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Abstract

Fast Simulation Methods for Non-Planar Phase and Multilayer Defectsin DUV and EUV
Photomasks for Lithography

by
Michael Christopher Lam
Doctor of Philosophy in Applied Science and Technology
University of California, Berkeley
Professor Andrew R. Neureuther, Chair

This dissertation devel ops rapid modeling methodol ogies for the printability and
inspectability of various types of defects on photomasksin DUV and EUV lithography.
Several fast and approximate methods for defect simulation are introduced and validated
by comparing their results with Finite Difference Time Domain (FDTD) calculations of
scattering from the same geometry. The common strategy is to decompose the electro-
magnetic (EM) scattering into individual signal contributions by analyzing rigorous
simulations, and then to develop efficient aternative models for each contribution.

Two methods are introduced to cal cul ate the observed scattering from DUV phase
defects. First, the through focus behavior of an isolated defect can be used to extract two
defect parameters, size and phase, which fully characterize the defect by means of an EM
equivaent thin mask model. Post and void defects can also be differentiated based on the
side of defocus that their peak signal occurs. Second, a defect projector methodology is
introduced that alows results for an isolated defect and a defect-free pattern to be
combined to predict their interaction for any defect location. The defect projector is four
orders of magnitude faster than 3D FDTD simulation, and can correctly predict the defect

induced dimension change to within 30% for worst case.



The main emphasis of this dissertation is on scattering from non-planar multilayer
structures to understand the printability of buried defects inside of EUV mask blanks. A
new method based on ray tracing is devel oped by exploiting the small non-specular
forward angular scattering of individual bilayers, which is 10X smaller than the back
scatter, and its approximation as zero allows a new and tractable mathematical factoring.
The method is tested for various deposition strategies, defect sizes, defect shapes, as well
as various illumination angles of incidence and polarization. Smoothing of the defect
shape during deposition is confirmed to help mitigate isolated defect printability to asize
less than about 70nm for 3D defects. The method is 4 to 5 orders of magnitude faster than
FDTD simulation, takes 40X less memory, and still achieves equivalent accuracy. FDTD
results for resonant multilayers were also found to suffer from convergence lulls and
reflection errors at angles >10° due to small wavelength shifts from numerical dispersion.

The new methodology is then extended to model the interaction between absorber
features and buried defects by developing a new 2D thin mask model for features. FDTD
studies of signal components from an isolated absorber edge show that the scattering can
be approximated to first order by adding phased line sources to vertically propagating
waves at the edges of the thin mask model. The ray tracing method was also extended to
model the case of optical inspection of EUV masks. The Single Surface Approximation
and ray tracing method produce nearly identical results, while FDTD suffers from

numerical errors due to the abnormally high cell densities of 700 cells per wavelength.

Professor Andrew R. Neureuther

Committee Chairman
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1 | ntroduction

1.1 Motivation

Technology has become critically necessary to design and build even newer
technology, and thisis especially true today in optical lithography for semiconductor
manufacturing. Computer simulation has become an integral part of the lithographic
process for quickly and efficiently examining the design and production of Integrated
Circuits (1Cs). However, newly designed microprocessor complexities grow faster than
the computational power of available processors and demand ever increasing accuracy
within a shorter span of time. Thisis because the physical and mathematical models used
to predict imaging have become increasingly detailed and rigorous, and often need to be
applied to every feature in the layout to pre-compensate the design. These detailed
models are thus a significant increased burden to engineering design.

The necessity of rigorous models combined with their computational constraints,
has created a movement to develop new fast-CAD simulation paradigms that retain the
necessary accuracy, but with dramatic increases in speed. These paradigms often leverage
a problem’s physical characteristics to allow new approximations to be exploited. New
paradigms have been successful implemented on several fronts. Model based Optical
Proximity Correction (OPC) methods [1], Domain Decomposition Methods (DDM) [2,3],

Boundary Layer Methods [4], and the Single Surface Approximation (SSA) [5] are justa



few of the fast simulation methods that have been proposed or adopted within the
industry. Fast simulation methodol ogies enhance the quality and quantity of information
that can be used to support the design process, and will become even more important as
the industry moves towards a fully virtual manufacturing process, whereby all aspects are
simulated prior to first silicon.

This dissertation explores two new forms of fast-CAD simulation paradigms for
the electromagnetic scattering from defective photomasks. The goal is to identify new
approximations that can be leveraged to enable fast diffraction calculations at Deep Ultra
Violet (DUV) and Extreme UltraViolet (EUV) wavelengths. The strategy hereisto
decompose a complex domain into individual pieces and understand how each individual
piece behaves. Then the linearity of a defect’s electric field, combined with the non-
linearity of the total intensity, will enable approximations based on perturbation theory
[6]. Finally, the resulting approximations are used to build a variety of new methods that
are accurate, require fewer computational resources, and significantly quicker at

evaluating and adjusting the hundreds of millions of scenarios in a design.

1.2 The Defect Printability Challenge

All photomasks contain defects, but not all defects cause defective products. A
major problem in lithography deals with understanding which defects are critical (will
create a defective product) and which defects do not impair the end product. When a
photomask is found to be defective, the mask must either be fixed (defect removed) or

remade (a respin). Modern photomasks have become very expensive, making it



prohibitively expensive to continuously respin amask until it is defect free. It istherefore
necessary to understand how many critical defects exist on the photomask, and fix only
the critical defects. This problem becomes more pronounced since photomask complexity
rises with the complexity of new ICs, increasing both the number and probability of
critical defects on the mask. A delicate minimization is sought which ensures the
photomask is free of critical defects, while avoiding the cost of unnecessary mask

respins. Simulation can be used to differentiate critical defects from non-critical defects
to help minimize the cost of generating an acceptable photomask.

Defects, however, are particularly challenging to simulate, since they can occur in
any location, near any feature and be of any size, 3-D shape, and material. Understanding
how each of these parameters affects defect printability requires numerous simulations.
Additionally, defect sizes are typically sub-wavelength, creating interesting
electromagnetic effects that cannot be accurately captured in simple scalar diffraction
theory. It has been shown that “real” defects behave electromagnetically different from
their ideal physical dimensions [7], confirming that their sub-wavelength nature requires
more time-consuming rigorous models to be used when determining their imaging
severity. Combining both the large parameter space and the need for rigorous models, it
becomes easy to understand why fast and accurate methods would be a boon to defect

printability studies.



1.3 Dissertation Content

The dissertation begins by reviewing relevant background material on optical
lithography, its EUV extensions, and computational methods in Chapter 2. Special
emphasis is placed on the imaging behavior of phase defects and their impact on the
printability of features. These concepts are then extended to extreme ultraviol et
lithography (EUVL) and defective EUV mask blanks, where a phase defect is manifested
via particles buried underneath multilayer mirror structures. Finaly, current simulation
techniques that are relevant to the dissertation content will be reviewed, which include
Domain Decomposition Methods (DDM), Finite Difference Time Domain (FDTD) [8],
the Single Surface Approximation (SSA), and others.

Chapter 3 looksinto the limits on the applicability of edge-DDM. As mask
dimensions shrink, electromagnetic cross-talk between adjacent and connecting edges
becomes more pronounced until these effects can no longer be ignored, and the mask
structure can no longer be thought of as a sum of diffractions from isolated edges. An
understanding of the threshold for electromagnetic cross-talk among edges is important
for assessing when the edge-DDM method is applicable for a given layout. General rules
of thumb are developed to determine the smallest feature size that edge-DDM may
accurately simulate to the desired tolerance. The concept of a defect projector isalso
introduced, which alows alarge number of defect locations to be accurately examined in
ashort amount of time. The accuracy and speed of this method will be discussed in
greater detail. Finally, an interesting and challenging question is whether or not edge-

DDM can be used quickly and accurately for the simulation of photomasks during



inspection. If true, avery fast die-to-database comparison may be made during inspection
where the database will be synthesized “on the fly” from edge-DDM. The applicability of
edge-DDM for inspection is assessed, and a new corner-DDM is proposed for mitigating
the high frequency errors of edge-DDM.

Chapter 4 addresses the troubling problem that phase-shifting mask (PSM)
defects, as observed in experiment, do not perform as their ideal counterparts in thin
mask simulations. Specifically, a 3 parameter model is demonstrated to be sufficient to
link together these seemingly contradictory results. Since at small dimensions, the size
and magnitude of phase defects are degenerate, only 2 of the 3 parameters are necessary
to characterize their focal behavior, allowing two physically different defects to become
indistinguishable when comparing their scattered fields. Data extraction from the
behavior of real defects can then be used to find electromagnetically equivalent ideal
defects that can be simulated much quicker. Intuitive physical explanations are also given
for understanding why real and ideal defects behave differently.

Chapter 5 reexamines the physical characteristics of the buried defect problem
within EUVL and describes a new method for rapidly simulating buried defects within
EUV mask blanks. The optical homogeneity and smoothness of EUV mask blanks,
combined with the small numerical aperture of the EUV optical system, allow efficient
and accurate simulations to be accomplished in very minimal time, and thus opens the
door to more thorough, quantitative studies on buried defect printability. The optical
homogeneity of the multilayer stack also allows a primary wave approximation to be
used, where only the primary wave scattering of the defective layers is computed. The

primary wave scattering is then only allowed to interact with the defect-free structure for



the purposes of calculating the interaction resonance, effectively casting the new method
as a perturbational approach.

A comparison between the new method and two popular methods for simulating
EUV buried defectsis presented in Chapter 6. These are the FDTD method and the SSA
method. The Chapter’s goals are to understand the tradeoffs in accuracy to achieve speed,
and address the memory constraints (2GB limit) of large problems on single desktop
computers. The goal of the new method is to produce orders of magnitude improvement
in speed for 2D and 3D simulations, and make the results at least as reliable and accurate
as the FDTD method, which is generally considered to be the “gold standard” for
simulating EUV buried defects. This includes testing the accuracy for various shapes and
sizes of defects, for various locations within the multilayer stack, for off-axis
illumination, as well as both the standard and the smoothing multilayer growth methods.
A speed analysis of the three methods will show that the new method in 3D is 5 orders of
magnitude faster than FDTD and uses about 40X less memory.

In studying the accuracy of the new method, it was required to make a careful
investigation of the FDTD method, and this is also included in Chapter 6. A surprising
result was uncovered that questions the underlying assumption that FDTD is a gold
standard for simulations at EUV wavelengths. When using FDTD to simulate EUV
multilayers, a temporary lull in convergence can be obtained as resonant energy gathers
coherence within the multilayer, slowly leaking energy out until equilibrium is reached.
The effects of numerical dispersion on the calculated reflectivity of the EUV multilayers
are also documented. Numerical dispersion changes the simulated wavelength by

fractions of a percent, which is normally not noticeable for most applications; however,



the resonant nature of the multilayer enhances the sensitivity of the structure to small
wavelength changes. Numerical dispersion is shown to significantly impact the diffracted
spectrum for angles greater than about 9°.

Chapter 7 will show applications of the new simulator to predict the printability
impact of various defect types on EUV multilayer blanks. Understanding the defect’s
electromagnetic signature and printability becomes crucial to understanding the necessary
levels of inspection and tolerances needed for producing acceptable mask blanks for the
semiconductor industry. While several programmed defect printability studies have been
performed over the years [9,10,11], thorough and predictive defect landscape maps are
still needed. Therefore, landscape maps that vary the aspect ratios and defect shapes will
be presented for both 2D and 3D defects. These maps can be used as engineering tools
for developing defect size and density requirements on the production of EUV mask
blanks. General rules of thumb are developed to aid engineers when determining the
printability of defects.

Finally, Chapter 8 will explore the extension of the new buried defect simulator to
inspection and for predicting defect-feature interactions. Many options exist for the
inspection of EUV mask blanks [12, 13], including optical inspection at 488nm or 266nm
wavelengths and actinic (at wavelength) inspection. Both types of inspection involve
using light to illuminate a mask blank and looking for deviations from the background
intensity. In the case of actinic inspection, the new method should provide excellent
results, since the wavelength used to inspect the system remains unchanged relative to the
wavelength used during printing. For inspection at optical wavelengths, the assumptions

exploited in the new method are changed due to the higher material refractive index and



absence of resonant reflection. An assessment of the new method’s performance in
simulating the inspection case will be presented. A systematic method for understanding

EUV buried defect printability in the presence of features is also shown.

1.4 Dissertation Contributions

Chapters 3 and 4 contain data for simulating phase defects at DUV wavelengths
and attempt to bridge the gap between “ideal” defects and “real” defects. The defect
projector presented in Chapter 3 is a new method that will allow engineers to rapidly sift
through the large defect parameter space to hone in on critical defects or find feature
areas that are sensitive to defects that need to be monitored closely during production. It
combines the scattered fields of the defect and the feature (neglecting re-scattering), and
is validated through simulation of a PSM. Also, edge-DDM was augmented by the use of
a new corner-DDM, which can enable the application of DDM for inspection simulations.
The major contribution of Chapter 4 is a method for extracting equivalent thin mask
defect model parameters from the focal behavior of real defects, allowing equivalent
ideal defects to be simulated very rapidly in lieu of the real defect.

By far, the major contributions of the dissertation are contained within Chapters
5-8. The introduction of a new simulation methodology in Chapter 5 will allow the vast
parameter space of defective EUV mask blanks to be explored more thoroughly than was
possible before. The computational constraints of simulating 3D buried defects for EUV

have been significantly reduced. Time requirements have dropped by 5 orders of



magnitude and memory requirements have been reduced by 40X, allowing formerly
intractable simulations to be performed on a desktop machine.

The accuracy (Chapter 6) of the new simulator will provide even morereliable
information from simulation than was possible with FDTD. The simulation problems
uncovered when applying the FDTD method to resonant multilayers alow a greater
physical understanding of the complicated scattering that occurs inside a resonant cavity
prior to equilibrium. The new method was successfully used to generate defect
printability maps in Chapter 7, which will help set engineering tolerances for the
production of new EUV mask blanks. Finally, the extensions discussed in Chapter 8 will
further aid in understanding buried defect printability in the presence of features, as well
as the devel opment of inspection systems for EUVL mask blanks. The new simulation
approach will also aid other areas of research involving optically homogeneous materials
where non-planar, stratified media might occur. Other applications of x-ray and EUV

optics such as astronomical telescopes [14] could be impacted as well.



2 Background

This Chapter reviews a number of key aspects of projection printing at DUV and
EUV wavelengths that are utilized in describing the technical challenges, simulation
methods, and design studies in this dissertation. The following review is by no means
complete, asit focuses on only the relevant details to later chapters. The reader is
encourage to read the texts [15,16,17] to obtain further details on the optical science,
[18,19,20] for semiconductor manufacturing and the lithographic process, as well asthe

mathematical models describing the system.
2.1 Optical Lithography

A typical lithography imaging tool is shown in Figure 2.1 and contains three
major aspects: the illumination system, the photomask, and the projection optics. Each
aspect of thetool is highly engineered to provide maximum resolution and image quality.

The individual photomasks are the objects that can be imaged by the lithography tool.

2.1.1 Resolution
Theresolution, R, of alithography tool is dependent on the wavelength of the
light used to illuminate the photomask, as well as the numerical aperture (NA) of the

imaging optics:

10



A
R=k —
klNA

Modern steppers and scanners at the 90nm node use aDUV excimer laser a a
wavelength of 193nm. A typical NA for amodern tool is around 0.85 and is expected to
grow to 1.05 - 1.2 in immersion lithography. The k1 parameter is usually on the order of
0.6 and is called the “technology factor”, which encompasses all the engineering
Resolution Enhancement Techniques (RETS) (off-axis illumination, sub-resolution assist

features, etc) that can push the resolution smaller [21,22]. Using the typical parameters

p
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Figure 2.1. A schematic of an optical lithography system.
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given above, akl factor of about 0.40 is needed to make semiconductor products at the

90nm node.

2.1.2 lllumination System

Theillumination system is typically a Kohler illumination system, which places
an image of the source into the pupil plane of the projection optics. Kohler systems allow
all aspects of the object to be imaged equally well, providing uniform image quality
regardless of location on the photomask. The illumination system provides a uniform set
of plane waves which diffract as they pass through the photomask and are collected by
the projection optics. The angular spectrum of plane waves illuminating the mask, which
is called the partial coherence and is denoted by the parameter o, can ater the resolution
of the entire system. Pistor [23] showed that for modeling projection printing, the
observed mask scattering is constant for illumination angles within 10° of normal
incidence. This observation allows a single computation of the mask diffraction to be
used for all illuminating plane waves when simulating the projection imaging optics.
Inspection systems, however, alow illumination angles that are much greater than 10°,
and therefore require multiple calculations of the mask scattering at different angles of
incidence. Multiple diffraction calcul ations increases the required simulation time by at
least 5X, making inspection simulations difficult to complete. Thus, fast ssmulation

methods could have a major impact on inspection simulations.
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2.1.3 Projection Opticsand Final Image

Calculating of the image from an arbitrary mask can be performed by Fourier
transforming the electric field directly below the photomask, producing a plane wave
decomposition of the fields. These plane waves are then low-pass filtered by the angular
acceptance cone of the projection optics at the pupil plane, whose maximum angleis

given by:

Where R is the reduction of the system, usually 4X. The projection optics integrate the
partially coherent illumination to reproduce a demagnified image of the photomask down
at theimage plane. A silicon wafer is coated with a photosensitive chemical, called
photoresist, and placed into the image plane. The photoresist changes chemical properties
based on its exposure to light, and can then be devel oped. Further processing steps can be

used to transfer the pattern onto the silicon wafer itself.

2.1.4 Photomasks and their defects

The photomask is a 6x6 inch square piece of quartz (glass) that is covered with a
very thin layer (~80nm) of chrome on one side. Patterns can be etched into the chrome
that will allow light to pass through the photomask, and the patterns can then be imaged
by the lithography tool. These masks are referred to as “binary”, sincelight is either
blocked (0) or transmitted (1). Defects located on binary masks are either opagque
(pinspot) or clear (pinhole). An opaque defect is a piece of chrome that was incorrectly
left within a clear transmissive area, usually because a small piece of photoresist was

never removed. Clear defects are chrome regions that should be dark, but have a piece of
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Figure 2.2. () Example of a binary mask with pinhole and pinspot defects. (b) Example of a PSM with
post and void defects.

chrome missing, usually because a small piece of photoresist was inappropriately
removed. Figure 2.2a shows the top view and the associated cut line of an example binary
mask, along with both an opague and a clear defect.

Phase-shifting masks (PSMs) are similar to binary masks, except that some of the
guartz is etched away within various clear regions on the mask. These trenches allow
light to be slowed less and emerge phase shifted relative to other clear areas where no
trenches are present. The possibility of generating electric fields with various phases
results in more favorable imaging. The removal of quartz from clear regions on the mask
givesrise to anew type of defect: the phase defect. Phase defects might arise during
etching of the mask substrate as posts of incompletely etched material in phase shifted
regions due to pin spots of resist, or as voids etched through pin holesin nominally
unshifted regions. Figure 2.2b shows the top view and the associated cut line of an
example PSM, along with a post and void defect. With the introduction of phase-shifting

masks in projection printing, the ability to screen phase defects for their impact on
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imaging is very important. Because these defects change the phase of the light passing
through clear regions, their imaging severity can be significantly worse than simple
binary defects. Additionally, since the phase of the defect can interplay with phase
changes in defocus, the worst case printability may not even be at best focus [24].
Unfortunately, the characterization of the printability of phase defects on PSMsis
very complex. Recent work by Adam, et al. [7] shows that phase defects do not behave
electromagnetically as their physical phase height indicates, as expected from using an
ideal mask model with scalar diffraction theory. Electromagnetic effects produce defects
with different average brightness (amplitude squared) and lower average phase beneath
the geometrical shadow of the defect. Rigorous methods are therefore required to
accurately predict the printability of phase defects, however, the general imaging

behavior of phase defects can be understood by simple algebraic models.

2.1.5 Algebraic Defect Models

Since Chapter 4 will introduce a method for extracting 3 defect parameters (its
area A, itsamplitude M, and its phase §geect) fOr use in previous scattering models, it is
useful to review them. Algebraic models for clear and opagque defects have been
demonstrated by Neureuther, et al. [25] and Mastromarco, et al. [26]. These defect
models were then extended to phase defects by Neureuther [27]. Each model was based
on perturbation theory and confirmed from simulations with the aerial image simulator

SPLATI[28].

15



The electric fields from a defective feature can be decomposed into the electric
field from a defect free feature, combined with the electric field from an isolated, clear or

opaque defect:

Equation 2.1: E, =kA=kd? Where E.=E, tE,
where E. isthe composite field, E; isthe feature field, and Eq is the defect field which is
proportional to its area (d?). The feature and defect fields are added (if aclear defect) or
subtracted (if an opague defect). The image formed from this small perturbation on the

feature’s field becomes:
I, =(E.)* =(E;)* £ 2u4EE, +(E,)°
which can be further simplified to:
l.=1, 2u4E, E,
when the defect is sufficiently small. The parameter ps is the mutual coherence function,
which is determined by the partial coherence (o) and the defect’s distance away from the
feature edge.
The change in intensity produced by the defect can now be expressed as:
Al =1,_-1, =+2uE E,
The above equation shows that the electric field of the defect can coherently interact with
the electric field from a nearby feature, demonstrating how a nominally subprintable
isolated defect, can become printable in the presence of features. Thus, the evaluation of
critical defects cannot be determined by looking just at the defect’s own characteristics,

the feature must also be included. Finally, the change in CD can be determined by

knowledge of the defect free feature’s slope:
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Figure 2.3. Vector addition representation of algebraic model for phase defects. An opaque defect’s E-
field isfirst subtracted from the features E-field, the phase defect reinjects the E-field at a phase
changed angle, resulting in the composite E-field.

Al t2uqEE,
d, — d
dx dx

Equation 2.2: ACD =

The extension of Equation 2.2 to phase defects simply requires a factor of [1-
Mcos(dqerect)], representing the defect as first subtracting out the light, and then injecting
the light back into the structure with an different phase.

E.=E

C feature Eopaque_defect + Ephase_defect

= Efeature - Eopaque_defect [1_ M Cos(¢defect )]
Since
E — Mei¢defect E
phase_ defect — opaque _ defect

This process can be understood by the vector addition shown in Figure 2.3, producing a

final form of:
+2u.E.E ,[1-M co
Equation 2.3 AcD = Al _ = Ha B ol S()
dl, di,
dx dx
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2.2 EUV Lithography

Extreme UltraViolet Lithography (EUVL)[29] is conceptually similar to optical
lithography and the entire mathematical framework for imaging at optical wavelengthsis
applicable to EUV wavelengths as well. EUVL is a promising candidate for imaging
below the 32nm node, since it provides alarge potentia resolution enhancement from the
13.4nm wavelength light (nearly 15X better than 193nm optical lithography). The
potential increase in resolution is tempered, however, since the optical system must be
implemented much differently. Materials are both highly absorptive (large k), and are
optically homogeneous since their refractive indices are very closeto air (n=1). The
optical homogeneity of materials makesit very difficult to bend or focus EUV
wavelengths to high angles, resulting in systems with that are based on reflective optics
with smaller NAs (NA = 0.3). The reflective optics require the EUV imaging system to
be telecentric about an off-axis angle, which is nominally about 6°. Pistor [30] discusses
some of the computation challenges of calculating aerial images from atelecentric EUV
system. The reflective optics are constructed via a multilayer, which forms the basic unit
of the EUV optical system. The mask blanks are also made of these multilayers, which

are described in more detail in the next section.

2.2.1 EUV Mask Blanksand Buried Defects

EUVL mask blanks consist of a multilayered structure (usually 40 bilayers) of

alternating silicon and molybdenum layers, sitting atop a Low Thermal Expansion (LTE)
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Figure 2.4. EUVL mask blank with buried defect.

substrate. The spacing between each layer is tuned such that incident radiation on each
surface will be reflected in phase with every other surface in the multilayer, essentially
satisfying the Bragg reflectivity condition [31]. A typical layer for silicon and
molybdenum will be 4.14nm and 2.76nm thick, respectively. A thin capping layer (made
of ruthenium or silicon) is deposited on top of the multilayer to resist oxidation and other
aging effects. Researchers have shown that reflectivities as high as ~70% are achievable
with appropriate multilayer spacings [29]. The EUVL mask blank is prone to defects
buried underneath the multilayer, which disrupt the coherent multilayer spacings, and
produce adip in the reflected field. Such defects arise when the LTE substrate is non-
planer or when a particle falls on the substrate prior to multilayer coating. Most of these
buried defects are typically molybdenum or silicon agglomerations that form during the
deposition process [ 72]. One example of aburied defect is shown in Figure 2.4. These
buried defects are analogous to phase defects in optical lithography, since they locally

change the phase of the reflected field within open areas.
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One of the mgjor obstaclesin EUVL isthe production of defect free mask blanks,
which is considered to be a possible “show stopper” for the implementation of the
technology. The improved resolution allows for better imaging of very small defects.
Compounding this problem is that asmall, localized, substrate defect is broadened upon
deposition of the multilayer, allowing subprintable defects to become printable as
multilayers are deposited. These “ decorated” defects [32] are quite numerous and cause
many problems. Buried defects also present complications because they are very difficult,
if not impossible, to repair. Various techniques [33,34] have been proposed to fix
different EUV defect types. E-beam techniques [35] lower the defect height by
contracting the local volume of the multilayer, but are not practical since they resultin a
broad destruction of the multilayer surrounding the defect as well. The inability to repair
buried defects means that a mask blank will have potential “land mines’ sitting beneath
the surface, whose presence may become known depending on which features are placed
around the defect (as shown in section 2.1.5). The use of OPC methods has been
proposed to help correct the imaging characteristics when such an event occurs [36].

The physical scattering of a buried defect depends on the manner in which the
layers above it are deposited. Work as been done to characterize defect printability[37],
aswell asto develop a coating process that will help smooth away residual traces of the
substrate defect as each layer is grown[38,39,40,41]; a useful mathematical model for
describing the smoothing process has been shown by Stearns [42]. The smoothing
process uses a combination of deposition and etching to hide a substrate defect’ s physical
presence at the multilayer surface. Figure 2.5 shows the same substrate defect in Figure

2.4, except coated by the new smoothing deposition, using Stearn’s growth model. The
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Figure 2.5. EUVL mask blank with buried defect coated with the smoothing technique.

physical height at the surface of the multilayer is dramatically reduced when using the
smoothing deposition technique, and thus, the imaging severity as well. Predicting the
imaging behavior of smoothed defects will be critical to evaluating the future use of the
smoothing technique. Stearns' model will be used extensively in this dissertation to
model EUV buried defects, to allow reflection comparisons between normal deposition
methods and the smoothing method.

The top surface of the mask blank can be coated with a patterned absorbing

material, as shown in Figure 2.6. Various thicknesses and materials have been proposed

Incident
Light

60

Absorber
N B

Multilayer Stack

Figure 2.6. Example of afull EUVL patterned mask.
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for the absorbing layer, such as 70nms of TaN or 100nms chrome [73]. All options for
the absorbing layer pose complications since they are all eectrically thick (many

wavel engths thick), opening the possibility of numerous electromagnetic effects that
could complicate the observed scattering. In fact, the off-axis nature of an EUV optical
system creates an intrinsic horizontal and vertical bias for the imaging system [43], as
features aligned in certain directions cast geometric shadows from the off-axis
illumination. The patterned absorber can aso suffer from the clear and opagque defects
that were discussed earlier; however, they can be fixed by the same methods used on

optical lithography masks.

