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ABSTRACT 

Several topics concerning the imaging properties of patterned multilayer mask 

structures are addressed. 

Using the split-step beam propagation method in conjunction with linear systems 

theory, the reflected electric field from a patterned multilayer structure is calculated. 

This calculation accounts for the finite thickness of the pattern structure and the 

angular dependence of the multilayer reflector. 

A coherence mapping relationship is developed for a patterned multilayer structure 

placed in the object plane of an optical system. It is shown that both the spatial period 

of the pattern structure as well as the angular dependence of the multilayer reflector 

determines when a simulation must include angular dependence in the coherence 

mapping. If the illumination system is non-telecentric, a spatially dependent variation 

of the image irradiance occurs over the field of view of the optical system. A source 

with a finite spectral bandwidth causes a substantial irradiance decrease in the final 

image, due to the spectral dependence of the multilayer structure. 

In an effort to analyze the effects of roughness in short-wavelength imaging sys

tems, the theory of speckle in partially coherent imaging systems is expanded to 

include the effects of a pattern structure, as well as imaging system aberrations. In

cluding a pattern structure causes the partially developed speckle to manifests itself 

as a line edge roughness (LER) in images printed in a binary photoresist. It is shown 

that the LER can increase as the system becomes more incoherent. It is also shown 

that defocus causes LER produced in the image plane to dramatically increase. 

An iterative algorithm is developed to calculate the reflected electric field from 

a rough multilayer structure, which uses no first-order phase approximation and in

cludes the effects of diffraction within the structure. 
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The iterative algorithm is used with the coherence theory developed in this disser

tation to analyze the imaging properties of a patterned multilayer structure. Including 

the effects of the multilayer structure and the thick pattern in the simulation results 

in an increase in LER, a slight shift in the ideal focus position and an asymmetry in 

LER for off-axis illumination. 
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Chapter 1 

INTRODUCTION 

High resolution optical imaging systems, and more specifically imaging systems 

used for micro-lithography, are continually pushing the limits of technology. Several 

years ago, the development of extremely high numerical aperture imaging systems 

was driving the continual advancement of this technology (J.R. Sheats and B.W. 

Smith 1998). However, this driving force is quickly beginning to exhaust itself as 

the numerical aperture of these systems are pushed to the limits of what is practical, 

or in some cases possible, using current designs that utilize large complex refractive 

systems. 

New imaging systems, which are under development, have been designed to use 

extremely short wavelength radiation (A ~ 13nm) to improve resolution, rather than 

the high numerical aperture cameras and the longer wavelength sources (A ~ 193nm) 

being used in current systems. (D.W. Sweeney, R. Hudyma, H.N. Chapman and D. 

Shafer 1998; A.M. Hawryluk, N.M. Ceglio and D.A. Markle 1997; G.D. Kubiak and 

D.R. Kania 1996; E. Spiller 1995; Vladimirsky 1998) 

Formation of an image with extremely short wavelength sources (the extreme 

ultra violet (EUV) and soft x-ray regime) is substantially different from imaging in 

the visible and soft ultraviolet spectrum. One is tempted to simply scale the optical 

system in terms of wavelength and use the same mathematical treatment that is used 

for visible light systems. However, doing so can lead to serious errors if one does not 

consider many of the properties that make an extremely short wavelength imaging 

system unique. Several commonly used approximations, which are quite vahd in 

current, longer wavelength (A 193nm) designs, are called into question and must 
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be examined and possibly reformulated to deal with these more complex systems. 

There are two properties, that are unique to extremely short wavelength imaging 

systems. The first property is the use of all reflective elements. This change from the 

currently used refractive designs is entirely due to the lack of materials that refract 

light with wavelengths shorter than lOOnm. Furthermore, reflectors fabricated from 

simple materials do not reflect EUV light at normal incidence. Therefore, the optical 

elements used in these imaging systems are constructed using multilayer reflective 

structures (E. Spiller 1995; D.G. Stearns, R.S. Rosen, and S.P. Vernon 1993). The 

physical properties of a multilayer structure are substantially different from those of 

an ideal reflector or a transmissive optical element. 

The second unique property of extremely short wavelength imaging systems in

volves basic fabrication technology. Current fabrication technology only allows pol

ishing of an optical element to a roughness of about O.lOnm (rms)(J.S. Taylor, et.al. 

1998). In longer wavelength systems, this amount of roughness is clearly negligible. 

However, it becomes a serious concern for imaging systems in which this roughness 

is a significant fraction (A/30) of the optical wavelength being used ISnm in the 

case of EUV). 

