulting diffraction integral (i.e. eq.[42]) is known as the Smythe formula'®,

It is also straightforward to show that when the Franz formula in free space is re-cast in terms of the angular spectrum, it
simply expresses the eq.[8] propagation law. In brief, this can be shown by first using the above derivation of eqs.[35]
and [36] from Maxwell's equations to derive the eq.[10] three-dimensional angular spectrum transform, and then using
eq.[10] to replace the fields in the eq.[37] Franz formula by superpositions of plane waves (doing likewise with the
Green's function via eq.[38]), and finally inverse transforming both sides of the resulting equation (by applying the

eq.[6] 2D Fourier transform). If one then repeatedly invokes the delta-function representation 4w*8(F) = f dk T 1o

simplify the nested integrals, one finds that the Franz formula reduces to a simple expression of the propagation law for
the angular spectrum amplitudes (eq.[8]).

These results show that the modern ability of rigorous Maxwell solvers or high accuracy thin-mask extensions to provide
the field in the exit plane of the mask greatly simplifies the diffraction calculation for propagation to the far field. Under
these conditions the basic angular spectrum approach used by litho simulators provides the same information as the most
advanced classical diffraction integrals.
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