2.2.2 Simulation Methods for EUV Buried Defects

Early defect simulations were performed with thin mask models[44] in an
attempt to understand the general defect behavior in the EUV regime; however, the
electrically thick nature of an EUV mask implies that a rigorous simulation methodol ogy
is needed to correctly compute its scattering. The multilayer stack of a40 bilayer mask
blank is over 20X thick, and the absorbing material placed on top adds at least another SA.
Additionally, the simulation method must be robust enough to handle substrate defects
coated with both the smoothing deposition and standard deposition. Many researchers use
electromagnetic field (EMF) solvers to compute the scattering from an EUV mask, and
Finite Difference Time Domain (FDTD) is one of the most popular numerical methods
for EMF solvers.

FDTD simulators such as UC Berkeley’s TEMPEST[ 8] are often referred to as

“rigorous’ or “thick mask” simulators because they actually solve Maxwell’ s equations
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on adiscretized grid for the steady state solution to an electromagnetic problem. They are
very accurate and are considered to be a“gold standard” for computing mask diffraction;
however, FDTD also requires long simulation times and large amounts of memory, even
in 2D. EUV simulationsin 3D require about 12 hours to run and 2Gbs of memory on
modern computers for even a small 250nm by 250nm patch of mask blank. Various
authors [45,46] have implemented example FDTD flows for EUV simulation of buried
defects. Memory requirements explode since the electrically large mask geometries
(ssmulation domains) require sub-nanometer discretizations to accurately resolve the
individual layersin the bilayer. Even sub-nanometer discretizations are insufficient to
guarantee the correct geometry resolution since an arbitrary free flowing line will be
geometrically approximated by boxes when the domain is discretized, transforming
smoothly varying layers into boxy, crude lines. Deng [47,48] showed that these boxy
lines can cause significantly incorrect reflections to be computed unless blended

materials are used for the EUV multilayers. Figure 2.7 shows the benefits of using
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Figure 2.7. (8) EUVL mask blank geometry representation with 1.38nm step height without using
blended materials. Notice the two prominent dislocations moving upwards. (b) same EUVL mask blank
geometry using blended materials. The didlocations have been smoothed away.
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blended materials for more accurate geometrical representations on an EUV multilayer.
Pistor [49] introduced the Fourier Boundary Condition (FBC) which linked FDTD
methods for EUV features with an analytic representation of the multilayer, which greatly
sped up calculations, but was limited to perfect multilayers.

Ito [50] has proposed an analytic method based on Fresnel reflections, which
systematically separates the multilayer domain into vertical strips. These strips are then
approximated as parallel multilayers based on their midpoint values, where the
reflectivity from the strips (with varied d spacings) can be calculated by Fresnel
equations. The full field can then be synthesized by taking the reflection from each strip
asthelocal electric field value of the reflection. Hybrid methods have been proposed by
Evanschitzky [51,52,53] and Sambale [54], by linking FDTD simulators together with
variations on 1to’s method to obtain calculations of buried defect printability in the
presence of features. While these hybrid approaches are faster than traditional FDTD
simulations, they still lack the required speed for thorough printability studies. Rigorous
coupled wave analysis* (RCWA) [55] has been used to accurately simulate 2D buried
defectsin the presence of features, with greatly reduced time relative to FDTD [56,57].
RCWA methods, however, suffer from alack of extendibility to arbitrary 3D geometries,
and no examples of 3D scattering have been published to date. Simplified modal methods
have also been proposed based on the Rayleigh method [58]. Bollepalli [59] implemented
a simulation method which uses scattering theory [60] to understand defect printability.

Finally, the Single Surface Approximation (SSA) [5] simply uses the top surface
of the defective multilayer structure and converts it into a thin mask transmission

function by turning the geometrical height variation across the surface into a phase

! Also called “Modal Method by Fourier Expansion” (MMFE)
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mapping across the domain. The phase is then multiplied by afactor of 2 to account for
the roundtrip of the reflection. The phase from areflected surface is computed by the

simple equation:

Equation 2.4: #(X) = 2K(2(X) - 2,) = 4”(2(;0 - Z)

Where z(X) is the surface height, z, is the surface height of the defect free surface, kisthe
wave number, and 4 is the wavelength. This simple approach contains a number of
assumptions that limit its broad application, but has been found to work relatively well at
small defect sizeq[61]. First, it assumesthat all the layers beneath the surface layer are
identical in shape to the top surface layer. A quick look at Figure 2.4 or 2.5 will show that
this assumption is not very good unless the defect is very small. Second, it assumes that
no amplitude disruptions occur in the near field. Investigations of defect printing will

later show that this assumption is also fase. Finaly, the SSA method assumes that light
isnormally incident on the mask, and thus can never capture asymmetries that arise from
the off-axis telecentricity of the EUV system. All of these assumptions significantly

break down when the defect islarge, or when it is coated with the smoothing process.
The SSA approach achieves more than enough speed and, despite its assumptions, gives a
good indication of the defect’ s behavior, but it lacks the required accuracy for

guantitative study unless working in atight range of applicability [5].
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2.3 Domain Decomposition M ethods

Adam introduced edge-DDM [2] which consists of first fracturing the mask
geometry into a set of its edges, and then combining the el ectromagnetic spectra of each
isolated edge from alibrary of presimulated, rigorous 2D edge diffractions. Edge-DDM
has provided a simple method to simulate any arbitrary, Manhattan geometry (especially
large 3D structures) to an accuracy level equal to rigorous thick mask simulations with a
speed that facilitates very large scale mask calculations. The initia results at optical
wavelengths [2,62,63] are truly spectacular, and DDM has been used to simulate
scattering from EUVL patterned masks [3] with good results as well.

For itsimplementation, the library should contain the edge diffraction data from
all types of edges that will be encountered in the mask geometry. The edge fracturing of

an arbitrary layout is demonstrated in Figure 2.8. Horizontal and vertical edges will be
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Figure 2.8. Shows the decomposition of an arbitrary domain into its edges.
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Figure 2.9. (a) Therigorous FDTD solution for TE fields passing through a 400x400nm contact. (b) The
synthesized fields (edge-DDM) of the same contact. (c) The amplitude of the complex near field error
between the rigrous and synthesized solutions. (d) The FFT of the near field error.

exposed to different polarizations. Certain regions on the mask will be unaffected by the
2D edge diffractions and are assigned values from rigorous 2D simulations of a closed
chrome mask (ie. chrome background transmission). The addition of the many
diffractions will produce areas that have overlapping, multiple clear field transmissions
and/or chrome background transmissions. Appropriate subtractions of these background
fields (both chrome transmission and open transmission) are then used to bring the fina
fields to their appropriate values (one clear field or one chrome transmission), resulting in
a synthesized, approximate near electric field distribution for the original mask structure.
The accuracy of the synthesized fields is then compared with the truly rigorous
simulation to determine the validity of the approximation by a simple subtraction of the
two fields. While large errors (~ ¥ of clear field value) may be seen locally within the

corners of the structure (due to electromagnetic interactions from the two edges that are
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not captured in the sum of itsisolated edge diffractions), these large errors are mapped to
high spatial frequencies that are scattered outside of the optical system. The resulting
collected orders have very few errors compared to the fully rigorous solution. The
normalized mean square error (NMSE) is used to quantify the magnitude of the errorsin

the collected Fourier components.

_ﬂtrue—synth §

NMSE >
I| true|

The 400nm x 400nm contact shown in Figure 2.9 demonstrates the process of
obtaining and cal culating the NM SE from a synthesized field solution. The corners of the
contact show large errorsin the electric fields (Figure 2.9¢), which are mapped to the
high spatial frequency components that scatter outside of the objective system (Figure
2.9d). Thelarger circlein Figure 2.9d represents the propagating orders ( 6 < 90° ), while
inside the small circle indicates the orders collected by the imaging system. Edge-DDM
effectively matches the Through the Lens (TTL) spectrum of the mask scattering,

allowing it to be extremely accurate when compared to rigorous scattering calculations.
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3 Extensionsto Domain
Decomposition Methods

The Domain Decomposition method (also referred to as edge-DDM) has proven
to be avery useful tool for obtaining the mask diffraction spectrum from advanced
photomasks. The speed and flexibility of the method has allowed Adam [64] to integrate
rigorous mask scattering information into OPC methods, greatly improving the accuracy
of corrections. Certainly, however, the approximation of independent scattering from
each edge within the ssmulated domain will begin to break down as electromagnetic
cross-talk from adjacent and connecting edges grows when feature sizes shrink. This
Chapter will explore the domain of applicability for edge-DDM in greater depth,
providing physical analysis for when the approximation begins to break down.
Extensions to edge-DDM are a so discussed, including a defect projector method that
simultaneously projects the fields of an isolated defect along with a feature to obtain
printability assessment of phase defects. Finaly, it is shown that the high frequency
errors in the edge-DDM approximation can be mitigated by including rigorous corner

information when synthesizing the near fields.
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3.1 Domain of Applicability for Edge-DDM

Simple 2D spaces were used to more fully define the region where edge-DDM
beginsto break down. The smallest feature dimension that can be accurately modeled
will depend on the types of edges present in the layout. For example, aPSM has awell
known strong dependence on edge side wall shape and is thus more challenging. Itis
therefore worthwhile to understand how these different edges affect the synthesis of the
electric fields, as well as the feature CD.

Rigorous FDTD simulations were compared to edge-DDM synthesis of the fields
for 2D spaces of different phases and different amounts of under etch, resultingin a
systematic matrix of features. The basic geometry can be seen in Figure 3.1. The CD of
the spaces was varied for each edge case, with values of 400nm, 300nm, 200nm, 150nm,
100nm, and 80nm. The domain size was 400 x 1 x 122 nodes with agrid size of 5nm.
Figure 3.2 shows the NM SE plotted against the CD of the space in terms of lambda. The

four graphs represent (a) a Onm under etch of phase wells at 0°, 90°,180°,270°, and 360°,
and (b) a 180° phase well with Onm, 25nm, 50nm, 75nm, and 100nm under etch.

From Figure 3.2aand 3.2b, it is obvious that larger errors are seen at deeper phase
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Figure 3.1. Phase well geometry.
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Figure 3.2. Shows the NM SE for both the TE and TM polarizations through CD (in A)
(a) TE polarization with various phase well depths. (b) TM polarization with various phase well depths.
(c) TE polarization with various under etch depths. (d) TM polarization with various under etch depths.

wells for both polarizations. Thisincreasein error is due to longer glass edges that can
scatter light and interact with the opposite edge. As a phase well becomes deeper, more
glass edge is created and this enables more interaction with surrounding edges. Larger
under etches reduce the errors made by the edge-DDM approximation. As can beseenin
Figure 3.2c and 3.2d, larger under etches push the glass walls farther apart so they do not
interact with surrounding edges until smaller CDs. The TE polarization islimited on its
improvement because as the glass edges are pushed farther away (from under etch), the
chrome edges still remain and become the dominant factor in determining edge-to-edge

interactions. The boundary conditions on the TE polarization (tangential E) require
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Figure 3.3. The curves represent contours of 0.5% NMSE in the fourier coefficients. (a) Smallest
acceptable feature size for arbitrary phase well with no under etch. (b) Smallest acceptable feature size
for arbitrary underetch for a 180° phase well.

continuity at the chrome edges, and thus constrain the fields in the gap by allowing the
chrome edges to radiate and interact with each other. The TM polarization, however, has
different boundary conditions at the chrome interface, allowing it (the perpendicular E
field) to be discontinuous by the surface charge generated at the chrome interface. This
means that the TM polarization will not be disturbed by, or scatter light towards, another
chrome edge closeto it, allowing the edges to act fairly independently, as assumed in
edge-DDM. The resulting errors on the TM polarization are quite low, even at very small

(aslow as .4\ ) dimensions.
The CDs (in A) of the open space at the point where the NM SE crosses above a

specified threshold are seen in Figure 3.3, as afunction of phase (in degrees) and under
etch depth (in A). A NM SE of 0.5% has been chosen for the curves. The areas above the
curves represent CDs that can be accurately modeled to the specified tolerance. These
plots enabl e the generation of general rules of thumb on the applicability of edge-DDM
for a specified domain. For an arbitrary layout, simply categorize the types of edges

present in the layout, and find the smallest CD for each edge. These plots will give good
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guidance as to how small of features can be accurately simulated for the given layout.
Similarly, plots of al combinations of phases and under etches may be generated for al
types of edges. A quick and easy reference for when edge-DDM s applicable, without
the hassle of looking at charts, isto use the 2A rule. Every situation that has been tested
has given extraordinarily good results (NM SEcoy L ecten< 0.5%) when the CD spaces are
> 2\, regardless of edge type present in the layout.

From Figure 3.3, it also appears that in most cases the TE polarization will limit
the smallest feature size that can be simulated accurately by edge-DDM. It is therefore
possible to develop a simple heuristic that models the boundary interactions on the TE
polarization once a specific CD has passed. This heuristic fix might increase the domain
of applicability for edge-DDM to equal that of the TM polarization, resulting in 1 — 1.5A

minimum dimension for various applications.

3.2 Fast Defect Printability Assessment Using the Defect Projector

The challenge in assessing the impact of defects is that there is a multitude of
ways in which they may appear. Defects come in various sizes, types, and phases, and
may occur in any location in any feature on the layout. One rigorous simulation is
necessary per instance of the defect, which can quickly become impossible to study since
each simulation can take many hours to perform. A quick AND accurate way to simulate
phase defects would enable much more detailed studies and allow phase defects to be

more easily characterized. One way to obtain both the accuracy of the rigorous
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Figure 3.4. A schematic of the defector projector method. The defective mask can be thought of asa
sum of the defect-free mask structure and the isolated defect (minus the appropriate background).

simulation, and a very large speed up in simulation time, is to use the concept of a defect
projector.

Figure 3.4 demonstrates the concept of a defect projector. The full mask structure,
including the defect, can be thought of as the simple sum of the defect-free structure plus
the isolated defect, minus the appropriate background. These two sets of fields can be
viewed as being projected simultaneously together to the wafer plane. A full
characterization of each structure individually should lead to afull characterization of
their combined structure, assuming minimal interactions between the two. In this sense,
the defect projector is a perturbational method that assumes the fields from the defect are
asmall perturbation of the fields from the defect-free structure. The fields from the
defect-free structure can be rigorously ssmulated if desired, but edge-DDM would be
perfectly acceptable to synthesize these fields and have negligible errors in the accuracy.
The isolated defect will be rigorously simulated and stored in the same library as the
rigorous edge diffractions used for edge-DDM.

The power of this method is demonstrated in Figure 3.5, which shows an

alternating phase shift mask structure with 18 positions marked for the placement of a
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Figure 3.5. A schematic of an alternating phase shifting mask used to test the defect projector
method. The numbers 1-9 represent 9 defect locations for a 180° phase pit (in the 0° region) and a
180° phase bump (in the 180° region). All dimensions at 4X.

0.12um, 180° phase pit and a 0.12um, 180° phase bump. Using conventiona simulation
methods, 36 rigorous simulations would have to be performed (one set of 18 for each
polarization), with each simulation taking several hours each. Alternatively, the defect-
free structure may be synthesized with edge-DDM and combined with the rigorously
simulated isolated defects from a presimulated database to obtain the fields from ALL 36
simulations in amatter of seconds.

The 9 defect positions were rigorously simulated for both polarizations and for
both types of phase defects (void and post), resulting in 36 rigorous simulations that took
7 - 15 hours each to run on a 699M hz processor (each took differing amounts of time to
converge). The aerial images for these rigorous simul ations were then compared to the
defect projector method which “simulated” all the fields within afew seconds. For those

phase posts overlapping the under etch region, asimple geometrical blocking was used
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Figure 3.6. The zoomed agerial image contours of the gate CD from Figure 3.4 for defect location #5
of the 180 phase bump. All contours for the defect-free structure are given, in addition to the 0.3
contour of both the rigorous defect and the defect projector.
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Figure 3.7. The zoomed aeria image contours of the gate CD from Figure 3.4 for defect location #5

of the 180 phase pit. All contours for the defect-free structure are given, in addition to the 0.3 contour
of both the rigorous defect and the defect projector.
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that set the defect’ sfields to zero in the region over the chrome area. The aerial image
contour at 0.3 intensity for the #5 defect position of the 180° phase bump is shown in
Figure 3.6. The CD of the line was predicted to within 3% for all smulations (error of
4nm in worst case), and the change in CD was predicted to within 30%. The test structure
from Figure 3.5, however, produces avery low NILS value due to its small scalerelative
to the 193nm wavelength. The dimensions of the test structure were purposefully kept
small to lessen the 3D simulation requirements. Even with thislow NILS value, the
defect projector was able to predict CD change to within 30%, and can be expected to
perform even better at higher NILS values. The CD values were also calculated for the
worst part of the line CD, near the base where the line met the outer lying structure.
Figure 3.7 shows the aeria image contour at 0.3 intensity for the #5 defect position of the
180° phase void. The Figure clearly shows the defect projector method is worst near the
base of the CD, but is much better for other portions of the line CD. The worst case
numbers, however, should give an upper bound on the error magnitude to be expected
from the method. The results from both types of defects are very promising, even for
those located close to the chrome where edge interactions are not captured. While the
defect projector did not predict the exact CD change of the rigorous simulations, it
nonetheless gives a very good idea of how the defect will perturb the line width. Given a
specific tolerance for the change in CD (such as 10%), all defects that change the line
width by 3% under the specified tolerance (such as 7%) may be thrown out as non-
critical. Those defect locations remaining could then be simulated rigorously to

understand their exact change in the CD.
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3.3 Edge-DDM for Inspection

Since defects scatter light in abroad spectrum, inspection systems utilize 1X
optical systemsto enable higher NAs to collect more of the scattered light. The additional
light collected by the inspection system allows the defect to be more clearly distinguished
within the image. Appropriate measures to correct the defect can be taken once its
location is known. Using larger o’ s allows more oblique plane waves to strike the mask,
which in turn allows more of the broadly scattered light from defects to enter the
collection optic.

The NM SE of the 2D spaces shown in Figure 3.2 were recalculated for a 1X
optical system at the same NA. For plane waves normally incident on the photomask, the
diffracted orders have not changed, except that now more of the diffracted orders are
being collected by our optical imaging system. The NM SE of the much larger collection
radius is still within acceptable limits. Figure 3.8 shows the NM SEs of the collected
ordersfor a 1X system imaging the 2D space at NA = 0.8, for various phases and under
etches. The errors have not grown appreciably from the printing case, and are shown to
still maintain good accuracy despite the larger collection optic. A subtle note, however, is
that the wavel ength used was 193nm and normalized by this amount. Inspection systems
typically operate at higher wavelengths than those used during printing, and therefore a
180° phase well within a given layout will not correspond to 180° at the higher
wavelengths. This change should be kept in mind when deciding the accuracy of edge-

DDM for inspection compared to printing.
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Obliquely incident waves were also used to simulate the same 2D structures. The
edge-DDM becomes dlightly more complicated than in the normal incidence case. The
edge diffraction libraries must include the same edge types as before, except simulated at
the oblique incidence desired and inspection wavelength. At oblique incidence, the
addition of the two edge diffractions now must be modulated by a phase change. Since
the incoming wave now has alateral variation component given by Ky, the shifting of an
edge from the edge diffraction library must also be accompanied by a change in phase
appropriate to the amount of the edge shift based on the ky value. Once the two edges

have been added, the subtraction of the background field must be done with a plane wave
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Figure 3.8. Shows the NM SE for a 1X inspection system (NA =0.8) for anormally incident plane wave.
(a) TE polarization with various phase well depths. (b) TM polarization with various phase well depths.
(c) TE polarization with various under etch depths. (d) TM polarization with various under etch depths.
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at the same oblique incidence so that the phase matches the ky wiggle across the
simulated domain. Additionally, for the comparison of the rigorous solution and the edge-
synthesized solution, another phase shift must be applied to remove the simulator’ s bias
on what phaseisinitiated at the start of the simulation domain.

Results from the edge synthesis for a 22.7° incident plane wave give mixed
results. While the edge-DDM results are only slightly worse compared to the results at
normal incidence, the errors are still contained within the high frequencies. Since edge-
DDM will always produce high spatial frequency errors, and since inspection systems
will always collect some of the high frequency components, edge-DDM applied to
inspection islimited in its accuracy. If, however, the high frequency terms could be

corrected in some manner, DDM might become a viable simulation tool for inspection.

3.3.1 Corner DDM

Referring to Figure 2.9¢c, most of the error in the edge-DDM approximation
occurs within the corners of the structure. It is most likely these corner errors that account
for asignificant portion of the error obtained when using edge-DDM for inspection
simulations. A logical extension of the edge-DDM method isto simply use a corner-
DDM method, whereby large 3D corners are ssmulated and stored in the library. These
corners than then be used to synthesize the near field exactly akin to edge-DDM.
Obviously, more simulation time will be required to build the presimulated library,
however, the corner simulations will eliminate the largest source of error when applying
edge-DDM to inspection simulations. Corner effects can be seamlessly integrated into an

existing edge-DDM library by simply creating a Corner Error Function (CEF). A CEF is
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Mask Corner: Corner Error Function (CEF)

Figure 3.9. Near field view of a CEF to augment edge-DDM.

created by taking the smulated 3D corner and subtracting off the edge synthesized fields
from edge-DDM. The resulting field is the CEF and can be stored in the library:

CEF =By ~ Boige-oom
The CEF, shown in Figure 3.9, simply becomes the original simulated corner when added
to an edge synthesized field, and is therefore a perturbational field that “fillsin” the

missing corner information. Whenever corner information is needed, the CEF can be

Edge Synthesized Solution

(b) (©
@ T
True Rigorous Solution | 5
=

Edge + Corner Synthesized Solution

(d) ©
\ I
E

Figure 3.10. (a) Truerigorous solution. (b) Edge-DDM solution. (¢) Edge-DDM error compared to
rigorous simulation. (d) Corner-DDM solution. (€) Corner-DDM error compared to rigorous solution.
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NMSEs
NA=08,0=0.7 Edges | Edges+CEF | Decrease
Projection NA (4X) | 1.38E-4 | 1.36E-4 1.3%
Inspection NA (1X) | 9.88E-4 | 5.99E-4 40%
Propagating Orders| 0.0048 0.0026 46%
Inspection NA + ¢ 0.0139 0.0054 61%

Table 3.1. Shows the NM SE for edge-DDM and corner-DDM for various optical systems along with
the corresponding percentage decrease in error from using corner-DDM.

called and inserted into the structure at the appropriate place. In this manner, an existing
edge-DDM library can be augmented with corner information.

Figure 3.10 shows the synthesized fields from both edge-DDM and corner-DDM
compared to the rigorous simulation for the same 400nm x 400nm contact as used to
describe the accuracy of DDM in chapter 2. The errors in the diffracted spectrum are
shown in Figure 3.11. The high frequency errors have been greatly reduced by using the
CEF. In fact, the addition of the CEF has reduced the NM SE by 62%, for all orders
involved with inspection simulations at o = 0.7. Table 3.1 shows the reduction in NMSE
for various systems when corner-DDM is applied instead of edge-DDM. The results
show significant decreases in errors for the case of inspection. The total NM SE for the
inspection case is about 0.5%, implying that corner-DDM would provide a good
description of the scattered fields for die to database inspection.

Another interesting observation can be made by comparing the two error fieldsin
Figure 3.11. The largest source of error in the diffracted spectrum comes from plane
waves that are located on the very edge of the propagating waves boundary, specifically
those waves propagating around 90° in the x-direction. The scattering in the x-direction
comes from features in the object that are oriented in the y-direction and are exposed to

the TE polarization. The bright spotsin the error fields can then be attributed to highly
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Figure 3.11. Threecircles are placed on each plot. The small circleis NA = 0.8 for exposure tool, the
medium circle is the propagating wave boundary, and inside the large circle represents all waves
collected by an inspection tool with o = 0.7 and NA = 0.8. (a) FFT of errors from Edge-DDM. (b)
FFT of errors from Corner-DDM.

scattered TE waves. As was mentioned in section 3.1 of this chapter, the TE waves were
found to limit the application of edge-DDM since their boundary conditions led to more
scattering, and thus, greater edge to edge interactions. One final piece of information can
be gathered by looking at the peak error (Eeror ~ 0.06) in the diffracted spectrum of the
same sguare contact in Chapter 2, and comparing it to the peak error (Eeror ~ 0.03) in
Figure 3.11 for the edge synthesized fields of the same contact. The peak error dropped
by about afactor of 2, in the location of these highly scattered TE waves. The only
change between the smulationsis that the contact in Figure 3.11 was simulated with a
larger domain, and was thus, more isolated than the contact in Chapter 2. Since the
contact is physically the same contact for both simulations, the decrease in error can be
associated with the greater isolation of the contact. This fact implies that a large portion

of the measured error stems from the inability of the rigorous 3D simulation to isolate the
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simulated structure as well as edge or corner-DDM, because of the periodic boundary
conditions of most EMF solvers. The true NM SE values are likely to be significantly

lower (better) than those observed here, if an isolated structure is desired.

3.4 Conclusions

The edge-DDM approximation was shown to be valid to at least 0.5% in NMSE
for feature dimensions greater than 2\ when used to simulate printing. The “rigorous”
simulation of large areas of a chip layout may therefore be performed very quickly with
edge-DDM, without the computational expense of actually rigorously simulating the
domain. The 2A rule is valid for all types of edges present in an arbitrary layout,
providing a good rule of thumb for edge-DDM applicability. The limits of edge-DDM are
in fact lower than the 2A rule would suggest, but pushing this limit to a smaller value will
depend specifically on the types of edges present in a layout. Additionally, the TE
polarization will limit the minimum dimension applicable for edge-DDM, but a heuristic
fix might be applied that properly models the boundary interactions at small CDs to
shrink the minimum dimensionto 1 - 1.5 A,

The defect projector method for assessing defect printability was introduced and
shown to accurately predict the CD change of structures containing defects to within 30%
of truly rigorous simulations (worst case), but is expected to work much better at higher
NILS and line locations farther from the base. The defect projector can therefore be used
as a method to rapidly sift non-critical defects from a host of possible locations, and

allow truly rigorous simulations to be focused on only the critical defects.



The implementation of edge-DDM for inspection is complicated by the fact that
high frequencies will aways enter the imaging system at 1X and edge-DDM will always
produce errors in the high frequency terms. The high frequency errors can be corrected
by implementing a Corner Error Function (CEF) into the edge-DDM library, allowing all
orders collected by an inspection system to have atotal NM SE of 0.5% when simulated
with corner-DDM. A DDM solution is therefore alikely candidate for building a database
“on thefly” for die-to-database inspection. Finally, a significant portion of the calculated
error in the NM SE was shown to stem from highly oblique TE waves that are a result of
the inability of rigorous simulations to isolate the structure of interest. The NMSE
estimates are therefore conservative in nature, and are likely significantly lower when

synthesizing the fields of isolated structures.
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4 Phase Defects

4.1 Real Defects

This Chapter explores simple physical models based on effective areas that can be
used to help understand the observed differences from simple geometry based models.
This difference from geometrical shape was observed by Adam, et al. [7] when he
showed that phase defects do not behave electromagnetically as their physical phase
height indicates, as expected from using an ideal mask model with scalar diffraction
theory. A method for extracting the three algebraic model defect parameters (itsarea A,
itsamplitude M, and its phase ¢ gerect) from the focal behavior of isolated defectsis
demonstrated for ideal thin mask defects. This method is then applied to rigorously
simulated defects to obtain model parameters for an electromagnetically equivalent thin

mask defect.