A primary motivation for this dissertation is to study and expand on several im

portant topics in advanced imaging theory that are applicable to any patterned object 

exhibiting an angular or spectral dependence on reflection. The topics covered in this 

body of work represent a significant contribution to the study of advanced imaging 

theory and are immediately applicable to the current field of EUV lithography. 

Current EUV lithography systems use a patterned mask that consist of a 90nm 

thick chrome absorber pattern structure, deposited on a multilayer reflector consisting 

of 80 layers of molybdenum and silicon. An object mask designed in this manner 

presents many significant departures from the thin binary mask that is commonly used 

in the analysis of many imaging systems. Firstly, the multilayer reflective structure 

cannot be considered an ideal reflector. It's reflectivity changes dramatically with 
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respect to a change in angle, as well as to a change in wavelength. This dramatic 

angular and spectral response changes the coherence properties of the electric field 

illuminating the mask. Secondly, the 90 nm thick chrome pattern structure is nearly 

seven waves thick (for A = 13.4 nm) and cannot be approximated as thin. 

Four methods of calculating the reflected electric field from an EUV mask structure 

are used in this dissertation. The first assumes that the pattern structure is thin 

and only accounts for the angular dependence of the multilayer reflective structure. 

This method is used primarily for illustrative purposes, and to develop a conceptual 

model for understanding the interaction of the multilayer reflector with the pattern 

structure. The second method, developed exclusively for this dissertation, uses a 

split-step beam propagation technique to simulate more accurately the thick pattern 

structure on the multilayer mask. The third method simulates the pattern structure 

using a rigorous solution to Maxwell's equations. In each of these cases, the multilayer 

reflector is modeled as a linear system. The final simulation method is a complete 

rigorous solution to Maxwell's equations for the entire patterned multilayer structure. 

This final simulation technique is hmited to a one-dimensional pattern structure and 

is used as a comparison standard to test the vahdity of the three previous simulation 

techniques. It is shown that the electric field calculated using the split step beam 

propagation method is in excellent agreement with a full rigorous simulation of the 

mask structure. However, the BPM method calculates the refiected electric field 

from a full three dimensional mask structure in less than 5 minutes rather than the 

three hours required using the rigorous simulaiton of the pattern structure(Pistor 

2001). This substantial increase in computational efficiency allows for the study of 

more realistic patterned mask structure including the effects of non-ideal multilayer 

interfaces. 

A general relationship which maps the coherence properties of an electric field 

incident on a patterned multilayer structure to the electric field refiected from the 

structure is developed in this dissertation. The purpose of this development is to give 
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the reader a significantly higher level of physical insight into how angularly depen

dent or spectrally dependent structures change the coherence properties of an imaging 

system. Previous work in this area of research has primarily focused on simple tele-

centric Kohler illumination systems used in conjunction with perfectly incoherent 

sources(Pistor 2001; P.Schiavone G.Granet and J.Y. Robic 2001; S. B. Bollepalli, 

M.Khan and F. Cerrina 1999). However, the theory developed in this dissertation 

is valid for any source or condenser configuration. In addition to the examination 

of telecenctric Kohler illumination systems used with an incoherent source, quasi-

homogenous sources, scanning and non-telecentric critical illumination systems are 

also analyzed. Finally the coherence mapping relationship is further extended to 

study the effects of a finite source bandwidth on the coherence and imaging behavior 

of a patterned multilayer mask, which has heretofore been neglected. 

This dissertation also explores how the imaging properties of a patterned multi

layer structure interrelate with the roughness that is present in EUV devices. Any 

random departure from a perfect three-dimensional structure in the mask, such as 

interlayer roughness, leads to random errors in the final image. 

A substantial amount of study has been done with regards to unintended man-

made structural errors in the mask, such as large particle contamination of the mul

tilayer coating, or errors in the patterning(T.V. Pistor, K. Adam and A. Neureuther 

1998; T.V. Pistor and A. Neureuther 1999). However, little work has been done to 

address the random inherent roughness in the mask structure. The significant amount 

of inherent roughness in EUV optical elements, due to the short wavelength, requires 

that this topic be investigated. 

This dissertation significantly expands the work done in the early 1970's, inves

tigating partially coherent speckle produced in imaging systems, a field of research 

which has been rather dormant for the past 30 years. The contributions this disser

tation makes to this field of research include a detailed analysis of the effects which 

occur when a pattern structure is included with the rough surface in the object plane, 
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as well as a detailed investigation of the effects of aberrations (primarily defocus) on 

the statistical properties of the image produced in a photoresist. 