4.1.1 Effective Brightness

The increased brightness (amplitude squared) of post defects and the
corresponding decrease in brightness of void defects [7] can be understood through the
refraction of light back into the glass, the same effect responsible for the intensity
imbalance in phase shifting maskg[65] . For a perfect, rectangular, full height post defect,

the refraction of light into the post increases the brightness seen directly under the defect.
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The increased brightness can be simply modeled through increasing the effective area of
the defect by allowing light from a certain distance Ad away from each phase edge to be
included in the defect. The resulting increased electric field and intensity can be model ed

by:

A+dA
True_ post = [T] ESJIat_ post
A+dA

_ 2
l True_post — [T] I Splat _ post

E

This simple model is plotted on top of Adam’sdata (at A = 248nm) in Figure 4.1afor a
Ad of 45nm, implying that the radius of influence surrounding a 180-degree phase edgeis
about 0.18 A.

The decreased brightness of void defects may be modeled similarly. The electric
field inside of the void is depleted some distance Ad away from the phase edges, resulting

in adecreased area. The decreased electric field can be viewed as uniformly distributed

across the void, such that its brightness can be modeled by:

A-dA

ETrue_void = [T] Ea)lat_void
A-dA

I True_void — [T] ? I Slat _ post

The model is plotted on top of Adam’s datain Figure 4.1b for a Ad of 90nm. The larger
Ad for the void is surprising and physically may be due to the reduced ability of the fields

to respond to an edge in the air with n=1 or to the fact that internal reflection reduces the

fraction of the captured energy released from the top of the defect.
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Figure 4.1. Simple area model for the near field brightness changes below “real” 180 degree defects,
based on effective area changes due to refracted light a distance Ad away. () Post defect for Ad=45nm
at A=193nm. (b) Void defect of Ad=90nm at A=193nm.



4.1.2 Effective Phase

Similar arguments based on the effective areas of defects can be applied to their
phase as well. For post defects, the el ectric field absorbed from the surrounding air has an
average propagation distance that shifts its phase relative to the vertically propagating
light originally contained within the post. The refracted waves serve to dilute the phase of

the original, vertical propagation of light. This effect can be modeled by:

. A
¢True_ post — [m]¢$lat_ post

Agreement with Adam’ s data can be seen in Figure 4.2afor both 2D and 3D posts with
Ad = 45nm. This Ad value for effective phase is consistent with the value derived from
the simple model for a post’s brightness, providing validation that the simple area models
are physically appropriate.

The extension to void defects is more difficult because light is much less likely to
have vertical propagation within the void. Models based on effective areas can be used to
successfully predict the void defect’ s phase; however they are more complicated with less

physical intuition. Figure 4.2b shows fits of two such modelsto Adam’s datafor Ad =

90nm, given by:
A-dA
2D: ¢True_void = _[T]Q)&)Iat_void +90
For : ¢ -, =180°
A-— dA A— dA Splat _void
30 Py s =0 4 W wa +15001~ 71 +150
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4.2 Focus Behavior of | solated Defect

An isolated defect in aclear field will produce a noticeable dip in the clear field
that will vary with focus. This effect can be seen for an M=1, d=0.18A\/NA (1X), 120°
phase defect for the images plotted in Figure 4.3. Notice the dip in the clear field islarger
for an out of focus value. In focus, the magnitude of the dip in the clear field can be
interpreted by the algebraic models as twice the electric field signal of an opague defect
multiplied by a constant defined by two of the model parameters (M and ¢gerect), Where E;
=1 (clear field) and with pgs = 1

Al = 2B, e e[ 1= M COS(@ s )] (Seetop half of Equation 2.3)
Dividing thissignal by 2, gives the resulting modified electric field defined by:

Equation 41 Emod = Eopaque_defect [1_ M Cos(¢defect )]

120 Degree Phase Defect ((18L/NA x .18L/NA)

11
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Figure 4.3. Images of dipsin the clear field from an isolated, ideal (M=1), 120 degree defect of size
d=.18um, for various defocus values. Notice the dip intensity is larger for some out of focus values near
0.5 RU.
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Figure 4.4. (a) Vector addition representation of algebraic model for phase defects. An opaque defect’s
E-field isfirst subtracted from the features E-field, the phase defect reinjects the E-field at a phase
changed angle, resulting in the composite E-field. (b) The defect arm composed of both the opagque and
phase defect vectors remains rigid through defocus. The arm rotates about the tip of the feature E-field,
resulting in the maximum modified E-field when the tip of the defect arm lies on top of the feature E-

field as shown.

The effect of defocus can be uncovered by the vector relationship shown in Figure 4.4a

The opaque defect vector and the phase defect vector are locked together at the defect’s

phase angle (¢gerect), Creating an elbow on the combined defect arm. This arm rotates

about the tip of the clear field vector (E;) as defocus is applied. Notice that the maximum

modified electric field (or largest dip in the clear field) occurs when the tip of the defect

arm is rotated onto the clear field vector (Ez), shown by the dashed lines in Figure 4.4b.

Notice also that the amount of rotation needed to create the maximum modified electric

field will depend on the length of the phase defect vector relative to the opaque defect

vector (ie, the parameter M). For M=1, the rotation angle of the defocus will only be % of
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the value needed to produce a 180° phase change since this rotation affects both the
opague defect vector and phase defect vector. Thus, the defocus introduces another angle
Procus, iven by the angle of rotation for the defect arm that combines with the phase of
the defect to give an intensity dip and modified electric field through focus, defined by:

Al =2E_,

Equation 4.2:
Emod = Eopaque_defect[cos(¢ focus) - M Cos(¢defect + ¢focus)]

The parameter ¢rocus IS just the additional phase variation from the two rays caused by
moving through focus. The relative phase of the defect signal and the clear field signal
with focus is due to wave propagation effects. For small phase defects (~.2 A/NA ), the
scattered light uniformly fills the pupil because of its broad spectral characteristics and
because the pupil acts as alow passfilter. Thislight can be lumped into an average off-
axis ray that propagates with an average phase through some portion of the pupil, as seen
in Figure 4.5. Both the phase of the defect and the additional phase change from defocus,

work in conjunction to produce a peak signal (minimum intensity) when a net phase

*

I
Clear \:N/ Average
Field \if Pupil Ray

Figure 4.5. Phase defects scatter light everywhere in the pupil, and can be lumped into an average pupil
ray that is phase delayed or advanced relative to the on axis clear field ray below the pupil. The phase
fronts beneath the pupil show how defocus can increase or decrease the phase difference between the on
axis clear field ray and the average pupil ray from the defect.

53



change occurs of 180° relative to the clear field. The interaction of the two raysis

responsible for the peak signal shift through focus for different types of phase defects.

For an ideal 180° phase defect, the peak of the signal occurs at 0 Rayleigh Units (RU)

defocus, where a Rayleigh Unit is defined as:

A

Equation 4.3: 1RU = 5
2NA

For defects with lower phases, larger defocus values must be used to add an appropriate
phase change to the average ray to produce the 180° phase change. Thus, the peak signal
occurs at the defocus value that changes the phase of the defect’ s average pupil ray to

180°.

4.3 Parameter Extraction from | mage Behavior through Focus

Ideal, isolated phase defects may be imaged through focus from [-2,2] Rayleigh
Units (RU) and the values of the dips can be used to extract the modified electric field
values, defined by Equation 4.2. The modified electric fields can then be plotted through
focus, as shown in Figure 4.6a. Note that the field can become negative at large values of
defocus due to image reversal. Taking the largest modified electric field seen through
focus and its two nearest neighbors, a parabola can befit to the data. This parabola alows
the true peak modified electric field to be estimated, and it’ s associated defocus value. If
this process is done for various defect phases, the phase of each defect can be plotted vs.

the defocus value for the peak signal location for each defect, as seen in Figure 4.6b. The
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Figure 4.6. (a) Modified electric fields of images centered below the geometrical shadow of the phase
defects, for variousideal (SPLAT) phase defects. The peak field islocated out of focus for non 180
degree defects. (b) The phase of ideal (SPLAT) defectsis plotted vs. estimated |ocations in defocus for
the peak fields. The linear relationship allows defect phase identification when M=1.
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relationship islinear, and aline can befit to the data to produce:

Equation 4.4: Defect _Phase = -134.67Peak _ Defocus+180.68

Since this linear relationship was derived from ideal phase defects, M=1, it can only be
used to predict the phase of M=1 defects. Alternate relationships may be derived from
different M values, but are not necessary, as will be shown later. Now that the
relationship is known, an unknown isolated defect’ s phase (assuming M=1) can be
determined by simply imaging the defect through focus, fitting a parabola around the
peak to obtain the defocus value where the peak occurs, and using the result to calculate
the defect phase based on the known linear relationship.

For these ideal defects, M=1 isknown, §qeect has been extracted from the defect’s
focus behavior, and the defocus in RU has been related to the ¢+ocus angle via Equation
4.4. Thelast parameter that needs to be extracted is the defect’sarea (A). Thislast
parameter can be extracted from the modified electric field at O defocus, which is given
by Equation 4.1, since Eqpague defect IS proportional to its area (see Equation 2.1). Equation
4.1 can be rearranged to give:

Emod

Equation 4.5: A=
K[1—M COS(# yererr)]

Where k = 2.98 from [26] when 6 = 0.3, and Emoq, M=1 and {geect are known.

4.4 Rigorous Defect’s Parameter Extraction

The linear relationship established in the previous section works very well for

predicting the phase of ideal (thin mask) defects. A natural question arises. Does this
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process work with “real” defects? A nominally 180° phase post and 180° phase void were
simulated rigoroudly with the electromagnetic solver TEMPEST [8] to ascertain their
printability. The phase defects were isolated in a clear field glass mask, and illuminated at
normal incidence with 193 nm wavelength light. Both defects were 180nm x 180nm in
size (4X), corresponding to asize of .187 A/NA (1X) for NA=0.8. The central intensity
dips of the aerial image were monitored through [-2,2] RU of defocus and the modified

electric fields are plotted in Figure 4.7 (solid lines).

The post and void peak signals are on opposite sides of defocus, implying that an
unknown defect type may be classified based upon which defocus side the peak signal is
located. Posts have maximum signals occurring farther from the pupil, while voids have
maximum signals occurring closer to the pupil. For posts, the average pupil ray is delayed
relative to the clear field, and so moving further from the pupil will alow the clear field
to cycle even faster than the average pupil ray until the phase delay widens to 180° and
the peak signal is reached. For voids, the average pupil ray is advanced relative to the
clear field, and so moving closer to the pupil will alow the clear field to reverse cycle
faster than the average pupil ray until the phase advance reaches 180° and the peak signal
isreached. Figure 4.6 can be used to demonstrate this effect by adding the phase fronts to

the plane waves and looking at the phase change along the pupil axis.

Fitting parabolas to the peaks of the datain Figure 4.7, defocus values of -0.497
RU and 0.444 RU are obtained as the location of the peak signal for the post and void,
respectively. Using the linear relationship in Equation 4.4, the effective phases for the
post and void are -113° and 121°, respectively. Despite the large deviation from their

physical phase heights of 180°, the deviations are expected for these “real” defects, as
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Figure 4.7. Modified electric fields of images centered bel ow the geometrical shadow of the phase
defect. Rigorous simulations from TEMPEST of a post and void are plotted along with the SPLAT
simulations for the assumed M=1 extracted parameters, and assumed A=Ag extracted parameters.

discussed in previously, however, the extracted effective phases do not agree with the
near field average phases seen by Adam, despite scaling the defect sizes appropriately
from their 193nm values to 248 nm values. Thisinconsistency can be explained by
understanding that the linear relationship in Equation 4.4, which implicitly assumes M=1,
isNOT the casefor “real” defects due to their increased effective brightness. Why then,
has it been assumed M=1? The assumption of M=1 makes the parameter extraction
easier. Again looking at Figure 4.4aand 4.4b, the only physically real parameter that
must be rigidly enforced is the length of the combination of the two defect vectors. It is
this combined vector that rotates through defocus. Regardless of what two defect vectors

form the combined vector, aslong asits length is the same, it will behave in exactly the
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same manner. Thisimplies that adefect is not unique in its behavior, and while “real”
defects have M values greater or less than 1, equivalent defects with ideal transmissions
(M=1) and different areas (A) and phases (¢gefect) Can be found that behave in exactly the
same way through focus. In this manner, an equivaent defect may be found that mimics
the behavior of the "real" defect, despite being a physically wrong description of the near
field electromagnetics. Alternatively, A=Ay (geometrical defect area) may be assumed
and the values of M and et CaN be adjusted to obtain the same vector, however,
parameter extraction is much more difficult in this case, and requires knowledge of the

defect size beforehand.

The second parameter (A) can be extracted as demonstrated in the previous
section using Equation 4.5. Plugging in the known values of Emog, kK, M=1, and §gerect, the
areaisfound to be A=0.223uum and A=0.18um for the post and void, respectively. Using
the extracted parameters of A and ¢ gerect, COMbined with an assumed M=1, ideal SPLAT

defects were run to show how well the parameters match the TEMPEST data. The dashed
linesin Figure 4.7 represent ideal defects simulated with SPLAT using the extracted
parameters from the TEMPEST data. Also plotted in Figure 7 (dotted lines) are idedl
SPLAT defects with an assumed A=Ay (same geometrical defect size), and M= 1.7, 1.05
(post, void), with dgerect = -130°, 123° (post, void). Notice that all curves are nearly

identical in their behavior, showing that defects are not unique in their behavior.
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45 Conclusions

Simple physical models based on effective areas have been shown to provide a
fairly accurate description of a“real” defect’s brightness and phase for both post and void
defects. Posts were shown to electromagnetically behave about .18\ larger on a side than
their physical dimensions indicate, while voids were shown to behave about 0.36A
smaller on aside. Void defect behaviors were more difficult to capture with simple area
models, possibly because the light is much less likely to have vertical propagation within
the void.

Algebraic thin-mask models for the printability of phase defects have been
extended to the case of post and void phase defects that el ectromagnetically behave
differently than their physical height. Their average magnitude (M) and phase (¢ gefect) IN
addition to their defect area (A) is shown to be adequate for predicting the intensity dip
for isolated defects and by implication likely all that is necessary for modeling line width
change. By assuming M=1, the other two parameters (¢ geect and A) may be successfully
extracted from inspection data or rigorous simulations. Post and void defects can be
differentiated based upon where their peak signal occurs through focus, further from the
pupil for posts and closer to the pupil for voids. When the two parameters ¢ gerect and A of
a“real” defect are known, the defect’ s behavior through focus from rigorous simulations
can be mimicked quite accurately with SPLAT simulations using the two extracted
parameters. The algebraic model thus serves as a multidirectional link between
geometries, electromagnetic scattering analyses, lithographic performance, and (by

extension) inspection.
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5 New Method for Simulating
EUV Buried Defects

This Chapter will systematically examine the process of scattering from EUV
mask blanks. The challenge of simulating such scattering is the generation of new waves
propagating inside the multilayer which stem from three physical effects: forward
scattering, backward scattering, and specular reflections. Specific problem characteristics
of EUVL areidentified that yield new approximations for each of the three physical
effects which can be leveraged together to over come the challenges of simulating EUV
mask blanks. These characteristics will allow the devel opment of a new method for
calculating the reflection from EUV mask blanks. The new method is based on a series of
approximations which evolved from physical insight of the scattering process and its
accuracy has been verified.

The EUV scattering problem can be decomposed into three stages: a push inward,
areflection from a non-planar surface, and a push outward. In particular, suitable
approximations need to be examined in the push inward to deliver the electromagnetic
energy into the multilayer. Then the second stage can be performed by cal culating the
reflection from each individual surface. Thefina stage, the outward push, will propagate
the reflected electromagnetic energy out of the multilayer, resulting in the finalized
reflected field. Both a geometrical optics approach (ray tracing) and a Fourier optics

approach (spectrum) are proposed to solve the individual stages of the scattering
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problem. The multilayer itself will be broken into individual layers where the scattering is
evaluated in amanner that anticipates resonant effects from being within the mirror
layers. A final methodology is proposed for calculating the reflected fields, generating a

hybrid method that combines geometrical and Fourier optics.

5.1 EUV Simulation Challenges

The greatest challenge for ssmulating EUV multilayersis the generation of new
waves within the resonant structure. The incident wave entering the multilayer will begin
to transmit and reflect at every layer in the structure, creating new daughter waves that
will again re-interact with the multilayer and create further daughter waves. There are
three physical mechanisms by which new waves are created inside the multilayer:
forward scatter, backward scatter, and specular reflections.

Forward scatter is the generation of non-specular, forward propagating waves
which stem from the diffraction that occurs from transmitting through an interface.
Backward scatter is the generation of non-specular, backward propagating waves which
stem from the diffraction that occurs from reflecting at an interface. These effects can be

understood from Figure 5.1, where asingle plane wave isincident on an interface, and a

Incident Wave PRSI 4 Backward

Scatter

Forward
Scatter

Figure 5.1. Visual depiction of backward and forward scattering at a single layer interface.
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Figure 5.2. Wave picture of specular reflection and transmission from a single bilayer showing the
intra-bilayer resonance.

large number of waves leave the interface in the forward direction and backward
direction. Each one of these newly generated waves will also need to be tracked through
the structure to properly compute the reflection from the multilayer.

Specular reflections are similar to backward scatter except only the specular
direction isreflected. Inside of a multilayer, awave can specularly reflect from every
interface an infinite number of times, creating many new waves to track. These
reflections are responsible for the resonance of the multilayer structure, and can be better
understood by categorizing the specular reflections as either intra-bilayer or inter-bilayer
resonance. Figure 5.2 shows an example of reflecting from a single bilayer, and the intra-
bilayer specular reflections can be immediatel y understood to stem from reflections

within the same bilayer. Figure 5.3 shows an example of reflecting from a single bilayer

_ /\ Arbitrary
n bilayers VAR Wave Paths
7 ¢
N/ W
\/ Inter-layer
Single { | ¥ | Resonance
Bilayer

Figure 5.3. Depiction of inter-bilayer resonance as any arbitrary path a wave can make between the
initial reflection off the single bilayer and exiting the structure at the top.
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with n bilayers stacked on top of it. The Figure shows two arbitrary wave paths that
capture the effects of inter-bilayer resonance which stems from interactions between
bilayersin the multilayer. Both types of specular reflections will need to be computed to
accurately predict the reflectivity of a multilayer stack.

When building afast simulation method that explicitly tracks waves that bounce
and diffract inside aresonant structure, it is essential to find waysto limit the generation
of new waves inside the structure. Diffraction can produce R new waves per incident
wave upon reflection (back scatter) and T new waves per incident wave upon
transmission (forward scatter). Calculating just the primary reflection from a single layer
with N layers on top of it would require summing:

T2VR

Fone_tayer = Z E,
Here, atotal of T?"R plane waves are generated outside of the mask blank due to
reflection from asingle layer with N layers stacked on top of it. One can easily see that
the bulk of these plane waves are actually generated by the forward diffraction T from
propagating a wave down to the layer under observation (T") and back up through the
mask blank (TM). It is therefore useful to understand the forward diffraction and see what
approximations can be made to minimize its effects. Many, many more waves are
generated if one considers multiple back scatter events that bounce around the multilayer.
Each reflection would result in an additional R waves that could bounce an infinite
number of times, created R new waves with every bounce. Explicitly calculating only

those waves that bounce k times or less would require summing at |east:

N(jfl)-l- 2(k(N-2)+2) Rk

Equation 5.1: r = Z E,

one__layer



Here the number of waves has grown to N0 T2KN-2%2RK \yhere k is the number of
applications of back scatter and j isthe number of specular bounces (generally k=j). It
will therefore be necessary to cap the number of back scatter events (k) as well asthe
number of bounces from specular reflections (j).

The creation of new waves within the multilayer from either diffractive effects or
multiple specular reflections will ultimately limit the ability of a new method to achieve
both accuracy and speed in its calculation. However, even from single back scatter event
(k=1) that neglects multiple specular reflections inside the multilayer (j=1), the creation
of new waves from diffractive effects will be staggering. Using Equation 5.1 (with j=1,
k=1), if each individual layer produced 10 new orders upon reflection (R=10) and 10 new
orders upon transmission (T=10), the final layer in a40 bilayer stack (N=79) would have
to add the effects of 10"*° waves to compute the reflection from its surface!

Clearly, approximations that limit the generation of new waves will be needed
since any method that tracks resonant energy movement around the structure is doomed
to be too slow because of the large numbers of multiply scattered waves from daughters
of daughters, etc.; however, the effect of every one of these generations of rays must be
accounted for if amethod isto produce a correct fina reflection. Simplifying
assumptions that limit the forward scattering, backward scattering, and specular
reflections will need to be introduced to allow the accurate computation of the reflection

with only afinite number of waves.
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5.2 Problem Characteristics

There are 3 specific problem characteristics of buried defectsinside of EUVL
multilayers that will enable approximations to be made that limit the generation of new
waves inside the multilayer, and thus give guidance towards the devel opment of afast
and accurate method for simulation. First, the refractive indices for molybdenum and
silicon are both very close to that of air (n=1). This " optical homogeneity” implies that
existing electromagnetic waves propagating inside the multilayer will continue to travel
in that same general direction without much deviation. The optical homogeneity dictates
that the specular reflection coefficient magnitude of each individual layer is about |p| ~
0.04, which implies that multiple reflections inside of the multilayer will be very small
unless they coherently combine over several layer pairs. As such, the forward and
backward scattering inside the multilayer may be able to be simplified or decoupled.

Secondly, the layers within the mask blank have the property of “optical
smoothness’. Unlike DUV transmissive masks, there are no vertical boundaries or
corners to provide high angle scattering or to introduce additional coupling between the
electric and magnetic fields. Thus, the lateral componentsin the diffracted spectrum are
generated gradually. As such, the reflection analysis from each individual layer can be
approximated very well via athin mask transmission function, exactly akin to the SSA
approach. Even more importantly, the smoothness also makes both surfaces of a given
materia region very nearly parallel to each other, and thus the non-specular forward

scattering is extremely low (|JE| ~0.0004) in the forward diffracted spectrum. The optical
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smoothness also implies that high frequency techniques, like geometrical optics, might be
used to aid fast smulations.

Thirdly, the analysis of reflection from amultilayer is aided by the EUVL optical
system itself, which has a small numerical aperture (NA) of about NA = 0.3 and a4X
demagnification. This limited angular collection implies that only a small angular cone of
reflected waves will enter into the optical system, and that only the Through The Lens
(TTL) spectrum of areflection will need to be calculated accurately. For a proposed
EUVL system at 4X with o = 0.3 and NA = 0.3, only diffracted waves propagating within
a small angle of about |6| < 5.6 degrees need to be accurately calculated. These three
problem characteristics will help guide decisions on the development of afast and

accurate methodology for simulating buried defects.

5.3 Key Approximations

When devel oping a new methodology for ssmulating EUV buried defects, the
three physical mechanisms mentioned in Section 5.1 (forward scatter, backward scatter,
and specular reflections) can be restricted by introducing three key approximations that
are derived from the three problem characteristics of Section 5.2 (optical homogeneity,
optical smoothness, and limited angular collection of the EUV scattering problem). Each
approximation will address one physical mechanism and will place limits on the number
of waves that can be generated inside the multilayer, allowing afinite set of wavesto
predict the full reflection. The three key approximations are listed below, along with their

effects on Equation 5.1 for limiting the number of waves needed to be computed:
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1) The forward scatter of the incident plane wave is negligible (T=1)

2) The specular reflections from intra- and inter-bilayer resonance can be
anticipated with analytic approximations and need not be explicitly tracked in the
multilayer. (Specular reflections summed analyticaly, j=1)

3) Multiple back scatter events between defective layersis negligible (k=1)

In making studies of the multilayer structure, it was found to be advantageous to
understand the multilayer structure in terms of scattering from a complete bilayer instead
of from individual layer interfaces. For a transmitted wave, each perturbed layer interface
acts as alensing agent which creates forward scatter; however, the second interface of the
bilayer acts as a de-lensing agent which efficiently undoes the effects of the first layer
interface. The net forward scattering effect of transmitting through afull bilayer is thus
much smaller than simply transmitting through a single layer interface. This physical
behavior will prove crucial to building afast and accurate method for simulation since it
allows a tremendous simplification of the forward diffractive scattering that occursinside
of the multilayer. Neglecting forward scattering is extremely important to the new
method and is the first key approximation that will be more rigoroudly justified in Section
5.5.

This physical behavior of afull bilayer provides an efficient way to limit the
generation of new waves inside the multilayer while at the same time providing for the
effects of the coherent addition of scattering contributions. This can be implemented by

breaking the infinite set of waves into two categories (primary waves and resonant
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waves), allowing a Primary Wave Approximation (PWA) to be invoked which permits
only primary waves to be tracked through the multilayer stack. Primary waves are waves
that have been reflected only 1 time or less, while resonant waves are multiply bounced
waves (MBWs) that stem from multiple specular reflections within the multilayer. Their
multiple reflections must be added to obtain accurate reflection cal culations and are
critical to capturing the resonance of the bilayer. The resonant waves come from two
sources: intra-bilayer and inter-bilayer. Intra-bilayer resonance stems from the two
surfaces of the same molybdenum layer (Figure 5.2), while inter-layer resonance stems
from the interaction of multiple molybdenum layers (Figure 5.3). Under the assumption
of paralel planar surfaces for each layer or stack, both types of resonance effects can be
analytically summed and corrected within the program. This summation will be shownin
detail in Sections 5.7 and 5.8 and allows the second key approximation to be
implemented within the code. In this manner, the resonance is anticipated and corrected
by analytic sums of defect-free mirrors. The PWA also allows the third key
approximation to be efficiently implemented since it neglects multiple back scatter
events. The reflection coefficient of afirst order back scatter event from an individual
layer is about |p| ~ 0.005, and so multiple back scatter events will quickly die out. More
detailed justifications for ignoring multiple back scatter events will be shown in Section
5.7.

The three key approximations dramatically reduce the number of waves that need
to be explicitly tracked within the multilayer. Specifically, one can easily show for a
single layer with N layers on top, that their application allows the nightmarish scenario

from Equation 5.1, where N0-DT2N-2*ARK \waves needed to be summed, to be reduced to
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only R wave reflections from the last layer. Since there are then 80 layers in the full stack
(40 bilayers), the final number of reflected waves that need to be tracked for the full

multilayer would be a very manageable 80R waves.

5.4 Methodology Roadmap

Before a detailed justification for the three key approximations is demonstrated,
the general approach for how the new simulation methodology deals with a resonant
multilayer structure will be outlined. The strategy for the push inward (stage 1) will be to
take an el ectromagnetic wave incident on the multilayer and discretize the wave front
into aset of rays that can be traced into the structure. Each ray will be tracked as it
propagates through the structure and deposits its energy on each interface, creating new
reflections. These newly generated reflected rays will be left at their original locations

and will be used to calculate the reflection from a non-planar surface (stage 2). Figure 5.4
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Figure 5.4. Schematic of the generation of reflected rays during the inward push using ray tracing.
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shows a representative picture of how the incident rays will move into the structure,
generating reflections at each interface. The first key approximation allows asingle ray to
be traced downward into the stack without generating additional forward propagating
rays at new angles. The push inward will transmit the incident energy into the multilayer
and both intra-bilayer resonance as well as inter-bilayer resonance will have to be
corrected based on theincident angle for al the traced rays. These corrections can be
applied by multiplying the traced rays by the analytic sums discussed from the second
key approximation. The PWA generates one reflection for every layer interface for every
ray.