The theoretical understanding of imaging rough surfaces is further expanded in 

this dissertation to include a rough multilayer structure. To facilitate this analysis, 

an iterative method of calculating the reflected electric field from a rough multilayer 

structure is developed. This algorithm, makes no first order approximation of the 

phase introduced by the rough surface, and includes the effects of diffraction within 

the layered structure. When used in conjunction with the split-step beam propagation 

method, this algorithm allows for a complete analysis of the imaging properties of a 

patterned, non-ideal multilayer structure. 

Following the introduction and background chapters, this dissertation is roughly 

divided into two major subject ares. The first section (Chapters 3-5) is devoted to 

the study of ideal mask structures, the second section (Chapters 6-7) is devoted to 

the inclusion of roughness into the investigation. 

Chapter 2 gives a historical background of much of the work that has been done in 

coherence and roughness theory. Chapter 2 also gives an overview of rigorous coupled 

wave theory (RCWT) and how it is used as a validation standard for much of the 

theoretical development and computer simulations. 

Chapter 3 outlines the thin pattern, spht-step beam propagation method, and 

rigorous method of calculating the electric field transmitted through a pattern struc

ture. The linear system model, when used in conjunction with the pattern structure 

simulation, calculates the electric field that is reflected from a multilayer mask struc

ture. 

Chapter 4 presents the coherence mapping relationship used to study the imag

ing effects of a patterned angularly and spectrally dependent mask structure. The 

mapping is presented as both a continuous-to-continuous (integral transform) rela

tionship, as well as a discrete-to-discrete (matrix/vector) relationship. Also discussed 

in this chapter is Abbe's method of incoherent summation over discrete source points 
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and how it is extended to include the effects of angularly dependant structures. 

Chapter 5 presents several computer simulations that compare the general coher

ence theory from Chapter 4 to an approximation method (called the effective mask 

approximation), used by Bollepalli et. al (1999). Chapter 5 also presents an analy

sis of angularly dependent structures used with non-telecentric illumination systems, 

as well as the temporal coherence effects caused by the spectral dependence of the 

patterned multilayer mask. 

Chapter 6 gives a theoretical overview of roughness in optical systems as it applies 

to structures in the object plane. In Chapter 6, only a single surface is considered. 

However, the effects of a pattern structure, partial coherence and aberrations are 

investigated. In Chapter 7, an iterative method is developed that is used to include 

the effects of a rough multilayer structure. Chapter 7 shows several computer simula

tions that are used to asses the effects of a rough multilayer coating on the behavior 

predicted in Chapter 6. 

Finally, chapter 8 gives an overview of the conclusions obtained in this dissertation 

as well as some suggestions for future work. 

1.1 Contributions 

The research presented in this dissertation consists of several academic contribu

tions. 

The split-step beam propagation method, used in conjunction with a linear system 

to model the reflected electric field from a patterned multilayered structure, presented 

in Chapter 3, and the general coherence mapping relationships presented in Chapter 4 

are newly developed computational techniques that allow a more generalized investi

gation of the imaging properties of patterned multilayered masks than has previously 

been reported. 
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The computational study performed in Chapter 5 reveals much new insight into 

the behavior of patterned multilayer masks. First, it is demonstrated that, for thick 

patterns with very small spatial periods, the angular dependence of the mask structure 

is intimately related to the interaction between the properties of the thick pattern, 

and the properties of the multilayer reflector. Chapter 5 also presents the first detailed 

analysis of non-telecentric illumination systems and how an angularly dependent mask 

structure affects the coherence of these optical systems. Finally, an investigation is 

performed that analyzes how the spectral dependence of the patterned multilayer 

structure affects the temporal coherence properties of a short wavelength imaging 

system. This is the first analysis ever performed on the temporal coherence properties 

of a patterned multilayer mask structure. 

Extending the investigation of partially coherent speckle to include the effects of a 

pattern structure and defocus results in two substantial discoveries that are presented 

in Chapter 6. First, it is demonstrated that the line edge roughness (LER) produced 

by forming an image of a patterned rough surface, can increase as the imaging system 

becomes more incoherent! This is a surprising discovery, since the LER occurs because 

of partially developed speckle from the rough surface. However, it is well known that 

speckle from an unpatterned surface decreases as the imaging system becomes more 

incoherent. The reason this contradictory behavior occurs is discussed in Chapter 

6, and it is shown that the increase in LER is due to an interaction between the 

speckle produced by a rough surface and the partially coherent imaging properties 

of the pattern structure. It is shown that the increase in LER for a more incoherent 

system requires that the surface roughness of the object structure have a very short 

correlation length with respect to the resolution of the imaging system. 