For the reflection from a non-planar surface, all the ray reflections at asingle
interface can be linked together to form the spatial electric field strung across the
interface. These rays must be moved back to aregular x and y grid to undo the subtle
effects of lateral spreading and wiggling upon transmission into the multilayer. This
movement is facilitated by alinear interpolation at regular grid points for the electric field
value between rays. After the reordering, the rays are still sitting at the layer interface
which contains vertical displacements from the non-planar nature of the interface. These
rays must then be flattened onto a single plane by doubling the phase differential between
rays in the middle and those on the end to account for the round-trip propagation. This
flattening is similar to the flattening performed by the SSA. Thus, the reflection from the
non-planar surface is automatically calculated by the ray tracing, once the rays are
reordered and flattened.

Ray tracing cannot effectively propagate the reflected fields out of the multilayer

since the rays begin to cross paths, creating shadow boundaries and ray caustics, as
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described later in Section 5.8.3. However, a spectrum approach can now be used for the
third stage, the outward push, where the reflected fields at each interface are propagated
out of the multilayer. The flattened reflected fields can be Fourier transformed to break
the electric fields into a set of newly propagating plane waves of many different angles.
The reflections from the molybdenum to silicon interfaces are propagated up one layer so
they sit outside of their source bilayer and have the intra-bilayer ACR applied to ensure
the source bilayer resonance is counted. The PWA also alows the multilayer structure to
be compacted into an ideal multilayer structure which is no longer defective. This
compaction stems from the third key approximation where the back scatter from each
layer cannot create another back scatter event. So, the reflected waves can only interact
specularly with the multilayer, allowing the structure to be compacted. These waves can
then be propagated out of the multilayer during the push outward. However, these
reflected waves are sitting inside of aresonator and its resonance will have to be
corrected in an angular dependent manner to limit the number of specular reflections. A
dual mirror structure will be introduced which only requires a single inter-bilayer

resonance correction to be applied during the push outward for al the plane waves

Problem Segment Approach Used
Push Inward Ray Tracing or
Spectrum
Reflection from Non-
Planar Surface Spectrum
Push Outward Spectrum

Table5.1. Summary of final approaches used for each problem segment of EUV scattering.
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created inside the multilayer. Once outside the multilayer, the spectrums of each layer are
added together and inverse Fourier transformed to obtain the total reflected field.

Thus, ahybrid method is proposed for performing fast calculations of reflection
from an EUV mask blank, which combines both geometrical and Fourier optics. The final
proposed method can be summarized in Table 5.1 and aflow chart can be seen in Figure
5.5. Whilein principle, the spectrum approach could be used for al segments of the
scattering problem, ray tracing is proposed to handle the propagation of energy into the
multilayer. The tracing of the individual rays will save some of the small phase
information obtained from actually tracing the rays through the defective structure, while

the spectrum approach would deposit the energy based on a defect free structure. Chapter
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Figure 5.5. Flow chart of the new simulation methodol ogy.
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will show that each method can be used fairly generally, however, for certain buried
defect geometriesit will be more beneficia to use one over the other. The final method is

athree stage process.

For each layer 1:N,
1) Ray trace the incident energy into the multilayer stack, correcting for resonant
transmissions using an analytic model
2) Calculate the reflection from the nth layer and flatten the source by doubling the
phase differential (exactly akin to the SSA method)
3) Propagate the spectrum out of the compacted multilayer using a dual mirror
structure to correct for a single inter-bilayer resonance (FFT, propagate, |FFT)
Finally, each layer reflection can then be added together to produce atotal reflection for

the entire multilayer stack.

5.5 Justification for Neglecting Forward Diffraction

From the analysisin Section 5.1, an impossible number of waves would need to
be calculated to properly compute the reflection from an EUV mask blank. Of the three
key assumptions, neglecting the forward diffraction is the most critical factor in reducing
the number of waves that need to be computed. This one effect will scale the number of
waves needed to be tracked for asingle layer by T2<N2*2 Thefollowing analysis will
show that the forward diffraction can be neglected (T=1) because of the nature of the

bilayer as a unit.
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For an incident plane wave, diffraction will begin to occur when the wave front
experiences inhomogeneous local phase distortions from the defective layers. Essentially,
portions of the incident wave front will be sped up, or slowed down relative to other
sections of the wave front. The magnitude and frequency of these distortions will directly
impact the amount of diffraction observed. The optica homogeneity and optical
smoothness of EUV mask blanks dictate that the change in the forward scattered fields
and angular spreading will be small, since the magnitude and frequency of these phase
distortions will be low.

The optical smoothness of each bilayer prevents any individual section of the
wave front from becoming sharply different from the fields surrounding it, and therefore
the phase of the forward scattered field will vary smoothly and over long sections of the
wave front. So the frequency of these phase distortions will be very low, resulting in low
forward diffraction. The optical homogeneity of EUV mask blanks ensures the magnitude
of any phase distortions will also be small. A phase distortion’s magnitude is driven by
the difference in the refractive indices seen at an interface, and the optical homogeneity
of EUV masks guarantees that any section of the wave front will never see alarge change
in refractive index. Therefore, since both the magnitude and frequency of any potential
phase distortions are expected to be small, the forward diffraction of an incident wave
will also be small.

Despite each individual layer having a small forward diffraction, the small
forward diffraction will be amplified as it propagates down through the 20X thick mask
blank and encounters about 80 other interfaces along the way. An extremely important

addition to the above analysis is the effect of the bilayer as unit, which will make the
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Figure 5.6. Data for a defective bilayer that has a 3nm high, 30nm FWHM Gaussian shape. The
refractive indices are ng= 0. 999942-j*0.00182099 and n,,=0 .922769-j*0.00621555, with A=13.4nm.
(a) Approximate back scatter values for the 0" and off axis diffracted orders from both individual
layers, as well as their combined effect. (b) Approximate forward scatter values for the 0™ and off
axis diffracted orders from both individual layers, as well as their combined effect. (¢) Schematic
diagram of the individual scattering events and how their combinations add in the back scatter, but
subtract in the forward scatter.

forward diffraction minimal, and hence negligible. The first layer of the bilayer actsas a
lensing agent to create a small forward diffraction effect on the transmitted wave,
however, the second interface in the bilayer acts a de-lensing agent which undoes nearly
all of the small effect from the first interface. Since the second interface acts as a
correction to the small error made from the first interface, the total transmission through
the full bilayer will have negligible forward diffraction. This effect is numerically shown
and schematically drawn in Figure 5.6. The numerical results come from the FDTD
simulation of a 3nm high, 30nm FWHM Gaussian shaped bilayer which istypical of an

upper layer from a printable defect coated with the smoothing process. Notice that the
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back scattering and forward scattering events are about the same order of magnitude
(0.003) when taken individually from a single layer. However, when combined into a full
bilayer, the back scattering events add together to produce alarger back scattering event,
while the forward scattering events largely cancel and are afull order of magnitude
smaller.

An error bound for this approximation can be estimated using the datain Figure
5.6. The associated error from asingle bilayer is |e|~ 0.0004, but this error has to reflect
from the multilayer and transmit through the multilayer depending on the depth at which

it was generated. Adding the error |e| for the full multilayer would lead to a sum:

39
| eforward _ diffraction |~ O'OOO4Einc[r39t1 + t1r38t2 + t2r37t3 + ] = OOOO4E|nc tm—1r40—mtm

Here t,, and r, mean the transmission or reflection through m bilayers. Explicitly
calculating this sum results in avalue of about 10, showing that afirst order estimate of
the total error associated with neglecting forward diffraction is |€oward _diffraction|~0.004,
which is quite small.

Minimal forward scattering can further be shown by the datafrom the FDTD
simulation for the 3nm high, 30nm wide Gaussian bilayer. The forward scattering was
compared to the backward scattering from reflections, and their angular spectrums can be
shown in Figure 5.7a on alog scale. The backward scattering (reflection) is aready
small, since thefirst diffracted order isless than 7% the magnitude of the specular order,
and a full 95% of the energy is contained within an angular cone of £5.2° It is also
obvious that that the forward scattered field is significantly smaller than the backward
scattered field, by as much as 10X for small angles. In fact, 99.9997% of the energy in

the forward scattered direction is at the same incident angle, confirming that minimal
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Figure 5.7. (a) The magnitude of the reflected and transmitted spectrum from a single bilayer. For small
angles, the transmitted angular spread is at least 10X smaller than the reflected angular spread. (b) The

transmitted spectrums for both individual layers of the bilayer as well as the total transmitted spectrum

from the full bilayer.

forward diffraction is a good approximation. Figure 5.7b plots the spectrum of the
forward diffracted field from each individual layer in the bilayer, as well as the spectrum
of the forward diffracted field from the full bilayer. It can be readily seen that each layer
taken individually has significantly higher forward diffraction than the full bilayer. The

combined effect of the two layers reduces the forward scattered field by about 10X.
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To further push the limits of this approximation, afull bilayer with a2D Gaussian
shape that was 30nm high with a FWHM of 30nm was simulated with FDTD and
compared again to asingle layer interface of the bilayer. The shape of this bilayer
represents those bilayers that are very close to the substrate defect and buried deep within
the multilayer. The shape of this bilayer is severely distorted, having a peak height
deviation that is almost 11 times the thickness of the molybdenum bilayer. Figure 5.8a
shows plots of the full bilayer’s forward scattering relative to the forward scattering from
just the top surface of the bilayer. The total magnitude of the forward scatter is increased
by almost 10X from the smaller bilayers, which is expected from the more defective
shape of the bilayers. It is also evident that the full bilayer again dramatically reduces the
forward scattering compared to asingle interface by over 10X! This clearly demonstrates
that as the bilayer becomes more distorted, the full bilayer still helpsto limit the forward
scattering of abilayer, but the magnitude of the error from this approximation is
increased. However, these layers are buried deep within the multilayer close to the buried
defect and their impact will be significantly limited from the decay produced from the
propagation inward and outward of the stack.

Asafina examination, afull 3D bilayer structure was tested with a Gaussian
shape that was 3nm high and a FWHM of 30nm in both x and y directions. This layer
would represent atypical bilayer in the upper half of a defective 3D stack. Figure 5.8b
shows the transmitted spectrums of the full bilayer aswell as asingle layer interface of
the bilayer for the largest magnitude cut linein the diffracted spectrum. Again, the
simulations confirm that the full bilayer will reduce the total forward scatter produced

from the distorted shape. The amount of reduction is smaller than that observed in 2D,
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however, the magnitude of the largest error is roughly consistent at |E[~0.0003. This

shows that forward scatter can be neglected even for 3D defects.
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Figure 5.8. The transmitted spectrums for an individual layer of the bilayer as well as the total
transmitted spectrum from the full bilayer for a bilayer with (a) 2D Gaussian shape that is 30nm high
with a FWHM of 30nm. (b) 3D Gaussian shape that is 3nm high with a FWHM of 30nmin both x and y
directions. The full bilayer still actsto limit the forward scatter even both of these regimes.
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5.6 Justification for Neglecting Multiple Back Scatter Events

The optical homogeneity also allows a new method to neglect the effects of
multiple back scatter events. A multiple back scattered wave is defined in this analysis as
a plane wave whose k-vector has changed in the non-specular direction more than once
when interacting with non-planar surfaces inside the multilayer. Essentialy, the incident
wave (ko) can produce scattered waves (ki) when interacting with a non-planar surface,
but these scattered waves cannot again re-scatter from another non-planar surface to
create anew wave (Kz) in the non-specular direction. Thus, a multiply bounced wave that
contributes to resonance is not considered a re-scattered wave since it is a specular
reflection. Neglecting re-scattering is an approximation that makes the new method a
perturbational approach, where only the first order effects are calculated. This
approximation limits each layer to a single back scatter event (R applied once, k=1) and
prevents a growing set of waves from multiple back scatters.

A re-scattered wave' simpact will be greatly influenced by its magnitude. A re-
scattered wave that has bounced n times will scale as p", and since |p|~0.005 for asingle
bilayer (see Figure 5.6a), the re-scattered waves will quickly die out in magnitude.
However, the resonant nature of the multilayer dictates that there will be many of these
re-scattered waves and one might question how the effects of al of these waves can be
ignored. The answer comes from understanding bilayer interactions. It can be assumed
that re-scattered waves will be largest when they re-scatter close the original scattering
bilayer, since long propagations expose the wave to decay from the complex refractive

index of the multilayer. Bilayers near the original scattering bilayer will have asimilar
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shape since the defect shape evolves rather than producing sharp layer differences. So
when the incident wave hits a non-planar bilayer, the surface height differences generate
a phase perturbation in the field which causes it to diffract. When this newly scattered
upward propagating field encounters a second non-planar bilayer, the second surface
height actually appears to be the inverse of the surface from which it first scattered.
Therefore, the second bilayer will very nearly undo the effects of the first surface upon
reflection, just as we saw in section 5.5 for transmitted waves. So, re-scattered wave
magnitudes from both near and far surfaces are constrained either by the inverse nature of
close hilayers or by the long propagation requirements for far bilayers. The
approximation that re-scattered waves can be ignored thus seems reasonably valid
because the optical homogeneity dictates that these re-scattered waves will be very small
and unable to resonate with the multilayer.

A first order estimate for the error from this approximation can be made by some
simple arguments. A re-scattered wave must scatter at least twice, resulting in
le|~(0.005)>=25E-6. This error estimate must further be multiplied by appropriate
reflections and transmissions, depending on the depth where the back scatter occurred.

This leads to a sum:

39

| € e-ccarer [~ (0.005)° By [ilagly + Pl +..] = (0.005)* Epe B traFao-nt

—-m-m
m=

Again, ty, and rp,, mean the transmission or reflection through m bilayers. Explicitly
calculating the sum results in a number of about 10, showing that afirst order estimate of
the total error associated with neglecting re-scatter eventsis |€e scatter|~-00025, which is

quite small.
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To test the validity of this approximation, the same Gaussian shaped bilayer in
Section 5.5 was simulated as individual layers. The individual reflections can be added
together with the anal ytic resonance included to obtain an approximate reflection
calculation that excludes the effects of re-scattering. This approximate reflection can be
subtracted from the full TEMPEST simulation to get an estimate of the magnitudes of
any re-scattered waves present in the final solution. Figure 5.9 shows the errorsin the
reflected spectrums of the two calculations. Clearly, the error associated with neglecting
re-scattering is very small (error < 10%), and these effects will only get smaller on a
relative basis when resonance begins to start guiding the reflection behavior for structures

with more than 7 bilayers.
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Figure 5.9. Upper bound on the error made by neglecting re-scattering. The error islessthat 10 in
electric field.
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5.7 Anticipating Resonance

Analytic methods can be incorporated to model resonance within afast simulation
methodology. The following sections will provide analysis of asingle bilayer and a
multiple bilayer structure to show that resonance can be systematically understood for
each bilayer in the multilayer and its effects summed analytically. The single bilayer
analysis will provide information on modeling intra-bilayer resonance while the multiple
bilayer analysis will show how to model inter-bilayer resonance. These analytic
resonance terms can be calculated a priori and stored for later use. In this manner, the
expected resonance of the multilayer can be anticipated, allowing a simulation
methodology to eliminate any MBWs. Thus, a Primary Wave Approximation (PWA) is
invoked, which will limit the creation of new waves to only those primary reflected or
transmitted waves that spawn from the initial incident wave. A new methodology will
then only need to track the primary waves during the cal culation, and can apply the
analytic correction factor to the primary waves as they propagate through the multilayer

stack.

5.7.1 A SingleBilayer: Intra-Bilayer Resonance
A single bilayer forms the building block of the full multilayer stack. A better

understanding of how thisindividual piece behaves will help elucidate effects that must
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Figure 5.10. Wave picture of reflection from a single bilayer structure. The two primary reflected
waves, the primary transmitted wave, the infinite number of resonant reflected MBWs, and the infinite
number of resonant transmitted MBWs are label ed.

be properly modeled in a defective multilayer stack. Figure 5.10 shows a single bilayer
with asilicon thickness of 4.14nm and a molybdenum thickness of 2.76nm, for atotal
thickness of 6.9nm. Propagating an electromagnetic wave in an arbitrary direction can be
accomplished by multiplying by S(X):

Equation 5.2: S(x) = e/™®

Here A isthe complex refractive index of the material, k, isthe free space wave vector,

Incident ! Reflected
Wave i Wave (1)
- 6 16
Single
Interface  _ :
n, !
' 6 .
: Transmitted
Wave (t12)

Figure 5.11. Reflection from a single interface is governed by the Fresnel equations, the law of
reflection, and Snell’ s law.
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and X isthe distance propagated in the material. Reflections and transmissions from a
single surface (see Figure 5.11) for awave propagating from material 1 into material 2
can be calculated by solving the Fresnel equations, and the directionality of the reflected
wave is given by the law of reflection, while the directionality of the transmitted waveis

given by Snell’s Law, shown below:

Equation 5.3: SnellsLaw: n,sing, =n,sing,
Equation 5.4: Law of Reflection: 6 =-6,
Equation 5.5: Fresnel Equations:
TE Reflection: r, = r:n;ggzgi ; 22 zgzgz ; TE Transmission: t,, = ﬁlcoigll ::'0%6(120392
_ n,cosé, — n, cosé, 2n, cosé,

TM Reflection: r,, = = — ; TM Transmission: t,, =
" R, cos@, +n, cosé, 2

n, cosé, + n, cosé,
Here n represents the full complex refractive index of the material, while n represents
the real part of the refractive index. Thus, the various reflections and transmissions on
propagation of an electromagnetic wave, Eg, through the silicon and molybdenum layers
can be calculated by Equations 5.2-5.5.

A common problem when propagating a wave into a multiple interface structure
isthe creation of new waves at each layer interface from multiple specular reflections.
Thisisdepicted in Figure 5.10 and results in quickly producing a geometrically growing
set of waves which must be propagated simultaneously through the bilayer. For the single
bilayer, there are two primary reflected waves and only a single primary transmitted
wave, as shown in Figure 5.10. Figure 5.10 also clearly shows that the resonance for a

single bilayer can be viewed as coming solely from the molybdenum layer (intra-layer
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resonance), while resonance in the silicon layer can be handled by combining multiple
bilayers (inter-layer resonance), as can be seen in the next section.

Primary waves are very easy to calculate since Equations 5.2-5.5 only need to be
applied afew times, however, resonant rays require the application of Equations 5.2-5.5 a
significant number of times. For clarity, each reflected and transmitted wave can be
calculated by brute force using Equations 5.2-5.5 and summed to obtain the total

reflection and transmission (rips, tips ).

Mo =S [, + S2tlorty + S2tiohy by, (F2S2) + 20,0t (F2S2)2 + S2t byt (F2S2)% + ... ]

t = Su[Sntistor + Sitiotor (12S2) + Sitiotor (F2S2)? + Syt (12S2)° +... |

Here Sy, isthe operator from Equation 5.2 for a wave propagating at an arbitrary angle
inside a silicon/molybdenum layer, and r,; means the reflection coefficient for n bilayers
in the forward direction. Conversely, rm,, would be the reflection coefficient for n

bilayers in the backwards direction. These rather long equations can be simplified by

pulling out common multiples:
f e = S + Shtlated 1+ (S0 + (12507 + (1S0)° +.. } ]

ti s =SSt 1+ (F2S2) +(r2S2)? +(r2S2)° +... }
The above equations can be greatly simplified by adding the combination of multiply
reflected wavesinsidethe{...} brackets using the analytic sum from the well known
infinite series:

n 1
X =
0 1-x

M8

Equation 5.6:

n

Thus, the full reflection and transmission coefficients for a wave propagating forward

through a single bilayer are:
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. . — 2 Sritlzrzltzl
Equation 5.7: f = S, + o222 ]
' 1-r,S;

i S S t.t
Equation 5.8: ty, = M2
! 1- r221851

The denominators of Equations 5.7-5.8 are easily recognizable as the analytic sum of the
infinite resonant reflected and transmitted waves within the molybdenum layer, since
they are identical in form to Equation 5.6. The remaining parts of the coefficients
represent information from the primary waves. Using Equation 5.6 simplifies the
reflection considerably by summing in closed form the effects of al the resonant waves.

The infinite sum can be stored as the analytic correction for resonance (ACR) of asingle

bilayer.
. o 1 0O
Equation 5.9: ACR,, = %75
¢ - I’Zzls,i O

In this manner, the effect of the two primary reflected waves can be cal culated
independently, and then the second primary reflected wave can be multiplied by the ACR
and added to the first primary wave to predict the full reflection coefficient for the
bilayer. Similarly, the primary transmitted wave can be multiplied by the ACR upon
passing through a single bilayer to predict the correct transmission coefficient. This
procedure can be written as.

Equation 5.10: TRW,, , (6) = PRW, + PRW, (ACR,, ,)
Equation 5.11: TTW,, ; (6) = PTW(ACR,,,)

Here PRW stands for the primary reflected waves and PTW stands for the primary
transmitted wave, while TRW stands for total reflected wave and TTW stands for total

transmitted wave.
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The reflection coefficient will be dlightly different for awave propagating
backwards through bilayer, while the transmission coefficient will be the same. The
backwards reflection coefficient can be found by setting S=1 (zero propagation distance

in Silicon) on Equation 5.7:

2
Smt12 I’211: 21

Equation 5.12: Moo = [r12 + 1-r2S?2

Equation 5.13: Lpp =t s

5.7.2 Multilayer Structure: Inter-Bilayer Resonance

The above procedure derived the reflection and transmission coefficients for an
arbitrary bilayer structure for both aforward and backward propagating wave. The
calculation only relied on knowing the reflection and transmission coefficients of the two
layersinvolved, and the rest could be calculated by propagating the waves throughout the
geometrical structure. The process can be repeated to calculate the reflection and
transmission coefficients of two bilayers stacked on top of each other. The distance
between the bilayers would be zero (since the propagation through silicon and
molybdenum was explicitly taken care of for the single bilayer case) and the reflection
and transmission coefficients of the layers would simply utilize Equations 5.7, 5.8, 5.12,

and 5.13. The resulting reflection and transmission coefficients are:

0 t, Ny by, O
Equation 5.14: Lo ¢ = [y g + 2200
il 1=rp i Mwp
. 0 t;, O
Equation 5.15: too s = , 0
It
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This process can be repeated iteratively to solve for the reflection and transmission
coefficients of any arbitrary multilayer structure by simply using the previous coefficients
from areduced bilayer structure. This process effectively reduces the problem to solving
multiple two layer reflection calculations until the full multilayer isbuilt up. In this

manner, the reflection and transmission coefficients of an n bilayer structure would be:

O

) t ..rt [
Equation 5.16: Mot = Dy + (n=Db, T 71b, f H(n-1)bb
il

1-1p Mnapp

Ot t,, O
Equation 5.17: ty = Gl B
Again, the denominators of Equations 5.16-5.17 can be stored as the ACR for the

appropriate bilayer:

. O 1 0
Equation 5.18: ACR,, =
It Mnypp [

In this manner, the ACR for every bilayer and every propagation angle can be calculated
and stored for later use. These ACRs for multiple bilayers represent the inter-bilayer
resonance depicted in Figure 5.3, where the ACR is the analytic sum of every possible
wave path for re-reflection between the n bilayers above the single bilayer of interest.
Once stored, only primary rays need to be tracked through the structure and the ACRs
applied as needed. For instance, to calculate the transmission through n bilayers (wheren

> 2), only the primary transmitted wave needs to be tracked:
Equation 5.19: TTW,, , (6) = PTW(ACR,,)" gj ACRME
=2

Equation 5.19 applies the intra-bilayer resonance n times since it passes through n

bilayers and it also applies the inter-bilayer resonance once for each bilayer set.
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Figure 5.12. Wave picture of transmission from a source trapped between two mirrors, the upper mirror
is made of n bilayers, while the lower mirror is just asingle bilayer. One primary transmitted wave and
an infinite number of resonant transmitted MBWSs can be seen.

The same approach can be used to model an arbitrary dual mirror structure that
will be useful during the push outward. Figure 5.12 demonstrates how an arbitrary plane
wave in a spectrum behaves when it is trapped between two mirrors. Notice the
similarities compared to Figure 5.10. The total transmission (tn 1) Of the reflected
spectrum between an n bilayer upper mirror and a single bilayer lower mirror can be
calculated algebraically by applying Equations 5.7-5.8 and 5.16-5.17 and following the

same approach laid out in Section 5.7.3:

tioao = tuot ot Tt Fio oot (ot Fion)* F bt (T £ Fio)” ¢ (T £ Fipp) * + o
Notice that the transmission and reflection coefficients for the upper mirror are assumed
to be the forward direction, so that the silicon layer above the reflected primary wavesis
considered to be part of the bilayer aboveit. The lower mirror isthen assumed to be a
single bilayer in the backwards direction since it gave its silicon layer to the partial mirror
above it. The equation above can be simplified by pulling out common multiples:

topas = Lo, [1+ Mot o T (ot Taop )~ F (Mot o) F (T ¢ Tipp) oo ]

And applying Equation 5.6 to obtain:
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tnb,f

Equation 5.20: tow =

1- Vb, f Mo
This equation is the transmission coefficient for a plane wave source sitting between two
mirrors. The tyy ¢ is the transmission through the n bilayer mirror above it with al its

resonance included, while the denominator is the ACR between the two partial mirrors:

1 U

U
Equation 5.21: ACR, 1o = O
Tt Fop [
Equation 5.20 can now be recast into a primary wave interpretation by:

Equation 5.22: TTW,,1,(6) =PTW,, ; ACR 115

With Equation 5.22, an arbitrary plane wave can be propagated out of a dual mirror
structure.

This iterative approach for calculating a reflection or transmission coefficient for
a perfect multilayer structure is not the most efficient method. There are many methods
which compute the coefficients in amuch more direct manner. There are two reasons
why the iterative approach is favorable for the EUV application. First, this approach
allows the mathematics to be decomposed and easily interpreted in terms of the physical
scattering inside the multilayer. The divisions between primary waves and resonant
waves are easily distinguished, allowing their impact on the total reflection to be
decoupled and handled separately. The analytic correction factor for each possible bilayer
interaction can be pre-computed easily with this approach and stored for later use when
analytic resonance corrections (ARCS) are needed in the code. The mathematical
representation, while slightly less efficient, therefore supports the general strategy for

solving the EUV scattering problem.
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Secondly, the iterative approach allows an understanding of how each individual
bilayer inside the multilayer contributes to the final reflection. Most anal ytic reflection
calculations for stratified media use the equivalence of every layer to compress
information, and thus an individual layer’s contribution islost in the final result.
However, when extending such methods to the case when every layer has a different
shape due to a defect perturbation, it is vitally important to understand the magnitude and
phase contributions of each individua layer in the stack, and thus gain an understanding
of the impact each layer makes relative to the total structure. The iterative approach
allows thisinformation to be captured so the individual layer contributions remain

distinct.