The second discovery in Chapter 6, is that the partially developed speckle pro

duced when imaging a slightly rough surface substantially increases as defocus is 

added to the system. It is shown that this phenomenon only occurs for slightly rough 

surfaces, and that the effect decreases as the optical system becomes more incoherent. 
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This substantial increase in speckle and LER with defocus is extremely significant, 

because it occurs in what is considered to be an acceptable depth of focus tolerance 

for an ideal system. 

The iterative computational method, used to calculate the reflected electric field 

from a rough multilayer structure, also represents an academic development. This 

computational method differs from previous work in two important ways. First, un

like the work presented by Eastman (G. Hass and M. H. Francombe ed. 1978), it 

includes the effects of scalar difi^raction on the fields propagating within the structure. 

Second, unlike the work presented by Stearns (1992), no first order approximation 

is made in the phase of the reflected field from each rough surface within the mul

tilayer. Finally, this iterative method of simulating a rough multilayer structure is 

also very computationally efficient, calculating the reflected electric field from a rough 

multilayer in less than a minute.^. 

Using this iterative algorithm to simulate a rough multilayer structure, in conjunc

tion with the beam propagation method to simulate a thick pattern structure, allows 

the calculation of the reflected electric field from a patterned rough multilayer struc

ture. The computational efficiency of both the split-step beam propagation method 

and the iterative multilayer algorithm allows for a full coherence analysis, accounting 

for the angular dependence, of a patterned rough multilayer mask structure. Al

though most of the results of this analysis can be understood from the expanded 

single surface roughness theory developed in this dissertation, including the multi

layer structure and the thick pattern introduces some additional effects. Firstly there 

is a significant increase in LER that is caused by the multilayer structure, as well as 

an increase that is due to the thickness of the pattern. In addition to this increase 

there is a slight in the focus location that minimizes the LER. Both of these effects 

require a full analysis of the patterned rough multilayer structure to observe. 

^The multilayer structure consists of 80 layers each sampled at 300 x 300 pixels. 
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Chapter 2 

BACKGROUND 

This chapter is primarily an overview of relevant previous work. Sections 2.1 

through 2.4 discuss the topic of optical coherence theory from a statistical point of 

view and give an overview of how coherence properties of an optical field propagate 

through an optical system. This overview is followed by a brief literature review in 

Section 2.5, which discusses how current understanding is expanded by the theory 

developed in this dissertation. 

Section 2.6 deals with roughness theory in optical systems. This section begins 

by briefly discussing the two most common methods of studying roughness, namely 

scattering theory and speckle. This section is further divided into two subsections. 

Section 2.6.1 discusses previous work in the study of roughness on a single surface 

within an optical system. Section 2.6.2 discusses the previous work in the study of 

roughness in mutilayer systems. 

Section 2.7 gives a brief overview of the theoretical foundations of rigorous coupled 

wave theory and how it is used as a rigorous comparison to the theory presented in 

this dissertation. 

2.1 Coherence background 

Many theoretical formulations in physical optics assume an idealistic monochro

matic electro-magnetic wave. That is, the assumption is made that the characteristics 

of an optical field are completely known and deterministic in all of time and space. 

While this might be a close approximation to a very good laser beam, it is never a 
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completely true representation of nature. In fact, nature behaves randomly to some 

degree in every aspect. Therefore, a statistical description of light plays an extremely 

important role in determining the behavior of many optical systems. While it is 

clear that some form of statistical description is necessary, in most cases a complete 

statistical description is seldom required, and generally a second order model is suf

ficient (Section 10.1 of Reference (M. Borne and E.Wolf 1980)). The second order 

average of the statistical properties of an optical field is often referred to as a coher

ence function, and the field of study known as coherence theory is simply the study 

of the second order statistics of an optical field. An extremely large amount of in

formation can be obtained from these second order statistics, but usually the most 

useful piece of information is the ability of the optical field to interfere. 

The primary quantitative expression of this ability to interfere is the mutual co

herence function. This function, expressed in it's most general scalar form, is given 

by 

r(ri, r2, ti, t2) = {E{ri,t + ti)£'*(r2, t + t2))t, (2.1) 

where r denotes the position vector (x, y, z) and U indicates a specific instant in time. 

Averaging in the equation is done over time The mutual coherence function is a 

statistical property that, expressed in words, is the temporal correlation of the electric 

field at two positions in space with respect to time. For most experimental situations 

encountered in optics r(ri, r2, ̂ 1,^2) determines the measured light field. For example 

r(ri, r2, ti, ̂ 2) determines the fringe visibility in a simple, two beam interferometer. 

In most cases, electric fields are stationary with respect to time. That is, the 

statistics of the optical field are not changing with respect to absolute time. Station-

arity, of course, neglects any transient response that occurs when the source is turned 

on, and assumes the average power of the source is not fluctuating on time scales 

comparable to the temporal period of the optical field or the measurement time. In 

^Variables in bold refer to vectors throughout this dissertation 
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this case, the statistics of the optical field only depend on a time difference. That is, 

t + ti and t + ̂ 2 in Eq. (2.1) are replaced by t and t + A^, respectfully. The mutual 

coherence function becomes 

r(ri,r2, At) = {E{ri,t)E*{Y2,t + (2.2) 

The mutual coherence function is simply a statistical description of a randomly 

fluctuating electric field that exists within some region of space. Understanding how 

the five dimensional statistical relationship given in the mutual coherence function 

relates to phenomena, such as interference, can be confusing. To gain a better under

standing, consider the simpler case of a three dimensional mutual intensity function 

given by 

r(?/i , ? / 2 ,  At) = {E{yi,t)E*{y2,t + (2.3) 

Assume this mutual coherence function describes the electric field on a plane located 

at 2; = 0, which originates from some source at a location 2: ^ 0, as shown in Fig. 2.1. 

Next, consider an aperture with two small pinholes placed immediately to the right 

of the electric field in question. These two pinholes are at locations yi and y2- The 

two ideal pinholes form two point sources whose fluctuations represent the random 

temporal fluctuations of the electric field E{y, t) at locations yi and ?/2 respectfully. 

Next, consider an observation screen at location z = ZQ. This optical system is 

essentially a description of the classical Young's double pinhole experiment(T. Young 

1802). The electric field incident on the observation screen at location y' is given by 

Eobsiy',t) = K{yi;y')Ei{t) + K{y2-,y')Ei{t + At) (2.4) 

where Ei refers to the electric field originating at point yi in the z = 0 plane. That is, 

Ei{t) = E{yi, t). K(yi; y') and K{y2; y') are simply time independent diffraction terms. 

If the pinholes are small and the distance between the pinholes and the observation 

plane is large, the Ks are essentially constant and are chosen to be equal to unity in 
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Source 

z«0 

Electric field 

at z=0 plane^ 
z=0 z=z. 

FIGURE 2.1. A generalized two pinhole experiment used to illustrate the mutual 
coherence function 

the remainder of this discussion. The variable At is 

ri — To 
At -

c 

where c is the speed of light. At is simply the time delay between when the electric 

field originating from position yi arrives at y' and the electric field originating at y2 

arrives at y'. This time delay is a function of both the position y' and the separation 

distance between y\ and y^- Assuming zq much greater than either the observation 

location y' or the separation distance y\ — y2 then At is often approximated as 

Ai = (2.5) 
CZo 
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The primary reason the mutual coherence function is used to characterize the 

electric field is that the quantity measured in the observation screen is the irradiance 

produced by the electric field, which is given by 

Of 71 
lobsi^t) = + E2{t + At)\'^)t (2-6) 

where c is the speed of light in a vacuum, e is the permitivity of free space and 

n is the index of refraction in the observation medium. Note that the term At is 

hnearly proportional to y' and defines a position on the observation screen. In order 

to simplify the following development, the leading constant ^ is suppressed in the 

following equations. Note that the irradiance is given by the time average of the 

magnitude squared of the total electric field at the location y'. Multiplying out the 

square in Eq. (2.6) results in 

Iobs{At) = {\Ei{t)\'^) + {\E2{t + At)p) + [{Ei{t)E2{t + At)) + {El(t)E2{t + At))] 

= h + l2 + 2Re{{Ei{t)E;{t + At))}. (2.7) 

Notice that only the cross term depends on the time delay At. Further notice that 

the cross term is the real part of the mutual coherence function. That is, 

Iobs{At) = Ii + I2 + 2Re{r(yi, y2i At)}. (2.8) 

Note that the mutual coherence function in Eq.(2.8) refers to the electric field in the 

plane of the pinholes, and not the observation plane. 