5.8 Generalized Fast Simulation M ethodology

This Section will briefly describe the ray tracing and the spectrum approaches. It
will then explicitly describe the implementation of the general simulation methodology
outlined in Section 5.4. The three key approximations described previously will be

invoked to create avery fast method for simulation.

5.8.1 Geometrical Optics: Ray Tracing

Ray tracing can provide excellent results only when diffraction is minimal, since
the wave front needs to be fairly uniform. This fact places severe limitations on the
applicability of ray tracing to electromagnetic scattering problems, however, it could be

successfully used for two of the three segments of the EUV scattering problem. Since the
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forward diffraction is minimal, ray tracing can be used for delivering the electromagnetic
energy into the multilayer. The reflection from a non-planar surface can also be handled
in a straightforward manner with the Fresnel equations. On the other hand, since
diffraction is expected from the reflected field, problems would be expected if ray tracing
was used to propagate the reflected fields out of the multilayer without first transforming
the diffracted fields into plane waves.

During ray tracing, aray is propagated forward into the multilayer stack using
local Fresnel reflections and transmissions, using the full complex refractive index of the
multilayer stack. A ray can be interpreted as alocal electric field value aong the sampled
wave front and it behaves identically to a plane wave. Thus, Equations 5.2-5.5 can fully

describe aray’ s behavior when interacting with the interfaces within the multilayer.

5.8.2 Fourier Optics: Spectrum Approach

Fourier opticsis another logical method for propagating the reflected fields into or
out of the multilayer stack, since the Fourier transform can decompose the electric field
into a set plane waves which can be easily handled via the Fresnel equations.
Fundamentally, this approach works because the upward waves, once generated, undergo
minimal forward diffraction as shown in Section 5.5. As such, this spectrum approach
can be expected to work very well for the push inward, the reflection from the non-planar
interface, and the push outward of the EUV reflection problem, since the spectrum
approach is very robust.

The spectrum approach uses the Fourier transform to decompose the complicated

scattered field inside the multilayer into a simple set of plane waves. The plane waves can

94



then interact with the multilayer and diffraction is handled automatically by updating the
phases of the plane wave spectrum as it propagates. In this manner, characterizing how
plane waves interact with the multilayer will allow any complicated scattering to be
analyzed. A plane wave will interact with aflat interface as described by the Equations
5.2-5.5. A plane wave impinging on a non-planar interface will have its reflected phase
modified by twice the geometrical height variation of the surface, given by the modified

phase equation:

4m(z(x,y) - %)
AO

Equation 5.23; P(x,y) = 2nky(2(X, y) = 2,) =

Where z(x,y) is the surface height, z; is the surface height of the defect free surface, ko is
the free space wave number, nisthereal part of the refractive index, and g isthe free
space wavelength. This doubling of the phase differenceis entirely analogous to the SSA
approach [5] to account for the down and up propagation of areflected field. The
transmitted field would have its phase modified by the same equation, except with no
phase doubling and n replaced by 4n, where 4n is the difference in refractive index for
the upper and lower medium.

The spectrum approach also suffers from multiply bounced waves creating a
geometrically growing set of waves to compute, but the same PWA approach can
eliminate the multiply bounced waves, and the analytic solutions for resonance can be
applied to waves as they propagate through the multilayer. Thus, afinite set of waves can

be used to accurately calculate the reflected fields.
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5.8.3 Implementation of the Fast Simulation Methodology

Sage 1: The Push Inward:

To define the geometry, an input matrix of numbersis needed that represents the
locations of the interfaces between the molybdenum and silicon inside the multilayer.
Oncethisisinput, the push inward (first stage) can begin and a sampled incident wave
front can be used to trace the electromagnetic energy into the multilayer in the form of
rays. For simplicity, evenly spaced rays are used, though in principle any number of
better sampling patterns can be used, such as a Gaussian distribution, to provide better
ray density near the defect and thus lessen the number of rays needed to be traced at the
edges.

The PWA approach combined with the anal ytic anticipation of resonanceis used
to limit the creation of new rays to only the primary reflected and transmitted waves that
spawn from theinitial downward traced ray through the multilayer. The analytic
correction factor for both intraand inter bilayer resonance must be applied to the
downward traced rays as they propagate through the stack and is based on the number of
bilayers traversed (as per Equation 5.19). The primary reflected rays that are created from
ray tracing are left in their original positions to be propagated out of the multilayer by a
later method.

The ray position history of the initial downward traced rays can be used to
understand how energy moves through the multilayer stack. The actual position histories
for one such defect are plotted in Figure 5.13 for a normally incident wave front. The
horizontal lines are the interface locations between molybdenum and silicon layers, while

the vertical lines represent the paths that actual traced rays took when propagating
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Figure 5.13. Position histories of rays traced into a sample defective multilayer. Zoomed image shows
local detail of aray traversal down through the stack.

downward through the multilayer. These paths are very straight, showing very minimal
diffraction from the forward propagation, as expected from the optical homogeneity of
the problem. A zoomed in picture of arepresentative ray path shows more local detail of
how individual rays wiggle as they move. A shift of only 0.15nm over the course of
300nms of propagation is seen. Of interesting note, is that the ray will slightly bend away
from the local normal and the defect, which is due to the multilayer refractive indices
being less than 1.

The spectrum approach can aso be used for the push inward instead of ray
tracing, by simply applying the same principles. The entire wave can be propagated into
an assumed defect-free structure since the forward diffraction is minimal. Theintra- and
inter-bilayer resonance can be applied based on Equation 5.19, depending on the depth of

each bilayer the incident wave passes. Since the spectrum approach deposits energy
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based on a perfect structure, some minor phase information may be lost compared to ray
tracing where the local phase information of tracing through a defective structure can be
captured. The differences between using the spectrum approach or ray tracing is very
small in practice, but Chapter 6 will show that there can be larger differences when

dealing with specific types of multilayer defects.

Sage 2: Reflection from a Non-Planar Surface:

Theinitia downward push into the multilayer will result in one newly spawned,
reflected ray for every layer in the multilayer stack, as shown illustratively in Figure 5.4.
The inward push is finished when theinitial downward traced ray propagates fully
through the multilayer stack, leaving the newly reflected rays sitting at their original
spawned locations within the multilayer. Ray tracing has naturally calculated the second
stage of the problem: the reflection from a non-planar surface, and now the reflected
fields must be propagated out of the multilayer stack. The reflected rays, however, do not
sitonaregular x and y grid due to the lateral movement and wiggling of the rays as they
propagated through the non-planar multilayers. The rays must be moved back to aregular
grid in order to efficiently handle the outward push. Linear interpolations between rays
are used to obtain the field values on aregular grid. For 3D interpolations, triangular
planes are used, as shown in Figure 5.14, to move the electric fields back to regular grids.
Oncetherays are reordered to aregular grid, the rays must now be flattened onto asingle
plane to prepare for the push outward. This flattening can be accomplished by doubling
the phase differential between rays located near the defect and those located near the

edges of the domain, to account for the round trip propagation of the reflected fields.
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Figure 5.14. Schematic showing the ray locations and the interpolation planes. The regular grid is
superposed over the rays, and the intersections of the dashed lines are where the electric field values are
interpolated.

If the spectrum approach was used on the inward push, the reflection from each
non-planar surface can be calculated using Equation 5.5 to obtain the initia magnitude
and phase of the reflected wave, and the modified phase of the reflected wave can be
adjusted by Equation 5.23. In this manner, the electric fields are already on aregular grid
inside the multilayer and are flattened by Equation 5.23. At this point, the spectrum
approach has calculated the reflected fields sitting inside the multilayer, just as the ray

tracing approach would have done.

Sage 3: The Push Outward:

Initially, ray tracing was explored to move the rays back out of the multilayer, but
significant errors were encountered. Each primary reflected ray was traced upwards
through the stack and the resonant corrections applied based on Equation 5.19. These
rays never created downward propagating rays since the PWA eliminated their

generation. Once each ray was traced back out, the rays were again moved back to a
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Figure 5.15. Failure of ray tracing to predict the correct diffraction pattern exiting the multilayer, as
expected from the ray caustics and shadow boundaries.

regular grid and recombined to form a global reflection for each layer. These reflections
could then be added together to produce the total reflection from the multilayer. The total
calculated electric field reflection from this ray tracing approach is plotted along with an
FDTD simulation for comparison in Figure 5.15. A major difference between the two
simulation methods immediately stands out, namely the large discrepancy between the
central portion, where the ray tracing reflection shows very large spikes and a huge
central dip in the electric field.

The discrepancy in the central portion of the reflection is due to the angular nature
of the outward propagated rays. The reflected rays inside the multilayer stack are
generally scattered to small angles, but must propagate out a distance of as much as 20X,
resulting in rays that cross many neighbors' paths on the outward journey. These
crossings give rise to shadow boundaries and ray caustics, which would normally force a
lateral redirection of energy viadiffraction. However, ray tracing is incapable of
modeling these diffractive effects, showing the outward propagation can no longer be

described as simple geometrical optics. Ray tracing has been augmented to include the
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effects of diffraction viathe Geometrical Theory of Diffraction (GTD) [66], however, the
strength of GTD liesin its ability to predict far field results. For EUV mask blank
scattering, the near fields are desired since al the machinery to calculate the far field
image under partially coherent light already exists. Thus, the resulting diffraction during
the outward propagation through the multilayer stack requires a new method for accurate
calculations.

For the final stage of the calculation, the push outward, the reflected fields
(whether calculated by ray tracing or the spectrum approach) can then be Fourier
transformed into its plane wave spectrum. Each plane wave in the spectrum of every
layer can be considered a primary wave that must be pushed back up through the stack.
The resonant corrections (both intra-bilayer and inter-bilayer) previously applied on the
push inward have allowed the correct field to be incident on the individual layers, but
resonant corrections must be applied a second time to account for the propagation during
the push outward. As such, Equation 5.9 is used to apply the intra-bilayer ACRp ¢ to the
reflections from the molybdenum to silicon interfaces, and these plane waves are
propagated up one layer so that they sit above the full bilayer that generated them. This
ensures that intra-bilayer resonance is applied to the source bilayer for each reflection.
Again, re-scattering between defective layers is neglected because the re-scattering
interaction magnitudes fall very rapidly due to a bilayer’s reflective properties. Thus,
moving the plane wave spectrum out of the multilayer can be made easier by
transforming the upper layersinto perfect unperturbed layers (re-scattering neglected)
and these perfect bilayers can be further compacted into a single perfect partial mirror (a

single surface with no distortions). A single bilayer below the source (essentialy the
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Figure 5.16. Proposed dual mirror structure for incorporating resonance into the outward propagation.
The reflection from the layer of interest acts as a source radiating between two mirrors. All bilayers
above the layer of interest are assumed to be ideal, unperturbed layers that can be flattened into asingle
partial mirror. The layer that generated the reflection will act asan ideal bilayer beneath the source. The
source then radiates upward using an analytic model to account for resonance.

bilayer from which the reflection came) is also compacted into a perfect partial mirror.
The plane wave spectrum from an arbitrary layer will therefore act as a source radiating
upwards inside of adual mirror structure. This proposed dual mirror structure can be seen
in Figure 5.16, where the source now sits between two partial mirrors. The source is now
allowed to radiate and the anal ytic solution for the transmission upwards can be
calculated from Equation 5.22. In this manner, the spectrum can be propagated through
the upper layers with resonance included on an angular dependent basis by only applying
asingle inter-bilayer correction. Once the entire spectrum has been propagated out of the
multilayer, the spectrum can be added to every other layer’s spectrum and inverse Fourier

transformed, giving afinal total reflection.

102



5.9 The Importance of Resonance

It should be intuitive that resonance is an important factor in modeling a Bragg
reflection structure, and this Chapter has argued that anal ytic resonance cal culations must
be included to obtain accurate calculations. To prove this, however, the analytic
corrections within the code can be turned off to demonstrate what happens to the PWA
when resonance isignored. Figure 5.17 shows the reflected field magnitude from a defect
free mirror for the new method when resonance is turned on and off for as a function of
the number of bilayers in the stack. When resonance is included, the method produces
results in good agreement with an analytic calculation for the reflection from the stack,
which levels off around |E| ~ 0.85. When resonance is turned off, the ray tracing method
produces a reflection magnitude that does not even conserve energy. The large

discrepancy in the background energy when resonance is turned off can

Bilayer |E| Reflections

2 .
—— Analytic
RayTrace
1.5 -+ = Analytic w/o Resonance
—— RayTrace w/o Resonance
o1
0.5
O T T T T
0 10 20 30 40
# of Bilayers

Figure 5.17. Reflection from a defect free multilayer of varying bilayer numbers. Both the hybrid
raytracing/spectrum and the full spectrum models are shown along with an analytic calculation with
and without resonance terms.
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be shown to stem from the PWA.. The same analytic model can be plotted once again, but
with al resonance terms thrown out (essentially a PWA analytic approach), giving the
dark line on the same plot. Notice that for less than about 7 bilayers, the reflection can be
approximated quite well by the PWA, however, when the number of bilayersislarger
than 7, the reflection coefficient of multiple layers grows large enough that the resonance
terms can no longer be ignored. Notice, however, that both models predict the same as
the analytic model without resonance. The nature of the PWA isthat it captures only the
first termsin aninfinite series of waves which must all be added to get the correct result.
Theinfinite seriesis actually an alternating series where the first terms are positive and
aternate sign afterwards. This means that each layer’ s reflection will be over calculated,

and thisleads to the large over estimate of the reflection where energy is not conserved.

5.10 Conclusions

By reinvestigating the problem specific attributes of EUVL, a new methodology
has been proposed for simulating buried defects inside of EUV L multilayer mask blanks.
The optical homogeneity and smoothness of EUVL mask blanks, along with the small
numerical aperture of EUVL systems have allowed three key approximations to be made.
First, that the forward scatter from wave propagation inside the multilayer can be
neglected. This approximation stems from the nature of the bilayer, where each interface
largely cancelsin the forward scattered direction, resulting in an order of magnitude
reduction in the forward scatter compared to asingle layer. Neglecting forward scatter is

crucia to minimizing the number of waves propagating in the multilayer. Second, that
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resonance can be anticipated and analytically corrected with closed form summations of
resonance from parallel surfaces of abilayer or multilayer. Both intra-layer and inter-
layer resonance are analytically corrected for during the push inwards, while the dua
mirror structure only requires a single inter-bilayer resonance correction to be applied on
the push outwards. Finaly, any re-scattering event that stems from multiple back scatter
events will be sufficiently small that it can be ignored. This approximation limits each
layer to asingle back scatter event, so that scattering events never produce more
scattering events.

The general scattering problem from EUV mask blanks was decomposed into 3
stages, and both geometrical optics and Fourier optics were leveraged to solve the
individual segments of the reflection calculation. The newly proposed method can be
viewed as a generalization of the SSA method to incorporate the entire multilayer stack
by using adual mirror structure to approximate the resonance conditions. Analytic
models for resonance are seeded throughout the calculation and a primary wave
approximation (PWA) is used to prevent tracking the multitude of newly spawned waves
that are generated inside aresonant cavity. The perturbational approach created here will
allow more thorough, quantitative studies on EUV buried defect printability to be

accomplished on desktop computers.
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6 Accuracy and Speed of
Ray Tracing M ethodology

This Chapter will systematically assess the accuracy and speed of the new ray
tracing methodology for simulating EUV buried defects. A detailed investigation of an
example defect will be shown, comparing the near fields, images, and spectrums of the
buried defect to those predicted by FDTD and SSA. Both the dip in the image and the
corresponding spectrums will be analyzed and compared. A scattered spectrum analysis
will provide insights into the physical scattering process of buried defects, showing that
the spectrums of the individual layers within the multilayer have alarge impact on the
total reflected spectrum. A speed analysis of the new method along with trade offs on
speed and accuracy will also be demonstrated. Finally, athorough investigation of the
accuracy of FDTD is presented to better understand the differences between FDTD and
the new method. It will be shown that FDTD can suffer from temporary convergence
lulls as well as numerical dispersion problems when simulating resonant structures. These
problems can cause significant errors to be made, and calls into question the belief that
FDTD isagold standard for smulating EUV buried defects.

The “dip strength” is a common metric for defect analysis which measures the
strength of the intensity dip and normalizes it to the background. Mathematically, the dip
strength is defined as:

I

Equation 61 Dlpgrength = (Ibackground - minimum)/ Ibackground
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This metric will allow the new method’s applicability to be assessed for a host of
differing 2D and 3D geometries. More specifically, the defect's shape and size will be
considered. When referring to a defect’s shape and size, these properties are measured for
the defect as originally on the substrate, and do not account for any change produced by
the multilayer growth.

Before moving into the results of the above studies, it is useful to describe the
simulation parameters. All substrate defects were simulated with the smoothing process
developed by Mirkarimi [41] and modeled by Stearns [42]. The multilayer consists of 40
bilayers, with molybdenum below silicon in the bilayer. The bilayers were 6.9nm in
depth with 60% silicon (4.14nm) and 40% molybdenum (2.76nm) with a 2.5nm
ruthenium capping layer on top. A 13.4nm wavelength was used for all simulations. The
refractive indices used were ng = 0.999942 — j*0.00182099, Ny, = 0.922769 —
j*0.00621555, ny, = 0.888839982 —j*0.0160783362 which were obtained from [67]. All
FDTD simulations were performed using UC Berkeley's TEMPEST software, and all
aerial image calculations were performed with Panoramic Technologies aerial image
software. All aerial image calculations were performed using a numerical aperture (NA)
of 0.3 and a partial coherence factor (o) of 0.3. These parameters were used for all

simulations in this Chapter unless otherwise noted.

6.1 Detailed Accuracy Results

The methodology proposed in Chapter 5 has produced excellent results when

compared to FDTD simulations. The computed magnitudes and phases of the near fields
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for FDTD, SSA, and the new methodology are shown in Figure 6.1aand 6.1b for a
60x60nm Gaussian defect (60nm high, 60nm FWHM) coated with the smoothing
process. The SSA underestimates the impact of the phase and also assumes there is no
magnitude disruption in the near field. The newly proposed methodology accurately
predicts the phase and closely estimates the magnitude perturbations in the near field. A
better understanding of how each method comparesto FDTD, isto Fourier transform the
fieldsinto their plane wave spectrums. The spectrums of each method can be seenin
Figure 6.1c and 6.1d. The SSA method is clearly off in the phases of the reflected
spectrum, but does a decent job at computing the magnitudes of the plane waves. The
newly proposed method does a good job of matching the phases of the plane waves, and
closely matches the magnitudes of the plane waves out to about 10°. Recall, however, that
EUVL systems use small NAs and only asmall cone of reflected light will actually enter
the collection optic. For aredlistic system at 4X, NA=0.3, and partial coherence ¢ = 1,
some energy from all plane waves between 8.63° will be collected. This means that our
method does an excellent job of matching the TTL spectrum of the FDTD simulation.
Sincethe TTL spectrum is excellently matched, propagation of the spectrum
through an aerial image simulator should produce excellent results as well. The images
through focus of a 60x60nm Gaussian defect coated with the smoothing process are
shown in Figure 6.2. Notice that the newly proposed method nearly identically overlays
the images from the FDTD simulator. Thus, excellent agreement at all focal values are

achieved.
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Figure 6.2. The through focus aerial images of a 60x60nm Gaussian defect, for 6=0.3 and NA=0.3.
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6.2 Accuracy of 2D Line Defect Simulations

A thorough investigation of defect shape would be very challenging since defects
can exist in any arbitrary shape, however, a good understanding of a each methods
accuracy across variations in shape can be handled by investigating two extreme shapes:
abox defect and a Gaussian defect. The box defect represents defect shapes that are most
topographically chalenging and could pose the greatest challenge to the fast simulators in
their efforts to achieve results as accurate as TEMPEST. The steep sidewalls and corners
could potentially generate scattering that is more difficult to capture within a fast
simulator. The Gaussian defect represents defect shapes that are |east topographically
challenging since the defect is aready smooth, and the scattering behavior is expected to
be easier to capture in afast simulator. Real world defects would typically fall
somewhere between these two extremes; however, a simulation method that is accurate at
both extremes, can be expected to behave accurately for any defect falling between the
two extremes.

The defect sizeis an easier consideration and can be uniquely identified with two
numbers, awidth and a height. Box defects will be identified by the obvious width and
height characterizations of a box, and will be designated as “width x height”. For
example, a 20nm wide and 20nm high defect will be designated as 20x20. Gaussian
defects will be formulated in the same structure if we take their Full Width Half Max
(FWHM) to characterize the defect’ s width, and the peak height to characterize the
defect’ s height. In this manner, a Gaussian defect with a20nm FWHM and a 20nm peak

height will be designated as 20x20. When varying defect size, all defectsin this study
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will have equal widths and heights, so a 70x70nm defect can be referred to assimply a
70nm defect.

Figure 6.3a shows the in focus image dip strengths of 2D line box defects for the
three methods. It can be easily seen that the ray-tracing method gives very good
agreement with the TEMPEST results for all defect sizes, while the SSA method gives
mixed results. At small and large defect sizes, the SSA method correctly predicts the
image dip strength, but underestimates the image dip strength in the transition region for
mid-sized defects. A simple and common threshold model for the defect’s resist
printability can now be applied, where the defect becomes printable when the image
minimum dips to 0.3 (30%) of the clear field, or equivalently, the defect dip strength is
0.7 (70%) of the clear field. Applying this metric for printability, 2D line box defects
become printable in focus when their size becomes greater than about 60x60nms. Thus,
any 2D line box defect can be tolerated under this 60nm limit. While this Chapter does
not specifically investigate defect printability in the presence of features, it has been
shown that sub-printable defects in the clear field can become printable in the presence of
features [68]. This fact makes the accurate calculation of image dip strength extremely
important in the transition region, and provides extra incentive to have a fast and accurate
simulation tool across all defect sizes.

The through focus behavior of the 2D line box defects are shown in Figure 6.3b
and 6.3c for two focus settings of £150nm, corresponding to +2 Rayleigh Units (RU).
The ray-tracing method once again shows very good agreement with the TEMPEST
results across all defect sizes, and even the SSA method produces good results at these

focal regions. These graphs show that 2D line box defects imaged at -150nm focus (-
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Figure 6.3. (a) Plot of the image dip strengths at best focus. (b) Plot of the image dip strengths
at -150nm focus. (c) Plot of the image dip strengths at +150nm focus. (d) Plot of the image dip
strengths for a 60x60nm box defect through focus.
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2RU) become printable for defects greater than about 30nms. Thus, the defect tolerance
iscut in haf when tight focus controls cannot be implemented. The data also confirms
that these buried defects are behaving as phase defects, since they print worse in one
direction of focus than the other (notice none of the defects print at +150nm defocus), an
effect shown by Watanabe[24]. It should be noted that the SSA cannot in general be
assumed to give correct predictions of image dip strength at all regions of focus, as might
be implied from the two focal positions (150nms) above. Figure 6.3d shows the
predicted image dip strengths through focus for a 60x60nm box defect for all three
methods. As can now be clearly seen, between £150nms, the SSA method can show
significant deviations from TEMPEST, while the ray-tracing method gives very good
accuracy across all focal settings.

The same analysis can be done for Gaussian defects and the same conclusions are
achieved. Figure 6.4a, 6.4b, and 6.4c show the image dip strengths of 2D line Gaussian
defects at the same focal positions studied above. Once again, very good agreement with
TEMPEST can be seen for the ray-tracing method for all defect sizes. The SSA method,
again has difficulties predicting accurate image dip strengths in the transition region
between printability at focus, but gives good results at the two out of focus settings. The
graphs show that 2D line Gaussian defects can be tolerated for those less than 45nm
when in focus, while this tolerance drops almost in half to 25nms if tight focus controls
cannot be implemented.

A surprising conclusion from the above results is that Gaussian defects print
worse than box defects. In fact, some Gaussian defects can have up to twice the impact of

a similar sized box defect! Figure 6.5 shows the image dip strengths of Gaussian and box
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Figure 6.4. (a) Plot of the image dip strengths at best focus. (b) Plot of the image dip strengths at -
150nm focus. (c) Plot of the image dip strengths at +150nm focus. (d) Plot of the image dip strengths
for a 40x40nm box defect through focus.
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defects for their respective sizes. Prior to this study, it was assumed that box defects
would have a greater impact than Gaussian defects because their topography would allow
greater angular scattering from steep sidewalls and corners, relative to the smooth
Gaussian shape. The reason for this discrepancy cannot be explained by a volume
argument, since Gaussian defects only have about 6% more volume than asimilar sized
box defect. The discrepancy can be understood by investigating the smoothing process
for multilayer deposition. The smoothing processis very effective at smoothing away
defects due to its angular dependent etch that efficiently smoothes away very steep
surfaces, and hence, the box defect is dramatically smoothed. When the smoothing
process is applied to a Gaussian defect, the tails of the Gaussian shape have avery
gradual slope and are left in tact by the angular dependent etch. These two tailsform a
low lying base that the angular dependent etch cannot efficiently smooth away, serving to
entrench the Gaussian defect. This entrenchment allows the Gaussian defect to have a

greater physical presence in the higher layers, generating worse scattering than the box
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Figure 6.6. Dip strengths through focus for a 10x10nm , 20x20nm , 30x30nm , and 50x50nm Gaussian
defect. The dark line isthe TEMPEST results, the triangles are the new method results, and the circles
are the SSA method results. Notice the new method nearly overlays the TEMPEST results.

defects. With this knowledge, substrate defects should be made as compact as possible
prior to deposition, so that the advantages of the smoothing process can be maximized.
To better show the focal behavior of defects simulated with the new method, the
dip strengths for through focus images of 10x10nm, 20x20nm, 30x30nm, and 50x50nm
Gaussian defects are shown in Figure 6.6. Notice that for every sized defect, the newly
proposed methodology nearly overlaysthe FDTD results. The SSA method does
remarkably well at predicting the impact of a defect, and gives a good indication of the
defect behavior, but is not sufficiently accurate to facilitate quantitative studiesin this
regime. In these curves, familiar behavior is shown that phase defects will print worsein
one out of focus direction vs. the other [24,69]. These images indicate that results as

accurate as FDTD simulations are achievable for smoothed defects.
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6.3 Accuracy of 3D Defect Simulations

The ray-tracing method has been shown to be accurate across all defect sizes
tested, as well as the two shape extremes for the 2D line defects in this study. The same
study can now be rerun using 3D defects, providing useful defect tolerances for
understanding defect printability in real EUV mask blanks. The 3D results show all the
same trends as the 2D results, and in an effort to avoid redundancy, will not be explained
as thoroughly as the 2D section.

Thein focus image dip strengths of 3D box defects are shown in Figure 6.7a.
Once again, we see that the SSA method is under predicting the image dip strength
compared to the ray-tracing method. It isimportant to note that only two TEMPEST
simulations were run to verify the accuracy of the 3D ray-tracing and SSA calculations,
due to the incredible complexity of simulating such structureswith FDTD. A single
TEMPEST point in Figure 6.7 took 46.5 hours to simulate on 8 processors at 500MHz,
and used 7.6 Gbs of shared memory. The two TEMPEST points do agree with the ray
tracing calculation, and from extrapolation from the 2D results, we can infer that the ray-
tracing method is producing results that agree well with general 3D FDTD results. Figure
6.7b and 6.7c shows the image dip strengths of the 3D box defects at £150nms (x2 RU).
Figure 6.7d shows the through focus dip strengths from a 90nm box defect. The 3D
results are similar to the 2D results for box defects. The simple threshold model for defect
printability shows that 3D box defects do not print if smaller than about 90nms, whereas

this tolerance drops to about 50nms if tight focus controls cannot be implemented.
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Figure 6.7. (a) Plot of the image dip strengths at best focus. (b) Plot of the image dip strengths at -150nm
focus. (c) Plot of the image dip strengths at +150nm focus. (d) Plot of the image dip strengths for a
90x90nm box defect through focus.
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2D 3D
Defect Type |[f=-2RU| f=0 f=2RU ([f=-2RU| f=0 f=2RU

Box <30nm | <60nm | <100+nm | <50nm | <90nm | <100+nm
Gaussian <25nm | <45nm| <90nm | <40nm |<70nm |<100+nm

Table 6.1. Shows defect tolerances for 2D and 3D buried defects for Gaussian and box defects.

Figure 6.8a shows the in focus image dip strengths of 3D Gaussian defects, while Figure
6.8b and 6.8c shows the image dip strengths for 3D Gaussian defects at £150nms (+2
RU). Similar analysis to that above shows that 3D Gaussian defects become printable
when they are greater than about 70nms, while this tolerance drops to 40nms if tight
focus controls cannot be implemented. Table 6.1 shows the complete size tolerances for
2D and 3D buried defects when imaged in the clear field. Negative focus values are
colored red for poor imaging conditions, in focus values are colored yellow for decent
imaging conditions, and positive focus values are colored green for good imaging

conditions.

Similar to the 2D results, Figure 6.9 shows that 3D Gaussian defects have a
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Figure 6.9. Shows 3D Gaussian defects print worse than 3D box defects.
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greater imaging impact than 3D box defects. Some 3D Gaussian defects can be as much
as 2.5X worse than similarly sized box defects. A careful study of Figure 6.9 and Figure
6.5 shows that 3D Gaussians differ from 3D boxes more so than 2D line Gaussians differ
from 2D line box defects. This can once again be explained by the entrenchment of the
Gaussian defect by the Gaussian tails. In 3D, however, this entrenchment is facilitated on
all sides of the Gaussian defect, enabling the 3D Gaussians to differ even more from 3D

box defects than their 2D counterparts.
6.4 Analysis of Multilayer Scattering

The end of the previous section demonstrated that subtleties in the deposition
process used to coat substrate defects can greatly impact the printability of these defects.
This section is therefore interested in understanding how the reflected spectrum is

impacted by the spectral composition of the multilayer itself. A smple analysis of the

(a) First Layer:

FT R N _ Sinc function
$ - Gaussian Function

(b) Last Layer:

] J/L} PN

o Whose Fourier transform log
Similar in shape to: exp[ -|X| ] plot looks like a triangle

Figure 6.10. (a) Thefirst layer is the Gaussian or box defect, whose Fourier transform is either a
Gaussian or sinc function. (b) The top layer of the multilayer resembles an exponentially decaying
function on both sides, whose Fourier transform plotted on alog scale looks like atriangular decaying
structure.
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multilayer stack provides some interesting insight. The Fourier transform of the two
substrate defect shapes provides us with either asinc (for abox defect) or Gaussian (for a
Gaussian defect) function, as shown in Figure 6.10a. The top layer of the multilayer

stack is shown in Figure 6.10b, and resembles the function:

9(x) = exp[-|x-al]

whose Fourier transform, plotted on alog scale, resembles a decaying triangular function.
Since the total reflection from the multilayer is a combination of reflections from the
individual layers within the multilayer, the final reflected spectrum should be aweighted
combination of the original defect spectrum (sinc or Gaussian) and the decaying
triangular function of the top layer of the multilayer.

Thisimplication is confirmed in Figure 6.11 which compares the multilayer
spectrums of asmall 20x20nm box defect and alarge 100x100nm box defect. The
original sinc function of the box defect can clearly be seen at the top of the graphs. For all
the layers above the defect, the rapid degradation of the high frequencies can be
observed, until the final top layer is reached. Notice that the top layer does indeed
resemble this triangular decaying structure seen in Figure 6.10b. The multilayer spectrum
of the small box defect contains very little modulation since the small box defect
produces a very broad sinc function. The final reflected spectrum should be a weighted
combination of these flat and smooth functions, which is exactly what is shown in Figure
6.11a This reflected spectrum can be directly contrasted to the reflected spectrum of the
large box defect in 6.11b. The large box defect produces a more compact sinc function
that is highly modulated. The growth of the upper layers decays this modulation away,

until it reaches amore flat, triangular function, however, we see that the final reflected
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Figure 6.11. (a) A small box defect has smooth spectral properties within the multilayer, leading to a reflected
spectrum that is smooth as well. (b) A large box defect has more modulated spectral properties within the
multilayer, leading to a more modulated reflected spectrum.

spectrum does indeed show the modulation coming from the more compact sinc function.
This observation shows that the incident wave front is penetrating deep below the top
surface of the multilayer, since the spectral characteristics of the bottom layers can be
seen in the final reflection. Since the SSA method only uses information from the top
surface to compute the reflection, it cannot fully account for the total reflection seen, and
is precisely why the ray-tracing method provides a more accurate picture of defect
printability. However, due to the decay experienced by EM waves entering the
multilayer, the lower layers provide a smaller contribution of the total reflection
compared to the top layers, enabling the SSA method to provide a general idea of defect

printability despiteits limited use of information.
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6.5 Comparison of Computational Resour ces

The new ray-tracing method has been shown to be as accurate as FDTD
simulations for both 2D and 3D defects. The great advantage of the ray-tracing method
over FDTD can now be seen in the speed and memory improvements that the method
provides. First, the ray-tracing method has a grid-less z-direction, having only 1 point per
layer (2 per bilayer) in the z-direction. A typical discretization for TEMPEST would have
about 10 points per bilayer, reducing the number of cells required to describe the physical
mirror geometry by about 5X. Second, the ray-tracing method only tracks the complex
electric field, and not the full 6 components of the real electric and magnetic fields that
TEMPEST tracks, giving areduction of about 3X in field components. Most importantly,
the NA and sigma of the optical system gives a maximum spatial frequency that is
collected by the imaging system. It is only these Through The Lens (TTL) frequencies
that must be computed accurately. The maximum spatial frequency (fsysem) that needs to
be resolved by the optical system, allows a Nyquist frequency to be determined:

f =2f

Nycuist system
The Nyquist frequency can now give a discretization requirement for the ray-tracing
method such that it will still compute an accurate result. Since the small NA of the EUV
systems gives arelatively small spatial frequency that must be resolved, the resultant
required discretization for the ray-tracing method can be very large. As an example,

assume a 2D domain is 1035nms wide. For an NA=0.3 and ¢ =1.0 optical system, only

the first 11 frequencies will enter the optical system. The Nyquist frequency tells us that

125



we will need to calculate the first £22 frequencies, giving a total of 45 frequencies
(including the 0™ order). This means that our ray-tracing discretization, dx, can be:

_ 1035nm _
45

dx 23nm

Thus, the ray-tracing method only needs to sample the domain every 20nms and it can
still calculate an accurate result. This discretization may seem very surprising since it is
about 50% greater than the wavelength of the system! Remembering that the multilayers
are optically smooth and contain no vertical edges or corners, helps to understand why
the discretization can be so large, as well as the small NA of the system. The ability to

use such large discretizations enables the ray-tracing method to have huge speedups
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Figure 6.12. (a) Magnitude of the spectrum of a small 20x20nm Gaussian defect at various ray-tracing
samples. (b) Magnitude of the spectrum of alarge 100x100nm Gaussian defect at various ray-tracing
samples.

126



relative to TEMPEST, which typically has discretizations on the order of 0.35-0.7nms for
EUV smulations.

Figure 6.12 verifies that this 20nm discretization can be used and still obtain the
same results as FDTD, regardless of defect size. Figure 6.12a shows the magnitude of the
reflected spectrum of asmall 20x20nm Gaussian defect for various levels of
discretization. Notice that all ray-tracing simulations give the same results until the
discretization rises above the 20nm limit. At a 30nm discretization, small deviations can
begin to be seen. The same results apply to Figure 6.12b where the defect is now alarge
100x100nms.

Table 6.2 provides speed statistics from two typical defect cases (one 2D and one
3D) that were run with TEMPEST and the ray-tracing method. The “speedup factor” is
defined as the TEMPEST runtime divided by the runtime of the method, and the
“memory reduction factor” is defined as the TEMPEST memory divided by the memory
of the method. For TEMPEST, these ratios are simply 1. TEMPEST took almost 3,300

seconds and 94.1Mb to run the 2D buried defect simulation on a 3.2 GHz processor. The

Case Total Speedup Main Memory
Runtime Factor Memory | Reduction
Factor
Tempest (2D) | 3,268s 1 94.1Mb 1
Ray Trace (2D)

(20nm Res) 0.14s 23,300 | 1.88 Mb 50
Tempest (3D) | 46.5h 1 7,600 Mb 1
Ray Trace (3D)

(20nm Res) 1.61s 100,000 | 171.5 Mb 44

Table 6.2. Computational resource table. Comparison of FDTD (TEMPEST) and the new ray tracing

method
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Figure 6.13. Percentage of total time spent on various duties for the 3D ray tracing example.

newly proposed method had atotal runtime of 0.14 seconds and used 1.88Mb of memory
on a 3.2Ghz processor when the incident wave front was sampled every 20nm (maximum
discretization allowed). The 2D ray-tracing results have a speedup of nearly 23,000X
relativeto TEMPEST, and a memory reduction factor of about 50X. To emphasize just
how much quicker the ray-tracing method is, relativeto FDTD, we recall the 3D
TEMPEST result from the defect landscape that took 46.5 hours to run and 7.6 Gbs of
memory. Using the ray-tracing approach, the 3D results took only 1.61 seconds (a
speedup of about 100,000X) and used only 171.5Mb of memory (a memory reduction of
about 44X). It is aso noted that further optimizations to the code could produce
additional gainsin its speed and memory use. While the speed gains of the new method
are quite impressive, the memory reduction is even more important because FDTD
simulations are limited to about 2Gbs on 32-bit architecture non-parallel systems due to
addressable memory constraints and operating system allocation of memory. This new
method allows much larger 3D simulations to be accomplished on desktop computers. Of

fina note, Figure 6.13 shows a breakdown of where the ray tracing program spent most
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of itstime for the largest 3D case. Only 13% of the runtime was spent tracing the rays
into the multilayer stack, while 32% of the time was spent Fourier transforming and
propagating the spectrum of the scattered fields outside of the stack. A large portion of
the runtime, about 55%, was spent loading in the multilayer file for the locations of the
interfaces. The multilayer file also accounted for a staggering 168Mb of the memory
used, or about 98% of the total memory costs! All the multilayer interface files were
stored with sub-nm resolution (0.69nm), to obtain the most accurate representation of the
multilayer possible. However, with 55% of the time spent reading in the multilayer data,
and 98% of the memory coming from the multilayer data, great gains could be
accomplished by simply using fewer samplesin the multilayer file. If the multilayer was
sampled every couple nmsinstead of every 0.69nms, the memory could be further

reduced by afactor of over 8, and achieve an additional speedup of about 2.

6.6 Analysis of FDTD Results

The accuracy results from the new method have been shown to be very similar to
what FDTD produces across a broad variety of shapes and sizes. One must |ook very
carefully to uncover the small differences that can be found, and understand which
approximations might cause such small deviations. A careful investigation of FDTD has
led to some surprising results regarding its ability to cal culate accurate results due to the
resonant nature of the multilayer. Figure 6.14a shows the analytic reflection from a
perfect multilayer structure as a function of incident angle, aswell asthe FDTD

predictions of the reflection. Clearly the FDTD method has significant errorsin its
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Figure 6.14. Reflectivity from aflat mirror as a function of angle (a) with temporary Iull in convergence.

(b) with fully converged fields. (c) with fully converged fields and anal ytic solution for numerical
dispersion wavelength.

answer compared to the analytic solution. FDTD should produce much better results than
these simulations predict, so what went wrong? To answer this, the 12° incident angle
simulation was rerun again and the reflected field was outputted over many wave cycles
(over 500 cycles). Theresults are plotted in Figure 6.15, and can be split into three
regions. In thefirst region, the reflected field ramps up very quickly within 25 cycles.
Interestingly, the distance from the excitation plane to the bottom of the mask is about
25\, meaning that as the initial incident wave finally exits the bottom of the structure, the

initial reflections from amost half the layersin the stack will have reached the measured
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Figure 6.15. Reflection coefficient from aflat mirror at 12° incidence as a function of the number of
wave cycles smulated. The reflection is spit into 3 regions: (1) High reflection ramp, (2) gathering
coherence, (3) final convergence.

reflection plane. Thisisin good agreement with Figure 5.16 which shows that the first
half of the multilayer isresponsible for about 90% of the total reflected field.

In the second region, the reflected fields seem to converge to a steady value and
the convergence criterion in TEMPEST istricked into outputting the fields after 41
cycles. Thisregion is atemporary convergence lull however, andislikely dueto the
movement of energy within the stack. Within the resonant structure, the reflected waves
must bounce around a significant number of times. During this time period, the reflected
fieldsinside the cavity are likely gathering coherence among all the other reflected
waves, and very little energy is actually allowed to escape. After another 25 cycles, the
third region is reached, where the energy beginsto leak out of the structure and slowly
build towards atruly converged solution. The final reflected field value is not fully
reached until about 120 cycles. Thisimpliesthat TEMPEST simulations might need to be
run about 3 times longer than they have been run previously, in order to avoid afalse

convergence of thefields.
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Figure 6.14a can be regenerated by alowing sufficient time for the FDTD
simulations to properly converge to their fina values, and the datais plotted in Figure
6.14b. Thefields are certainly in better agreement with the anal ytic solution, but till
contain quite afew errors along the falling edge of plot. This regime is where the incident
angle of the wave no longer allows itself to coherently interact with the other layers of
stack, resulting in reduced reflectivity. The Bragg condition is effectively no longer met.
To understand where these differences come from, we need to understand numerical
dispersion.

All FDTD simulators contain numerical dispersion [70], which comes from the
nature of their finite differences. The finite difference approximation to areal derivative
makes an error when trying to correctly compute the wave number k. The wave number

error isnormally very small, and scales based on the cell density [8]:

kerror = iz
3d

Where d is the number of cells per wavelength. The simulations were run with d=38.84,
so the estimated wave number error is Keror=0.002181. This error will produce arelative
error in the simulated wavel ength of:

% =1.002186

0
So the simulated wavelength will be changed by about 0.2%. This wavelength change
normally might only produce afew degree change in the wave propagation for DUV
structures [71] , however, the resonant nature of the EUV multilayer and the long
propagation distances involved, make the multilayer hyper-sensitive to small wavelength

changes. The analytic reflection can be recomputed for the same multilayer at the new
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wavel ength based on the numerical dispersion estimate, and plot the results in Figure
6.14c. Incredibly, using the first order estimate for numerical dispersion to modify the
wavelength gives excellent agreement with the TEMPEST results.

Figure 6.14c clearly showsthat FDTD results can no longer be adequately trusted
when the angle of propagation goes beyond 10°, where the multilayer transitions to a non-
resonant structure. Past this angle, the FDTD and anal ytic solutions provide vastly
different reflection computations due to numerical dispersion. The ray tracing spectrum
and the FDTD spectrum for the example defect seen in Figure 6.1c, can be reanal yzed.
The differencesin their calculated spectrums become significant past about 10°, where
thereisasignificant drop in the spectrum magnitudes before peaking again at about 17°.
The significant drop and corresponding peak at 17° are very similar to the behavior seen
in Figure 6.14c where the structure transitions to non-resonance. The fact that the major
differences occur at greater than 10°, and are followed by a quick peak around 17°is
clearly suggestive that numerical dispersion plays arole in the different results observed.
These differences will affect the final image since EUV systems are tel ecentric about 6°,
where a 6=0.3 system would collect angles between about 0°-12°. Larger ¢’s would result
in higher collected angles and if future EUV systems have larger NASs, these differences
may become more important. Numerical dispersion is a complicated phenomenon, since
it aso depends on the angle of propagation. Small phase changes in the propagation due
to numerical dispersion will be amplified inside the resonant structure as the waves travel
multiple wavelengths, so the final results will be impacted across al diffracted orders.
Numerical dispersionislikely amajor contributor to the observed error between FDTD

and the ray tracing method.
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6.7 Conclusions

The new ray-tracing method was shown to accurately and rapidly simulate buried
defect printability across awide variety of 2D and 3D defects coated with the smoothing
process for EUVL multilayers. The method can produce results as accurate as FDTD, but
up to 100,000X faster and with about 40-50X less memory required. To emphasize how
large of atime reduction this represents, asingle 3D FDTD data point took 46.5 hours on
8 processors at 500MHz, while the ray tracing simulator obtained the resultsin 1.61
seconds on a 3.2GHz processor. The ray-tracing approach allows a sampling reduction of
about 10X in the z-direction, and more than a 10X reduction in both the x and y-
directions, allowing the simulator to be up to 5 orders of magnitude faster than FDTD. It
was al so shown that the multilayer file represented about 98% of the memory used in the
new method, and took 55% of the runtime just to read the file in. Additional lowering of
the computational resources could be accomplished by using larger discretizations within
the multilayer file.

Simulation results show that subtleties in the deposition process can greatly
impact a defect’ s printability, causing smooth Gaussian defects to print worse than box
defects due to an entrenchment effect during the smoothing process. As such, substrate
defects should be made as compact as possible prior to deposition with the smoothing
process, in order to achieve the best results. Defect printability guidelines for 2D and 3D
defects were established. It was shown that 2D line defects are sub-printable bel ow

45nms, while 3D defects are sub-printable below 70nms. Due to the phase behavior of
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buried defects, these tolerances fall to 25nmsin 2D and 40nmsin 3D when -2 RU of
defocusis applied. Reflected spectra show that the bottom layers of the multilayer do
impact the final reflected spectrum, and show that it is necessary to use information from
all layersto accurately compute the final reflected fields. The SSA approach was shown
to underestimate defect printability at various focal regions for many defects of interest.

A surprising result was uncovered when carefully analyzing the accuracy of
FDTD. The resonant nature of the multilayer can cause atemporary convergence lull to
be determined, since the energy bounces around inside the resonant structure until it
gathers coherence and is able to leak energy out. To avoid this convergence lull, FDTD
might have to be run up to 3X longer than normal in order to assure convergence.
Numerical dispersion was aso shown to have alarge impact on the observed scattering
from FDTD. Specifically, the numerical dispersion causes asmall change in the
simulated wavelength which becomes noticeable when it interacts with the resonant
multilayer. The multilayer is hyper-sensitive to small wavelength changes on the edge of
resonance where the Bragg condition begins to fail. Numerical dispersion within FDTD
can be reduced by increasing the cell density, which increases the memory requirements
dramatically. Therefore, simulating buried defects accurately with FDTD would require
even more memory and require even more time (to avoid convergence lulls) when

computational constraints are already significantly limiting FDTD’ s application.
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{  EUV Buried Defect
L andscape M aps

This Chapter will demonstrate three applications of the new simulation
methodology for scattering from non-planar buried defects as well as provide guidelines
for defect requirements for mask blank tolerances. First, detailed investigations of the
performance of the new simulator when applying off-axis illumination will be performed.
Second, the method’ s performance will be tested on defects coated with a standard
deposition process, which produces very low smoothing for the substrate defects. Thirdly,
printability tests for defects deposited during the smoothing deposition process will be
performed such as allowing defects to appear between layers inside the multilayer. These
types of defects can appear from particles falling onto a partially coated multilayer
structure during deposition, and can have significantly greater printability impacts since
there are fewer bilayers on top of the defect to smooth its presence. The goal of these
investigations is to characterize the robustness and speed for the many current defect
concerns as well future deposition techniques.

Finally, the chapter will explore isolated defect printability requirements for mask
blank tolerances. The defect printability maps will be generated for both the standard and
smoothing deposition processes, both 2D and 3D structures, as well as Gaussian and box

type defects. For each of these cases, a wide range of aspect ratios will be tested to better
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understand defect parameters that most influence printability. These tolerances will give a

greater understanding of defect printability for a host of defect situations.

7.1 Off — Axis IHlumination

The impact of off-axisillumination will likely need to be modeled for EUVL
since the multilayer mirror is a sensitive function of the angle of incidence. Most imaging
programs assume constant scattering regardless of the angle of incidence on the mask,
allowing asingle near field simulation to be used as atemplate for scattering from all
angles coming from the partial coherence. Pistor [23] showed that this approximation
works very well for angles <10° when using FDTD to simulate DUV masks. This
approximation, however, cannot be justified when simulating EUV masks, as seen in
Figure 7.1 which shows the anal ytic sensitivity of the multilayer stack to off-axis
illumination. For instance, an NA=0.35 system, operating at 4X reduction with ¢ = 0.3
will collect a solid angular cone of about 13°, which will nominally be centered about

6.5° off-axis. This range implies that the optical system will collect from about 0°-13°,
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Figure 7.1. Analytic reflection magnitude of a perfect multilayer as a function of angle of incidence.
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where thetail end of thisrange will dip into the region where the structure transitions out
of being a Bragg reflector. Also, if dipoleillumination or other illumination setting which
emphasizes off axis wavesis used to print features, then the edges of the angular range
will be used, and more accurate simulations of the reflectivity will be needed. The ability
to simulate multiple angles of incidence will thus allow even better predictions of defect
printability under partial coherence.

Multiple simulations at off-axis angles will likely be needed for accurate
simulations of EUV masks. Multiple FDTD simulations are feasible, but highly
impractical as Chapter 6 showed that the computational resources required to run asingle
simulation are already significantly challenging in 3D. The SSA assumes anormally
incident plane wave onto the multilayer structure, and thus provides no information on
how the printability of a defect differs at various angles of incidence. The ray-tracing
methodology is therefore a very good candidate to explore multiple off-axis simulations
aslong asits accuracy holds for various angles of incidence.

The accuracy of the ray-tracing simulation methodology was tested for various
angles of incidence and compared to the SSA and FDTD methods for both alarge
(60x60nm) and small (30x30nm) 2D line Gaussian defect. Each defect was ssimulated at a
few off-axis angles, and the reflected spectrums were shifted to place the main order at
the normal incidence position. Shifting the spectrum actually mimics an imaging system
that is telecentric about the incident off-axis angle so that the images could be properly
investigated without energy loss from the main order scattering outside of the pupil. An
NA = 0.3 and partial coherence of 6 = 0.3 was assumed, and the constant scattering

approximation was al so used.
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Figure 7.2. Plot of the image dip strengths for a 2D line 60x60nm defect coated with the smoothing
process as a function of illumination angle: (a) best focus. (b) -150nm focus. (c) +150nm focus.
The dip strength, given by Equation 6.1, is plotted as a function of the angle of
incidencein Figure 7.2 for focus values of -2 RU, 0 RU, and +2 RU for a 60x60nm 2D
line Gaussian defect. The £2 RU positions were chosen based off of the plots in Figures

6.3d, 6.4d, and 6.5 which show that the peak signal for smoothed defects generally occurs
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Figure 7.3. Analytic reflection magnitude of a perfect multilayer as a function of angle of incidence
showing that the ray tracing method picks up the defect intensity shape while not suffering the
inaccuracy of alevel shift of FDTD due to numerical dispersion.

at about -2 RU. Clearly the FDTD resultsin Figure 7.2 change as the angle of incidence
isincreased. The ray tracing method tracks these small changes fairly well below 6° angle
of incidence, but starts to differ from the FDTD results a higher angles. These
differences largely stem from the differences in the background level that FDTD predicts
at angles greater than about 9° due to the numerical dispersion inherent to the method, as
shown in Chapter 6. Figure 7.3 shows a plot of the full images at angles greater than 9°,
showing that FDTD is predicting significantly different background results from the ray
tracing method despite showing the shape of the curves are similar. For comparison, the
analytic background values for 12° and 15° are plotted in big circles on the left hand side
of Figure 7.3. Notice that the ray tracing method predicts the correct background value
while the FDTD results are off. This background intensity difference influences the dip
strength metric, especially when the value of the background is significantly reduced
from losing the Bragg coherence at angles greater than 9°. Because of this background
level offset, the ray tracing results are believed to be more accurate than the FDTD results

for angles greater than 9°.
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For asmaller defect (30x30 nm 2D line Gaussian defect), the results are similar.
Figure 7.4 shows the dip strengths of the small defect plotted as afunction of the angle of
incidence for focus values of -2 RU, 0 RU, and +2RU. The ray tracing method is again

producing results in agreement with FDTD for angles less than 6°, while beginning to
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Figure 7.4. Plot of the image dip strengths for a 2D line 30x30nm defect coated with the smoothing
process as a function of illumination angle: (a) best focus. (b) -150nm focus. (c) +150nm focus.
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diverge at larger angles. The divergence can be similarly shown to stem from the
background level differences between FDTD and analytic solutions. The SSA
unfortunately cannot capture the dramatic increase in defect printability shown in Figure
7.4afrom off axisillumination because it does not include the appropriate information.
These two defect examples show that the ray tracing method is able to accurately
model off axisillumination relative to FDTD when the angles are less than 9°. Past 9°, the
FDTD method starts giving erroneous background levels which directly impact the dip
strength metric, and the results can no longer be trusted. It is expected that the ray tracing
results are more accurate than FDTD at these larger angles of incidence. An unfortunate
result of the above studiesis that buried defects print worse when off axisillumination is
used. Thisresult islikely due to a cosine effect for the defect volume since the defect is
fairly localized in x and y but propagates a long distance in the z direction. When the
plane wave is normally incident, only asmall x-y cross section of the plane waveis
disturbed by the defect, while an off-axis plane wave will begin to be impacted by the
vertical presence in the multilayer, broadening the defects impact. This fact will have a
negative impact on EUVL since off-axis illumination schemes, such as dipole or Quasar,
are common engineering techniques used to enhance feature printability, but will also

enhance the printability of buried defectsin EUVL.

7.2 Standard Deposition Techniques

It isimportant to test the robustness of the ray tracing method to various

deposition strategies since EUVL implementation is still significantly far away. In this
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time frame, various deposition strategies may be devel oped to help cope with buried
defect printability and the simulation tool must be able to handle the new techniques.
The ray tracing method was shown in Chapter 6 to be capable of handling defects coated
with the smoothing process, and the method is now tested for defects coated with a
standard deposition process. Since the standard deposition process does not contain an
etching step, defects coated with such a process have significantly more challenging
topographies which result in greater printability. Therefore, much smaller defect sizes
are expected to become printable relative to those found for defects coated with the
smoothing process.

Figure 7.5 shows the image dip strengths for 2D line Gaussian defects coated with
the standard deposition process. FDTD, SSA, and ray tracing results are all plotted. For
all focus values, the ray tracing method is giving excellent results compared to FDTD,
showing that even defects coated with standard deposition techniques can be accurately
simulated with the ray tracing methodology. Notice that significantly smaller defect sizes
are printable (~12.5x12.5nm in focus) relative to defects coated with the smoothing
process when the simple dip strength metric of 0.7 is applied as a printability condition.

The SSA results are actually quite good as well and offer much better results for
these standard coated defects compared to those defects coated with the smoothing
process. This fact makes intuitive sense, since the SSA assumes the top surfaceis
representative of al the layers inside the multilayer. During standard deposition, the
deposited layers change very little compared to the smoothing process and so the top

layer is expected to be much more representative of the whole structure. Notice, however,
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that the SSA results are not nearly as good as the ray tracing results for predicting the
guantitative numbers from FDTD.

Even though the above results are only for one 2D line shape, the ray tracing
method can be expected to produce excellent results for other 2D line shapes, aswell as
3D shapes coated with a standard deposition process. Chapter 6 already detailed the
evolution from 2D results to 3D results for the smoothing process, and similar results can

be expected for defects coated with the standard deposition process.

7.3 Defects L ocated Inside the Multilayer

Another important class of buried defects to consider is those which are partially
buried inside the multilayer due to a particle falling on the mask blank during deposition.
Their imaging severity will be increased since there are fewer layers above the defect to
help mitigate its presence. The ray tracing method is once again compared to FDTD and
SSA to test its accuracy on this class of defects. Three defect sizes were chosen to
represent various defect categories. a 20x20nm box defect (very sub-printable), a
40x40nm box defect (dlightly sub-printable), and a 60x60nm box defect (printable).
These three sizes of defects were simulated at various locations inside the multilayer,
starting from the substrate and moving up to the 35 bilayer of a 40 bilayer structure.

Figure 7.6 shows amatrix plot of the dip strengths at various locations within the
multilayer for the three defect sizes at three different focal positions. From the in focus
plots, it is clear that a buried defect will generally print worse asiit is raised upwards

inside the multilayer. A maximum printability impact begins to occur somewhere around
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Figure 7.6. Matrix plot of the image dip strengths for 2D line box defects coated with the smoothing
process. Three defect sizes and three focal positions can be compared.
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the middle of the multilayer (depending on the defect size) since the defect begins to split
the upper and lower portions of the multilayer in half, effectively limiting the multilayer’s
reflectivity. When a defect is raised extremely high in the multilayer (about top 10
bilayers, depending on defect size), it's printability impact is actually lessened since it
leaves alarge chunk of the multilayer undisturbed directly below it which can begin to
compensate for the distorted layers above it. The printability impact for out of focus
values remains relatively unperturbed, until the defect reaches about the middle of the
multilayer, where the out of focus impact begins to decrease.

The SSA clearly shows strong deviations from FDTD predictions of defect
printability when the defect is located higher in the multilayer, regardless of defect size or
focal position. The ray tracing method generally shows good agreement with FDTD for
defects located below 20 bilayers, but can begin to show large deviations for defects
located very high in the multilayer. Asthe defect is pushed higher in the multilayer, the
incident rays begin to see much more challenging topography and begin to refract to
fairly large angles. The bilayers directly above the defect are no longer adequately
approximated by two similar shaped layers and thus the second layer cannot act to undo
the lensing effect of the first layer in the bilayer. So forward diffraction no longer can be
neglected and the ray tracing method begins to become less accurate as the downward
traced raysin the vicinity of the defect begin to cross each others paths and create shadow
regions where diffraction must be model ed.

A fourth method is shown on the plots as the triangles and is listed as “waves’.
This method uses the spectrum approach for the inward push to deliver the incident

energy into the multilayer, rather than ray tracing. All other aspects of the two methods
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are the same. The waves approach generally does not differ significantly from the ray
tracing approach (as stated in Chapter 6), however, the waves approach can be seen in
Figure 7.6 to be more accurate than ray tracing for this particular application. While the
waves approach still neglects the forward diffraction, it does not suffer from ray crossings
or other errant rays which are diffracted to larger angles from the steep side walls of the
defect when it islocated very high in the multilayer. So, for this particular application,
the use of the wave method is recommended to avoid the complications that arise from
ray tracing into the more challenging topographies.

The ray tracing and waves approaches give good estimates of defect printability
when the defects are located below at least 20 bilayers of material. While both the waves
approach and the ray tracing approach fail to reliably give quantitative numbers of defect
printability for defects located very high in the multilayer, both methods do give a
general understanding of the trends involved and can thus still serve as a useful tool for

understanding qualitative information in this regime.

7.4 Standard Deposition L andscapes

The simulation method can now be used to map out the landscape of 2D line
defects that are printable when coated with a standard deposition process. Both Gaussian
and box defects were simulated with heights and widths ranging from 2.5nm — 25nm in
steps of 2.5nm. This range produced atotal of 100 simulations per defect shape, and the
dip strengths of al aerial images were taken and plotted at three different focal positions

corresponding to 0 RU, +2RU, and -2RU (Onm, +150nm, -150nm). Contours were taken
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Figure 7.7. Printability landscape maps for 2D line Gaussian defects coated with a standard deposition
process for various heights and widths. Contour lines are also shown: black (0.7) and white (0.25).
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at the 0.7 and 0.25 dip strengths to better show regions of printability. All defect sizes
with dip strengths at or above the 0.7 contour represent isolated defects that are printable.
All defect sizes above the 0.25 dip strength contour, but below the 0.7 contour, represent
awarning region that are potentially printable when features are present above the
surface.

Figure 7.7 shows the printability maps for 2D line Gaussian defects coated with a
standard deposition process. The dark black lines represent the 0.7 dip strength contours,
while the white dashed lines represent the 0.25 dip strength contours. Similar maps could
be made for box defects, but are not shown. Notice that the in focus printability maps for
Gaussian defects report afairly large printability region in the upper right portion of the
graph, with athin warning region. All the defects are nominally sub-printable on the
positive 150nm focal side, however, most of these defects still fall in the warning region
which flags potential problems when features are present. The defects print very strong
on the negative 150nm focal side, with adlight lull in the printability near the upper right
corner, before being pulled back up with larger defect sizes. The greater imaging severity
on only one side of focus shows that buried defects are behaving just as DUV phase
defects were shown to behave in Section 4.2. Once again, the buried defect can be viewed
as subtracting its electric field and reinjecting the reflected light with a new phase, while
the focal variation serves to rotate a defect vector arm about the background electric field,
as shown schematically in Figure 4.5. The addition of these vectors servesto create a
maximum printability impact at the focal value that rotates the defect vector arm so that it

points completely opposite the background field (180° phase difference). As a side note,
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Box Defect Gaussian Defect
Original Size (nm) |Volume |Original Size (hnm) |Volume
width  |Height  |(nm”3)  |FWHM |Height [(hm~3)
7.2389 25 180.9725 6.579 25 175.0782
7.5 241508 181.131 7.1797 225 171.9575
8.0316 22,5 180.711 7.5 21.3698 170.6059
8.8745 20 177.49 8.0335 20 171.0279
9.8328 175 172.074 9.091 17.5 169.3487
10 17.1398 171.398 10 15.6865 166.9776
11.2537 15 168.8055| 10.4441 15 166.761
125 13.1987 164.9838| 12.3393 12.5 164.1847
13.2636 125 165.795 125 12.332 164.0876
15 11.2369 168.5535 15 10.2097 163.0183
16.4644 10 164.644| 15.2907 10 162.7645
17.5 9.3395 163.4413 17.5 8.8341 164.5631
20 8.3307 166.614 20 7.7282 164.5283
21.6772 7.5 162.579| 20.5726 7.5 164.2414
225 7.2173 162.3893 22.5 6.991 167.438
25 6.5215 163.0375 25 6.4691 172.1536

Table 7.1. Printability size parameters extracted from 0.7 dip strength contours of 2D line defects
coated with a standard deposition process.

the plots from Figure 7.5abc can be compared to the diagramsin Figure 7.7 by simply
imagining adiagonal cut line across the printability maps.

One of the more useful aspects of these maps can be demonstrated by comparing
al the defect sizes dong the 0.7 contour at zero focus, which will allow the extraction of
akey parameter that will characterize whether a defect will be printable without running
asimulation. Table 7.1 shows the defect sizes along the 0.7 dip strength contour for both
Gaussian and box defects, while Figure 7.8a plots the original defect volumes as a
function of the original defect’s aspect ratio (max height/FWHM or max height/width)
for both the Gaussian and box defects. A striking similarity can be immediately seen, that
their volumes are nearly constant for all aspect ratios and both shapes. Thisimpliesthat a
defect must have a minimum volume (~160 nm®) in order to be printable, regardless of its

physical shape or dimensions. A general rule can now be formulated: an arbitrary 2D line
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Figure 7.8. (a) Original substrate defect volumes for printable defects coated with a standard
deposition process at zero focus. (b) Zoomed picture of (a).

defect coated with a standard deposition process will be printable if its defect volume
exceeds 160nm°,

A closer look at Figure 7.8b shows that there is a slight dependence on the aspect
ratio, namely that slightly larger defect volumes can be tolerated if their aspect ratios are
large. The plot in Figure 7.8b is slightly deceptive however, because larger aspect ratio
defects actually undergo a slight clipping effect that may not be physically real when
coated with the growth model. Figure 7.9 demonstrates how larger aspect ratio defects
begin to become clipped, so their actual volumes are slightly smaller than those

calculated from their original defect dimensions. As such, the upward trend seenin
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Figure 7.9. Effects of standard model growth on various aspect ratio defects. Clipping begins to affect
aspect ratios greater than about 1.5. (a) Low aspect ratio. (b) Mid level aspect ratio. (c) High aspect
ratio.
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deposition process at zero focus. (b) Various contours for smaller defects at constant dip strength
show constant volume. Clipping is therefore likely responsible plot (a) not being constant in volume.

Figure 7.8b is dlightly exaggerated by this clipping effect, and the actual volumes of these
higher aspect ratio defects are probably smaller and thus the defect printability volumeis
more constant across all aspect ratios than the graph might suggest.

Defect printability maps for 3D defects coated with the standard deposition
process can also be generated. For simplicity in generating the 3D defects, the widthin
both the x and y directions was assumed to be the same. Figure 7.10a plots the volumes of
printable 3D defects as a function of their aspect ratio for both Gaussian and box defects,

while Table 7.2 lists the defect sizes along the 0.7 contour. Constant volumes for defect

Box Defect Gaussian Defect
Original Size (nm) |Volume |Original Size (nm) |Volume
Width  |Height  |(hm”*3) |FWHM |Height |(hm"3)
29.0838 35 29605.36 23.206 35 21356.65
29.7345 30 26524.21| 24.0908 30 19728.23
30 28.9742 26076.78 25 26.1378 18510.3
31.3796 25 24616.98| 25.4875 25 18401.74
33.1026 20 21915.64| 28.0548 20 17836.46
34.9466 15 18318.97 30 17.1121 17450.59
31.6912 15 17069.98

Table 7.2. Printability size parameters extracted from 0.7 dip strength contours of 3D defects coated
with a standard deposition process.
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printability are no longer observed to be true. However, the size of these defects are
larger than their 2D counterparts and have alarge amount of clipping that occurs for all
aspect ratios, especially box defects. Box defects are more vulnerable to clipping, since
they have sharp corners that protrude outwards and this manifestsitself in the larger
upward slope in Figure 7.10afor box defects. To verify that clipping is the cause for non-
constant volumes across aspect ratios, Figure 7.10b compares various dip strength
contours which are generated by 3D defects that are smaller and thus have less clipping.

It can be seen that these contours obey a more constant volume prediction just likein 2D.

7.5 Smoothing Deposition L andscapes

The same procedure in Section 7.4 can be performed on 2D line defects coated
with the smoothing process. Both Gaussian and box defects were simulated with widths
of 20nm — 100nm in steps of 10nm and with heights of 10nm — 100nm in steps of 10nm.
The printability maps for 2D line Gaussian defects coated with the smoothing process are
plotted in Figure 7.11 along with the same 0.7 and 0.25 dip strength contours. The
contour extraction of both shapes allows the defect sizes and volumes to be computed for
defects that just start to become printable. Figure 7.12 plots the original defect volumes as
afunction of the original defect’s aspect ratio (max height/FWHM or max height/width)
for both the Gaussian and box defects with afocus of zero, while the defect sizes on the
0.7 contour arelisted in Table 7.3. Clearly, no such genera rule of thumb based on the
volume of the substrate defect can be formed since the smoothing process changes the

defect profile based on its shape. This effect was previously noted in Chapter 6 when
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2D Line Gaussian Defect Printability — Smoothing Deposition
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Figure 7.11. Printability landscape maps for 2D line Gaussian defects coated with the smoothing
process for various heights and widths. Contour lines are also shown: black (0.7) and white (0.25).
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Box Defect Gaussian Defect
Original Size (hm) |Volume |Original Size (nm) [Volume
Width  |Height  |(hm”3) |FWHM |Height  |(hm~3)
41.7276 100 174119.3| 67.5717 100 129033.2
43.8851 90 173331.2 68.908 90 123484.7
46.1953 80 170720.5 70 825104 116832.9
48.7172 70 166135.6| 70.5194 80 108860.1
50 65.4978 163744.5| 72.7662 70 99626.1
51.9945 60 162205.7| 75.1948 60 89086.69
55.819 50 155788| 78.0163 50 86812.1
60 40.0313 144112.7 80 44.6177 79058.27
60.0162 40 144077.8 82.266 40 66824.23
65.5604 30 128945| 88.9066 30 52342.53
70 22.3416 109473.8 90 29.048 49903.83
71.5864 20 102492.3 100 22.2058 38009.58
78.727 10 61979.41

Table 7.3. Printability size parameters extracted from 0.7 dip strength contours of 2D line defects
coated with the smoothing deposition process.

Gaussian defects were shown to print worse than box defects when using the smoothing
process. Figure 7.12 demonstrates the ability of the smoothing process to rapidly mitigate
the effect of adefect with steep sidewalls, as box defects are alowed to have much larger
volumes compared to the more smooth Gaussian shape before beginning to print. Figure
7.12 a'so shows that higher aspect ratio defects can be tolerated significantly better than
low aspect ratio defects due to the smoothing. For instance, a defect with an aspect ratio

of 3isrequired to have 3 times more volume than a very low aspect ratio defect to
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Figure 7.12. Original substrate defect volumes for printable 2D line defects coated with the
smoothing deposition process at zero focus.
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Figure 7.13. Printability landscape maps for 3D Gaussian defects coated with the smoothing process
for various heights and widths. Contour lines are also shown: black (0.7) and white (0.25).
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achieve the same printability. The smoothing deposition makes understanding defect
printability much more difficult because there is not a single defect parameter that can be
directly linked to printability (like volume was for standard coated defects). Thus,
simulations will be needed to understand a smoothed defect’ s printability.

Finally, 3D printability maps can be generated for defects coated with the
smoothing process. Figure 7.13 shows the image dip strengths for 3D Gaussian defects
across a host of different sized defects. For simplicity, all 3D defects were assumed to
have the same width in the x and y directions. These printability maps are similar to their
2D counterparts and the 0.7 dip strength contour can be extracted from the f=-150nm plot
and the defect volumes can be plotted in Figure 7.14. Figure 7.14 is very similar to Figure
7.12 and shows the same generality that box defects are smoothed much better than
Gaussian defects. Again, it is seen that the smoothing deposition process turns defect
printability into a complicated process that is shape and aspect ratio dependent, allowing
no genera rules of thumb can be utilized to understand defect printability without

performing simulations.
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Figure 7.14. Original substrate defect volumes for printable 3D defects coated with the smoothing
deposition process at f = -150nm.
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7.6 Conclusions

The ray tracing method was shown to be accurate for modeling off axis
illumination incident on the EUV mask blank. The accurate modeling of off axis
illumination will be necessary for more accurate studies of EUV printability when more
advanced illumination settings are used, since the constant scattering approximation will
begin to break down. FDTD and the ray tracing method begin to differ in dip strength
predictions for angles >9°. This difference stems from the numerical dispersion
documented in Chapter 6 which changes the Bragg transition region and leads the FDTD
method to predict wrong background reflection levels. At these larger angles of
illumination, the ray tracing method may very well be more accurate than FDTD.

The ray tracing approach was also shown to accurately predict defect printability
for defects coated with the standard deposition process. The accuracy attained on the
smoothed defects shown in Chapter 6 as well as standard coated defects, which are more
topographically challenging, shows that the ray tracing method is very robust for
different deposition techniques and should be sufficient to predict defect printability as
future deposition strategies are unveiled.

The defect printability maps generated for standard coated defects showed that a
key parameter for defect printability is the defect’ s volume. In 2D, any arbitrary shape
and dimensions were found to successfully print when the defect’ s volume was larger
than 160nm?>. The extrapolation of this rule to 3D defects coated with the standard
deposition process was more difficult. The size of 3D defects that began to print under

standard deposition conditions was large enough that the growth model began to show
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clipping of the defect. This clipping is probably not physically real since the standard
deposition process does not have an etching step. The impact of clipping, however, is
seen in the volume results which require greater volumes at higher aspect ratios in order
to successfully print.

Defect printability maps for 2D and 3D defects coated under the smoothing
process were generated. Smoothed defects have significant clipping of the defect from
the etching step which dramatically lowers the actual volume of the defect on the
substrate and alters its printability. The clipping effect is highly shape and aspect ratio
dependent, making it difficult to create a general printability rule for such defects.
However, if the substrate volume after clipping were calculated, it islikely a constant or
nearly constant volume rule would result. The difficult part is predicting the changed
volume from the deposition process.

Of final note, Chapter 6 showed that the defect printability is highly dependent on
the deposition process. The defect printability mapsin this Chapter were generated from
defects coated with the growth model developed by Stearns [42]. Different multilayer

growth models will likely produce different printability results.
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8 EUV S mulation Extensions:

Defect Feature I nteractions
and I nspection

This Chapter will explore extensions of the ray tracing methodology to two
additional chalengesin EUV lithography. The first extensionisto link the buried defect
simulator to a new thin mask model for transmission through absorber features to rapidly
assess a buried defect’ simpact on the printability of nearby features. Toward this end, the
underlying physics of an absorber edge scattering is thoroughly investigated and
simplified models for two of the key physical effects are shown to produce excellent
results when compared to FDTD edge scattering. The simplified model effectively
converts the el ectrically thick nature of the absorber patterns (~70nm or ~5A thick) into a
thin mask model, while capturing all of the appropriate effects that are demonstrated in
the far field image. Line and space example patterns for dense 32nm, 22nm, and 15nm
features (on wafer) will be shown which demonstrate the accuracy of the new thin mask
model for even very tight pitches.

The second extension is to show the buried defect simulator can accurately handle
the case of optical inspection, where the wavelength of light is much larger (488nm or
266nm) than the EUV 13.4nm exposure wavelength. At these larger wavelengths, the
refractive indices are considerably different from those at EUV wavelengths and the

defect sizes become significantly sub-wavelength, resulting in vastly different scattering
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profiles and conditions. The buried defect simulator will be shown to accurately handle
the case of optical inspection, despite a dramatically atered scattering environment.

All of the simulations performed in this Chapter assume that the absorber features
are 70nm in height and made of TaN with arefractive index at A = 13.4nm of nray =
0.9272128642 — j*0.0429253317. For the inspection simulations, the refractive indices of
the multilayer materials at & = 488nm are Ngjicon = 3.2942 — j* 3.6812, Nmoty = 4.47784 —
j¥1.14546, and ny, = 3.16 — j*4.71. All other parameters for the multilayer are similar to

those used in previous chapters.
8.1 Method for Linking Feature Transmissions and Buried Defects

The complete EUV photomask scattering problem is shown schematically in
Figure 8.1 and can be decomposed into two smaller problems: 1) atransmission through
the absorber features and 2) areflection from a non-planar multilayer. Evanschitzky [53]
has also noted a similar decomposition can effectively handle the full scattering problem

by linking FDTD transmission through absorber features to asimplified model for

Transmission
through
Features

Reflection from
multilayer

/

Figure 8.1. Complete EUV photomask domain with absorber features placed on top of a multilayer
reflection stack. A buried defect is shown sitting below the multilayers.
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Proposed Methodology Flow:
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Figure 8.2. Proposed methodology flow for linking feature printability and buried defect printability.

defective multilayers. The methodology developed in Chapter 5 has already been
demonstrated to effectively handle the second part of the EUV scattering problem, and so
afast and accurate method for handling the transmission through the absorber featuresis
all that is needed to completely model the problem.

Once appropriate methodol ogies have been identified for each part of the
problem, they can be linked together by the flow chart in Figure 8.2. An incident plane
wave onto the example structure in Figure 8.1 can be reflected and transmitted through
the absorber features via an appropriate simulator. The electric fields bel ow the absorber
features can be Fourier transformed into its plane wave spectrum and each plane wave
fed into the buried defect simulator. The total reflection from the defective multilayer can
again be Fourier transformed into its plane wave spectrum and each plane wave
transmitted upward through the absorber features a second time. In this manner the
electric fields have been doubly diffracted by the absorber features during the downward
and upward pass. Thetotal scattering from the EUV problem can then be made by adding
theinitia reflection from the absorber features with the final output of the doubly
diffracted electric fields. This simple process ignores any secondary coupling between the
absorber features and the multilayer reflection. A full scattering matrix approach could

also be used to understand multiple re-reflections between the absorber features and the
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multilayer structure. This approach would cause a significant increase in the computation
time since each individual plane wave would couple into a set of many diffracted plane
waves. However, the reflected fields computed from both objects for each angle of
incidence could be reused for each additional reflection that occurs. It is anticipated that
these second order effects are relatively small, since the reflection from the absorber
featuresis on the order of 4% and should decay very quickly. Of fina note, the initial
incident plane wave can be generalized to a set of plane waves to account for partial
coherence incident on the mask. The above process would then be repeated for each
plane wave.

The full process outlined in Figure 8.2 will undoubtedly take longer to fully
simulate an EUV structure than the buried defect simulator alone. While the additional
step of creating athin mask transmission function will not add appreciably to the runtime,
the buried defect simulator will have to be run multiple times to properly reflect the
diffracted fields passing down through the absorber features. A single incident plane
wave will transmit through the absorber and be diffracted into a new set of n plane waves
which each must be simulated with the buried defect simulator. Each of the n plane
waves incident on the multilayer will produce another n plane waves that must be
propagated upwards through the absorber features. In this sense, the full method will
need to run the buried defect simulator at least n times, and thus should be at least n times
slower when simulating features on top of aburied defect. A good estimate for alarge 3D

simulation would be about 50-100 times slower.
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8.2 Analysis of Physical Edge Scattering

Before devel oping an appropriate model for transmission through the absorber
features, the physical mechanisms that occur during transmission must be characterized
and understood. There are three distinct regionsin Figure 8.3 that must be analyzed to
understand the transmission through the absorber features. First, alarge dark area of
absorber can be simply understood and characterized by understanding the transmission
and reflection from a single bilayer made of the absorber materia with the absorber’s
thickness. This can be easily modeled by Equations 5.7 and 5.8 which characterize the
reflection and transmission from an arbitrary bilayer. Second, a large open area of the
photomask can easily be understood by simply propagating the incident plane wavein
free space by adistance equal to the absorber thickness. The last region consists of the
areain the vicinity of an absorber edge. Thisregion isthe most interesting
electromagnetically and the most complicated to understand. FDTD analysiswill aid in

verifying some of the physical characteristics that can be expected from scattering near

an edge.
Incident Angle 5 Incident Angle
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Figure 8.3. Definitions of (a) left absorber edge and (b) right absorber edge.
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A simple manner to probe the edge scattering effectsis to take the large dark area
solution (athick bilayer) and the large open area solution (propagating awave in free
space) and place each one next to an edge. This analysis forces two imposed solutions on
Maxwell’ s equations on each side of the edge. Maxwell’ s equations will then respond to
these imposed solutions, creating additional fields that will simply add via superposition
to make the imposed solutions satisfy the appropriate boundary conditions at the edge
interface. These additional fields can be viewed as physical response fields associated
with approximating a thick mask scattering problem with a thin mask model based on
vertical propagation. These response fields must also be modeled to fully calculate the
near field transmission.

Two types of edges, aleft edge and aright edge, will have to be investigated to
deal with the edge orientation relative to off-axisillumination. A left edgeis defined in
this analysis as an edge with absorber on the left and air on the right with the incident
light coming across the edge from left to right, as shown in Figure 8.3a. A right edge is
defined in this analysis as an edge with absorber on the right and air on the left with the
incident light coming across the edge from left to right, as shown in Figure 8.3b. Each
type of edge can be analyzed under normal incidence and off-normal incidence.

Under normal incidence light, both aleft edge and aright edge behave as mirror
images of each other, so only aleft edge will be investigated. The first half of the
imposed solution, the light propagating down on the air side of the edge, will have to set
up anew set of fields within the absorber to satisfy the boundary conditions on the edge.
Snell’s Law and the Fresnel Equations (Equations 5.3 and 5.5) show that the plane wave

propagating down the interface will have atransmission coefficient of 0 along the
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interface, showing that no energy is transferred across the vertical interface and an
evanescent wave is set up in the absorber that decays exponentially laterally into the
absorber but propagates vertically down the edge interface. The second imposed solution,
a plane wave propagating vertically down the interface in the absorber region, the plane
wave will actually refract out of the absorber material and begin propagating in the air at
an angle of about 23° relative to the vertical. This angle can be directly calculated by
solving Equations 5.3 for 6, given 01 = 90°. These two effects can be seen in Figure 8.4,
where FDTD has simulated a TE plane wave scattering from an isolated | eft absorber
edge. Figure 8.4a shows the total electric fields in the vicinity of the edge, while Figure
8.4b showsthe total electric fields of an edge with the imposed solutions subtracted out.
Obvioudly from Figure 8.4b, the response fields from imposing these two solutions come
from the edge effects, which were expected.

The physical response fields can be further analyzed by looking at their phase and
instantaneous magnitudes. On the left of the edge location in Figure 8.5, an evanescent
field is set up inside of the absorber while arefracted transmitted wave is being generated
on theright side of the edge location in air. These effects are the two first order
corrections that were described above to the imposed solutions. The refracted wave's
angle can be measured and it appears to be traveling at approximately 23° which was
predicted. Another interesting effect is seen in Figure 8.5awhereby a point sourceis
actually radiating from the top corner of the absorber edge. Figure 8.5b confirms the
cylindrical nature of the point source by looking at the phase of the error fields.

A left and right edge can be analyzed at an off-axis angle by looking at FDTD

simulations aswell. A left edge will still have arefracted wave propagating from the
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Figure 8.4. (a) |E| for isolated left absorber edge with absorber outline, (b) |E| of error field for
isolated |eft absorber edge with absorber outline.
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Figure 8.5. (8) Instantaneous error field for isolated left absorber edge with absorber outline at normal
incidence, (b) Phase of error field for isolated left absorber edge with absorber outline at normal

incidence.
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Figure 8.6. (a) Instantaneous error field for isolated left absorber edge with absorber outline for a 12°
incident wave, (b) Instantaneous error field for isolated right absorber edge with absorber outline for

a12° incident wave.
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absorber material into the air region due to the double refraction at the top surface and the
edge interface. The angle of the refracted wave will be larger with an off-axis incident
wave since the additional incident angle will provide an even larger refracted angle. The
evanescent field within the absorber material, however, will be greatly diminished with
angle due to the shadow region created by the thick absorber feature. Figure 8.6a shows
the response fields for aleft absorber edge for an incident off-axis plane wave. The
double refracted wave is clearly seen and the evanescent field inside the absorber is
significantly reduced. A point source at the top corner of the absorber is also present, just
like at normal incidence. A right edge will have some interesting changes at off-normal
incidence. First, theincident light impinging on the edge will be totally externally
reflected (TER) from the edge interface for any incident angle less than 23° (note that this
angle is consistent with the previous angle of minimum angular deviation for arefracted
wave due to reciprocity). This reflection creates a wave propagating at the negative
incident angle that folds back on top of the original incident wave. The TER at the
interface also creates an evanescent field inside the absorber material. The refraction at
the top surface of the absorber creates a shadow region in the absorber material that limits
any refraction of light back out of the absorber into the air. Figure 8.6b shows the
instantaneous response electric fields from aright absorber edge. The TER can be
immediately seen to the left of the edge location and its angular spread is significantly
less than the doubl e refracted wave (which is absent from the right edge) for the left edge
case. The evanescent field from the TER can also be seen inside of the absorber. A point

source can once again be seen emanating from the top corner of the absorber edge.
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8.3 Smplified Model of Feature Transmission

The simple thin mask transmission model that was used as an imposed solution on
Maxwell’ s equations is the starting point of asimplified model for predicting the
transmission of a plane wave through the absorber features. The physical response fields
discussed in the above section represent the sources of error that the thin mask model
makes relative to arigorous solution for the diffraction scattering. It appears that
significant errors are encountered when imposing the thin mask model onto the scattering
from an isolated edge. Point sources, refracted fields, TER fields, and evanescent fields
are all missing from the thin mask model and cause significant deviations to be
encountered in the vicinity of an absorber edge. Each one of these effects would need to
be accurately model ed and added to the thin mask approximation to obtain an accurate
near field description of the edge scattering.

However, all except for one of these sources of error can be largely ignored in the
far field image since their effects are mostly contained in the high spatial frequencies that
scatter outside of the imaging optic. This limited angular collection will alow three of the
four response fields to be neglected in a new scattering model. First, the evanescent fields
arelikely negligible in the far field due to the nature of evanescent fields and the high
gpatial frequency content of their laterally localized fields. Second, the refracted waves
can also be largely ignored because they propagate at a minimum angle of 23°, whichis
significantly larger than the maximum collection angle of the EUV optic with an NA =
0.4. Similarly, the TER fields can be neglected because they propagate at negative the

incident angle. Thisis because EUV systems are tel ecentric about 6° and the TER fields
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Figure 8.7. Cut lines below the absorber for the electric field from a normally incident plane wave.
Solid blue lines are FDTD and red dashed lines are the thin mask model. (a) magnitude and (b) phase.

would scatter to an angle equal to their propagation angle plus 6° out of the center of the
pupil. This argument means the TER fields will likely scatter outside of the pupil as well
for incident angles greater than 3°. A sine effect can be used to argue that TER fields
under 3° are also negligible since the amount of absorber edge that the incident fields
actually seeis proportional to the sine of the incident angle. Thus, the magnitude of those
TER fieldsthat are under 3°islikely very small. The point sources observed in Figures
8.5 and 8.6 cannot be neglected, however, since they fill the entire pupil of the imaging
system and will definitely contribute some energy to the final observed image.

To prove that the above approximations are reasonable, cut lines of the thin mask
model and the rigorous FDTD results must be compared. Figure 8.7 shows the cal culated
magnitude and phase of the near field transmissions of anormally incident plane wave
for FDTD and the thin mask model for two edges separated by alarge distance. The thin
mask model is quite accurate far away from the edge locations, while significant errors

are observed close to the edge. A better understanding of the errors can be obtained by
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Figure 8.8. Angular spectrum of cut lines for two absorber edges very far apart for both FDTD and
the thin mask model.

looking at the spectrums of the two methods, as shown in Figure 8.8. For angles within a
+20°cone, the thin mask model is predicting very nice results compared with FDTD for
all of the odd orders, but all of the even orders are wrong. The thin mask model assumes
a perfectly odd function describes the transmission function, leaving all the even orders
set to zero. From Fourier analysis, the even orders come from an even symmetry in the
transmission function that is double the period of the original odd function. Figure 8.8
shows that the even orders are nearly flat across all the angles of interest, and so a simple
model for these even orders is to simply add a constant background to the even orders
that exactly matches those taken from the FDTD solution. Doing this and inverse Fourier
transforming the constant even orders, results in a spatial representation of the error fields
between FDTD and the thin mask model when looking inside a small angular cone.
These error fields turn out to simply be shifted and scaled impulse functions that occur at
the absorber edges! So in fact, the point sources observed in Figures 8.5 and 8.6 at the
corners of the absorber are the only edge effects needed to improve the thin mask model.

And these can be modeled by simply adding the scaled impulse functions to every edge
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Figure 8.9. (a) New transmission function with corner point sources plotted on alogl0 scale with the
FDTD results. Solid blue lines are FDTD while red dashed are the thin mask model. (b) the spectrum
of the two methods showing excellent agreement in all of the orders.

in the simulation. Figure 8.9a shows a new transmission function with the corner point
sources added plotted on alogl0 scale, while Figure 8.9b shows the |E| of the spectrum
from both FDTD and the improved thin mask model. The point sources can be more
clearly seen on the log scale and provide a constant background in the even ordersin the
corresponding spectrum. In this manner, the corner point sources will need to be
characterized for the type of material and thickness that is used for the absorber using a
single FDTD simulation, but these point sources will then scale any arbitrary

configuration. The point sources for the TaN absorber with thickness of 70nms are:

=13.35¢7101409"
=13.35¢" j0.035537

ETE _ pt_source

Equations 8.1, 8.2:

T™ _pt_source
Aninvestigation into the phase of the spectrum is needed to fully characterize an

isolated edge scattering. Figure 8.10a shows the phases of the angular spectrums for the

FDTD results and the improved thin mask model for anormally incident plane wave.

Clearly the phases of the thin mask spectrum are significantly different from the phases
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phases of thin mask model and FDTD with 40nm propagation.

of the FDTD results. The thin mask model has zero phase dependence on the angular
spectrum while the FDTD has an almost parabolic dependence on spectrum angle. This
effect most likely comes from the instantaneous aperturing assumptions built into athin
mask model. Asits name suggests, athin mask isinfinitely thin and its effects on an
incident plane wave are instantaneous. However, the EUV absorber features are very
thick (~51) and take some propagation distance to actually arrive at their final values
below the mask absorber. If the improved thin mask model is propagated forward by

some distance z,, the flat phase dependence will begin to take on the characteristic
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parabolic (or spherical wave) phase dependence for the angular spectrum. The
propagation distance z, will also depend on the materia properties and thickness of the
absorber, just like the corner point sources. However, the propagation distance can be
characterized for the type of absorber and then used for arbitrary configurations of
absorber edges. For the 70nm thick TaN absorber in these simulations, z, = 40nm was
found to match the spectrum phases very nicely, as seen in Figure 8.10b. The 40nms
seems reasonably valid since it represents about half the absorber thickness.

The simple model proposed above should work for off-axis illumination as well,
since the point sources are relatively independent of angle of incidence. The constant
spectrum approximation can therefore be used as a simple way to model off-axis
illumination. The final methodology for obtaining athin mask model of transmission

through EUV absorber featuresis afour step process:

1) Create an on-axis, binary transmission function by looking at the transmission
through alarge open area and a large dark area of the mask.

2) Add scaled impulse functions to every edge in the pattern.

3) Shift the 0™ order of the transmission function to the appropriate incident
angle.

4) Propagate the orders by z, and inverse Fouier transform to obtain the near

fields.
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8.4 Examples. Dense Line and Space Pattern Transmissions

The ssimplified model for athin mask transmission function described in the
previous Section worked very well for modeling an isolated EUV absorber edge. It is
only natural to question whether such asimple model will hold as feature edges become
significantly closer together. This Section provides several examples of feature
transmissions through dense line and space patterns. Since the targeted entry of EUV
lithography is below the 32nm node, three line space patterns (32nm, 22nm, and 15nm
features on wafer) will be tested for both polarizations at three different angles of
incidence (0° ~6° ~129), resulting in 18 test cases.

The 32nm line and space pattern actually has dimensions of 128nm on the mask
(4X magnification). To properly compare the FDTD and thin mask model results, the
final transmissions can be filtered down to only those plane waves physically entering a
NA=1.0 system operating at 4X reduction, resulting in an angular collection cone of
about £15° Since real EUV systems will operate at significantly reduced NA'’s, the true
results are expected to be even better than those compared here. Figure 8.11 shows the
filtered near field magnitude and phase for the TE polarization at various angles of
incidence on the mask. Clearly, the thin mask model does an exceptional job of modeling

the FDTD results for 0°and 6°, however, the model becomes less accurate as the angles
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Figure 8.11. Filtered (NA = 1.0), coherent, near field transmissions of a TE plane wave for various
angles of incidence through line space patterns giving 32nm features on the wafer.
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Figure 8.12. Filtered (NA = 1.0), coherent, near field transmissions of a TE plane wave for various
angles of incidence through line space patterns giving 22nm features on the wafer.
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Figure 8.13. Filtered (NA = 1.0), coherent, near field transmissions of a TE plane wave for various
angles of incidence through line space patterns giving 15nm features on the wafer.
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approach the more oblique 12°angles. While the TM data is not shown, the thin mask
model works very well for this polarization as well.

The 22nm line and space pattern actually has dimensions of 88nm on the mask
(4X magnification). Again, the near fields can be filtered down to an angular collection
cone of about £15° Figure 8.12 shows the filtered near fields for the TE polarization for
various angles of incidence on the mask. Once again, the thin mask model does an
exceptional job of modeling the 0°and 6°angles, while the model becomes less accurate
as the angles approach more oblique incidence. While the TM data is not shown, the thin
mask model works very well for this polarization as well.

Finally, a very aggressive 15nm line and space pattern was tested which actually
has dimensions of 60nm on the mask (4X magnification). Figure 8.13 shows the filtered
(159 near fields for the TE polarization at various angles of incidence on the mask.
Even at these very small feature sizes, the thin mask model predicts the filtered near
fields very well for the 0°and 6°fields, while the 12°fields become significantly prone to
errors. While the TM data is not shown, the thin mask model works very well for this
polarization as well.

The above examples show that a simplified model for absorber feature
transmission can be implemented and have extremely good accuracy. All the structures
tested began to lose accuracy as the angles approached more oblique 12° Most likely the

simple point source model begins to break down at higher angles of incidence, and a

182



Isolated Edge Diffraction

& s FDTD
¢ Thin Mask

2 "ty Odd Orders

IE|
£

s o. Even Orders -~

FaWa¥all

T T T T T T T T U UUT T T T T T T T T
-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0O 5 10 15 20 25 30 35 40 45 50
Angle (degrees)

Figure 8.14. Angular spectrum of cut lines for two absorber edges very far apart for both FDTD and
the thin mask model.

more complicated model that takes into account the angular dependency of the point
source will have to be implemented if higher accuracy is desired. To confirm this, an
isolated edge illuminated at 12° incidence can be use to observe what happens to the even
orders. Figure 8.14 shows the magnitude of the diffracted spectrum from the isolated
edge with a 12° incident plane wave. The even orders begin to become asymmetrical for
off-axisillumination and thisis alikely cause for the errors observed in the above
examples. The examples also show absorber edges on EUV masks can be modeled as
independent edges with very little interactions on a single transmission through the
features. Dense line and space features down to 15nm were shown to be sufficiently
independent to allow the thin mask model to accurately approximate the transmission.
Asafina proof of concept, the total reflection from a defect free 32nm line and

space pattern will be calculated according to the procedure outlined in Figure 8.2 and
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compared to afull FDTD simulation for the same pattern. Figure 8.15 shows the final
reflected electric fields which have been filtered down to only those waves entering a 4X
system centered at 0° with an NA = 0.4. Clearly, the thin mask model and FDTD are

agreeing very well, and so this method for simulating features has been verified.

8.5 Inspection Simulations

Inspection simulations present a vastly different scattering environment compared
to exposure wavel engths since the material properties (see beginning of Chapter 8) of the
multilayer are significantly changed at optical (488nm or 266nm) wavelengths. For
instance, the top surface of the capping layer is now responsible for about 85% of the
observed reflection coefficient. The top layer’simportance is due to asignificantly larger

refractive index contrast between air and the capping layer, and aso that optical
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wavel engths entering the multilayer experience a 5-50X smaller skin depth (more decay)
than at EUV wavelengths. Therefore, it isonly the top few bilayers that actually
contribute any significant part of the total reflection.

Inspection simulations are always challenging since the imaging systems operate
at 1X and typically have very large NAs. The resulting angular collection coneis very
wide and nearly all propagating orders must be computed correctly. This need for highly
accurate results across all angles of propagation might severely constrain the
implementation of asimple and fast method to model inspection. Aside from this
concern, an investigation into the 3 key assumptions of the ray tracing method is needed
to really understand whether it is sufficient to simulate the reflection in this changed
materia environment. Thefirst key assumption that the forward diffraction is negligible
has not changed. This assumption relied on the inverse nature of the two surfaces within
the bilayer, which is directly related to the geometry. Since, only the scattering
wavel ength has changed in inspection simulations, this key assumption has not been
violated.

Second, the ray tracing method assumed that multiple back scattering was
negligible. This assumption relied on the fact that the largest multiple back scatter event
had to undergo at least 2 more reflections relative to the primary reflection. So the
magnitude of these events would scale as p? in the worst case. The reflection coefficients
for the interfaces in the multilayer are about 7X larger than at EUV wavelengths,
resulting in multiple back scatter events that are likely 50X larger. Thisincreaseis
tempered, however, by knowledge that the first layer is responsible for 85% of the

observed reflection coefficient, which makes it impossible for amajority of the energy to
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even enter the multilayer and undergo multiple back scatter events. Additionally, the skin
depth of the multilayer materials at these optical wavelengthsis 5-50X shorter than at
EUV wavelengths. This creates an environment where it is very difficult for light to
move large distances inside the multilayer and retain its energy, limiting multiple
reflections inside the stack. The shorter skin depth and larger reflection at the top surface
act in conjunction to allow multiple back scatter events to be ignored.

Thethird and final key assumption is that resonance can be anticipated and
analytically corrected for inside the stack. Nothing physical has changed to compromise
this assumption and it can easily be accomplished. The shorter skin depths discussed in
the previous paragraph also help to cut the efficiency of resonance in the multilayer such
that the resonance conditions have not changed too dramatically from that seen at EUV
wavelengths.

The accuracy of TEMPEST, the ray tracing method, and the SSA were all tested
on aburied Gaussian defect that was 100nm high with a 100nm FWHM. The defect was
coated with the smoothing process resulting in a peak disturbance of 15nm on the top
surface of the multilayer. Each of the three simulation methods were then used to
calculate the reflected fields. Figure 8.16 shows the near reflected fields, filtered down to
all propagating waves (NA=1.0, 1X) for the FDTD and ray tracing methods. The SSA
method is producing nearly identical results as the ray tracing method and is not shown.
The similarity between the SSA and the ray tracing results at inspection wavelengths is
expected since so much of the reflection coefficient is dependent on the top surface. All
methods appear to be giving reasonably similar results. Once again, an inconsistency

exists between the background level that FDTD is predicting compared to the ray tracing
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Figure 8.16. Filtered near fields of 100nm high Gaussian defect with 100nm FWHM imaged at
A=488nm. (a) magnitude, (b) phase.

method. To understand which background level is more accurate, the analytic

background electric field was calculated and is plotted in Figure 8.16a. Clearly, the ray
tracing methodology is calculating the background level more accurately than FDTD.

The discrepancy of the FDTD results likely stems from the unusually high cell density
(~700 cells/wavel ength) that inspection simulations must operate at to accurately describe

the multilayer geometry. The extremely high cell densities might allow roundoff errorsto

187



Filtered Near Flelds

+ FDTD
* Ray Tracing

@ o
P .n OF T+ %o PP
- o o o ¢ ¢ Tee e o ¢
. . —0-00% . . .
-80 -60 -40 -20 0 20 40 60 80
Angle (degrees)
Filtered Near Flelds
A
A S 5 — ¢
S e 33 s ®
A
oy
° .
& Y 2 r e
(b) AR S 3 3 ¢ °
1 + FDTD -
« Ray Tracing
T T T €} T T T
-80 -60 -40 -20 0 20 40 60 80

Angle (degrees)

Figure 8.17. Plots of the filtered near field spectrum for all propagating waves scattered from a
100nm high Gaussian defect with a FWHM of 100nm coated with the smoothing process.
(a) Magnitude, (b) phase.

significantly increase when subtracting neighboring cells that have electric fields that are
too similar due to their close proximity.

Another issue with the FDTD datais that there is an asymmetry to the reflection
coming from a perfectly symmetric scattering object. The asymmetry shows up more
clearly in the diffracted orders shown in Figure 8.17. The FDTD spectrum is tilted with
respect to the spectrum from the ray tracing method, which is perfectly symmetric. The
asymmetry is therefore due to some numerical noise within the FDTD agorithm or

possibly due to the staggered electric field grid that FDTD uses for updating the E and H
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fields. Because of these inconsistencies, the ray tracing method and the SSA are believed
to be more accurate than FDTD for simulating the case for inspection. Also, since SSA
and the ray tracing methodology are giving nearly identical results, the SSA method

should probably be used because of its simple implementation.

8.6 Conclusions

A complete methodology was proposed for simulating the impact of buried
defects on absorber feature printability. The methodology relied on breaking the full
EUV scattering problem into two simpler parts: 1) a transmission through the absorber
features, and 2) the reflection from a non-planar multilayer. The buried defect simulator
proposed in Chapter 5 clearly solves the second part of the scattering problem. A
simplified thin mask transmission model was introduced to solve thefirst part of the
scattering problem. The thin mask model was derived from investigations of the physical
edge scattering associated with athick (~51) mask. Studies of the additional physical
contributions from edges showed to first order, that only one out of the four observed
physical effects contribute non-negligble energy to the final transmitted fields. The
response fields could therefore be accurately approximated in the thin mask model by
only including point sources that scatter from the top corners of the absorber material.
The thin mask model must also be propagated vertically to account for the mask
thickness. The magnitude and phase of the modeled point sources can be characterized

based on the type and thickness of material used for the absorber. Additionaly, the
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vertical propagation distance must be characterized based on the same parameters, but is
expected to be about half the mask thickness.

The thin mask model was tested on the transmissions through 32nm, 22nm, and
15nm (wafer dimensions) line and space patterns to confirm its accuracy. The thin mask
model works very well for al of the line and space patterns, demonstrating that it should
be sufficient to model absorber features for a few generations. However, the accuracy of
the model does depend fairly strongly on the angle of incidence on the mask. For angles
approaching about 12° incidence, the thin mask model begins to predict some erroneous
results, but still gives agenerally good idea of the behavior that can be expected. The
breakdown of the method is likely do to the ssmple model used for the point sources at
the corners of the mask. Asymmetries in the scattering of the point sources begin to occur
at larger angles of incidence, and these effects will need to be modeled to achieve more
accuracy at these oblique angles.

This Chapter only offered a proof of concept that feature transmissions could be
linked into the multilayer reflection. Much work is still needed to be done to characterize
the material and thickness effects of the mask absorber on the generation of the thin mask
model. More detailed studies will also need to be performed to investigate the accuracy
of linking the features to the multilayer reflection. Specifically, whether resonance
between the absorber features and the multilayer can be ignored, and whether [].
Investigations into the numerical dispersion of FDTD and its effect on propagation
through athick absorber feature and the reflection from the multilayer will need to be
accomplished to better understand sources of error when comparing the linked fields with

FDTD simulations.
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Finally, the buried defect simulator was shown to accurately calculate the
reflection from EUV mask blanks during simulated inspection cases. In fact, the ray
tracing method is believed to be more accurate than FDTD due to erroneous background
level and asymmetries observed in the FDTD data. The SSA aso was tested, giving
nearly identical results with the ray tracing method. The similarities between the SSA
and the ray tracing method are due to the fact that 85% of the reflection coefficient from
the multilayer stack is due to the top surface alone. This regime allows the SSA to model

the inspection reflections very well, despite its limitations in other areas.
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9 Conclusions

The fast simulation methods described within this dissertation will provide a
significant enhancement to the modeling tools used for better understanding the
printability of phase defects in photomasks for DUV and EUV lithography. The greatly
improved speed will alow more thorough printability studies to be performed, while
retaining the detailed accuracy needed for predicting small perturbationsin CD.

Each of the new methods began by breaking the physical scattering problem into
smaller pieces and isolating the physics of each phenomenon. The individual pieces could
then be analyzed to understand the magnitude of their impact on the final solution. Those
pieces whose impact were minimal could then be removed from the process and simple
models for the remaining components could be linked together to produce a final model.
In this sense, each of the methods described here are approximate models that capture
only the necessary physics that pertain to each application. Their broad application to
other areas of engineering and science might be limited by this customized strategy;
however, the customization of each method has allowed tremendous gains in speed that
might not otherwise be possible. There exists a tradeoff in speed between a more
customized solution and a more general solution for alarger class of problems.

This dissertation provided a better physical understanding of DUV phase defect
behavior by investigating the differences found by Adam[7] between thin mask model

defects and rigorously modeled defects. The differences were found to be physically
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linked by the three-parameter al gebraic models proposed by Neureuther and
Mastromarco [25,26,27], and these models were extended to incorporate these
differences. The degeneracy of phase defects at sub-wavelength dimensions allowed a
systematic method for extracting new thin mask model parameters that could be used to
capture the same electromagnetic behavior as rigorously modeled defects. This
equivalence could then be used to rapidly simulate the effects of a given defect without
resorting to arigorous simulation tool.

Domain Decomposition Methods were extended to model inspection simulations,
where the implementation of edge-DDM is complicated by the high NA and 1X imaging
system of inspection tools. A Corner Error Function (CEF) was introduced into the edge-
DDM library to alow the simulated errors to be reduced by as much as 60% compared to
traditional edge-DDM when simulating inspection. A significant portion of the calculated
error for both edge-DDM and corner-DDM was shown to stem from highly oblique TE
waves that are aresult of the inability of rigorous simulations to isolate the structure of
interest. The error estimates for DDM when applied to inspection are therefore
conservative in nature, and are likely significantly lower when synthesizing the fields of
isolated structures,

The defect projector method was introduced to rapidly sift non-critical defects
from a host of possible locations. It can predict the CD change of features containing
defects to within 30% of rigorous simulations (worst case), but can be expected to
perform much better in general. The defect projector can be combined with edge-DDM to
produce an extremely fast and reliable simulation tool for modeling defective DUV

photomasks.
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The largest contributions of this dissertation are the methodol ogies developed for
simulating EUV photomasks. The eectrically large nature of an EUV photomask
combined with the seemingly complex interactions within the multilayer have made the
problem difficult to handle in the past. The buried defect simulator presented in the
dissertation is as accurate at predicting defect printability when compared to more
rigorous methods like FDTD. The hybrid method combines ray tracing and Fourier optics
to understand the scattering that occurs from non-planar surfaces inside a resonant cavity.
The ability to neglect forward scattering, neglect multiple back scattering, and
analytically anticipate the resonance conditions inside the multilayer have produced an
effective and efficient method for assessing a buried defect’ s printability impact. The
method is extremely robust, correctly predicting the printability of very large and small
defects, coated with avariety of deposition techniques.

The ray tracing method is not without its limits. Some of the underlying
assumptions begin to break down as the buried defect is placed higher in the multilayer.
The extension of the method to handl e these defects would be nice addition to its
capabilities. While the defective layers become more seriously contorted as the defect
nears the surface, the rest of the multilayer is unperturbed by the defect’ s presence and
may lead to a simplification of the physics needed to model these defects.

A detailed analysis of the FDTD method was investigated when applied to the
EUV scattering problem. Significant new challenges were uncovered that amplify the
already demanding computational difficulties with simulating EUV structures. The
resonant multilayer undergoes temporary convergence lulls on its path to equilibrium

which can cause TEMPEST to mistakenly predict convergence, resulting in incorrect
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results. Numerical dispersion inside the FDTD algorithm also causes a small (0.2%) shift
in the simulated wavelength. This wavelength shift is usually imperceptible in DUV
applications, but its effect is amplified in EUV photomasks due to the resonance within
the multilayer structure which makes the stack extremely sensitive to small wavelength
changes. The net result isthat FDTD results can predict significantly incorrect reflection
coefficients for a given multilayer stack at angles greater than about 10°. Theray tracing
methodology is therefore believed to be more accurate for this application.

Defect landscape maps were calculated to aid in predicting buried defect
tolerances for the manufacturing of EUV mask blanks. A defect’sinitial volume was
found to play acrucial role in determining whether the defect would be printable. The
smoothing process thus provides an excellent means to decrease the printability of a
buried defect.

The printability of a defect was also found to be very sensitive to the shape and
growth of the multilayer interfaces. This dissertation used the growth model devel oped
by Stearns[42]. To the extent that this model accurately predicts the bilayer growth over
the defect, the printability maps should be accurate. However, the clipping effects
observed on standard coated defects are probably physically incorrect. Also, it is unlikely
that extremely high aspect ratio defects actually exist on EUV mask blanks, and is
unknown whether the smoothing growth model correctly predicts the defect evolution of
such defects. The buried defect simulator is highly accurate relativeto FDTD on the
structures simulated, but future work in EUVL will need to verify that arobust and

accurate growth model exists so that the simulated structures are indeed correct.
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Various extensions to the buried defect simulator were presented, including a
method for solving the full EUV scattering problem. The buried defect simulator could be
linked directly into anear field transmission simulator to accurately predict the
printability of 2D features in the presence of 2D defects. Investigations of the physical
scattering of an isolated absorber edge were used to understand the essential physics that
needed to be captured into atransmission model. These investigations resulted in a
simplified thin mask model for the transmission through the electrically thick absorber
features. The thin mask model gives accurate results even for dense line and space
patterns of 15nm (wafer dimensions). This model incorporated a simple model for point
sources located at the top corner of absorber edges.

A significant amount of work can still be accomplished in this area. The proposed
thin mask model was only tested in 2D as a proof of concept, and investigations need to
be performed to understand its extendibility to 3D features. Characterizations of the
physical effects associated with scattering from a 3D corner will need to be performed.
Additionally, amore intelligent model for the top corner point sources could be used to
eliminate some of the errors predicted in the thin mask model at more oblique angles of
incidence (~129). Investigations need to be performed to show whether the effects of
resonance between the mask absorber and the multilayer can truly be neglected. Also, a
better understanding of the errorsin FDTD and their impact on the final observed
reflection will give a greater understanding of the sources of differences between the
calculated fields that can be used to better ascertain the accuracy of the method.

Finally, the last extension of the buried defect simulator is to the case of optical

inspection. The large jump in wavelength relative to EUV wavelengths resultsin a
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significantly different scattering environment. The refractive index contrast is very large
at the top surface of the capping layer, resulting in the top surface producing 85% of the
reflection coefficient from the entire structure. Additionally, the skin depths of the
materials at the larger optical wavel engths have decreased by 5-50X, resultingin a
tremendous amount of decay upon propagation inside the multilayer. None of the 3 key
assumptions of the ray tracing methodology are violated in this regime, allowing it to
successfully model the reflection from EUV mask blanks at optical wavelengths. Both
the SSA and ray tracing give nearly identical results for the calculated reflection, as
expected since the top surfaceis responsible for 85% of the reflection coefficient. In fact,
both methods produce results that are believed to be more accurate than FDTD since

background level inconsistencies and asymmetries were observed in the FDTD data.
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