Consider the case where the random fluctuations of the electric fields Ei{t) and 

E2{t) are completely independent. This occurs if Ei{t) and E2{t) originate from two 

independent atoms in an excited gas, located at positions yi and y2- If this is the 

case, then the cross term in Eq. (2.7) becomes 

2Re{r(^i,i/2, At)} - 2Re{{E,{t)){E;{t + At))} = 0, (2.9) 

and no interference occurs. 
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Next consider the case where the electric fields Ei{t) and E2{t) are perfectly 

deterministic monochromatic sources. This occurs if the pinholes at yi and y2 are 

placed in front of a perfect plane wave. In this case Ei{t) and E2{t) are given by 

Ei{t) = Ki and E2{t) = K2 e^2Mt+A4) 

where Ki and KK2 are the spatially dependent propagation terms, which are assumed 

to be constant and equal to unity. Given these two electric fields, the cross term in 

Eq. (2.7) becomes 

2Ke{{Ei{t)E2{t + At))} = 2(cos(At)) = 2cos(Ai), (2.10) 

which are the well known Young's fringes. Note that the averaging in Eq.(2.10) is 

done over t and not At. 

Of considerably more interest is the behavior of electric fields that are between 

these two extremes. However, to consider these more general cases, some assumptions 

are made regarding the source of the electric field. 

Consider first the case in which the electric field is produced from a polychromatic 

point source at the location z = —£ (where ^ -C 0). For simplicity, assume that the 

source is oriented such that it lies on the 2;-axis, which bisects the two pinholes. This 

situation is illustrated in Fig. 2.2. Because the electric fields at the pinhole locations 

originate from a point source and the their distance from the source is the same, 

the random temporal fluctuations of the electric field at the pinhole locations are 

perfectly correlated. That is, in the plane of the pinholes 

E2{t) ^ E,{t) = E{t). (2.11) 

Therefore, the cross term describing the irradiance in the observation plane is 

2Re{{{E{t)E*{t + At)})} = 2Re{r(At)}, (2.12) 

where the averaged term r(At) is known as the self coherence function, and it de

scribes the interference of an electric field with a delayed (but not spatially shifted) 
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+ 2^/J/2 sine (A vAt)cos(27rv A?) 

FIGURE 2.2. Young's two pinhole experiment in which the illuminating field is created 
from a polychromatic point source 

copy of itself. Note that the exact functional representation of E{t) is a random 

process. The averaged term on the left hand side Eq. (2.12) is the autocorrelation 

function of the stationary random variable E{t). It is well known that, for a station

ary random variable, the relationship between the autocorrelation function and the 

power spectrum is a Fourier transform. That is, 

OO 

r{At )  =  j S  (2.13) 

—00 

where S{u — u) is the power spectrum of the polychromatic point source, centered on 

mean frequency P with a width of Ai^. The power spectrum is essentially defined by 

the relationship given in Eq. (2.13). However, what the power spectrum physically 
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represents is the spectral distribution of optical frequencies that make up the electric 

field in the plane of interest. For example, if the hght at either of the pinholes 

is dispersed through a prism. The irradiance measured as a function of wavelength 

would give the power spectrum of the electric field at that location. Because the field 

of interest in this situation, originates from a polychromatic point source, the power 

spectrum is the same for all pinhole locations yi and y2-

If the power spectrum is a rect function, then r(At) becomes 

r(At) = smc{/\u ^2.14) 

and the interference term of Eq. (2.12) becomes 

2Re{r(At)} = sinc(Ai^ At) cos(27r/?At). (2-15) 

Therefore, the interference pattern produced on the observation screen, by the electric 

field in the z = 0 plane, originating from a polychromatic point source at location 

z — simply a collection of cosine fringes with a spacing that is dependent on the 

mean frequency 9^ which is modulated by a sine function whose width is dependent 

on the frequency bandwidth Az^ of the power spectrum. 

Next, consider the case of a source to the left of the z = 0 plane that has a 

finite spatial extent. The source is quasimonochromatic (which is defined presently), 

such as a filtered mercury arc lamp. The Fourier transform of the mutual coherence 

function 
OO 

r(yi,Z/2, At) = j  t { y i , y 2 , i y ) e ' ^ ' " ' ^ ^ d u  (2.16) 
0 

were P is simply the average optical frequency and r(yi,y2, u), indicates the spectral 

Fourier transform of T{yi,y2, At). The function T{yi,y2,i') is known as the cross 

spectral density of the random electric field E(y,t). Note that the integration in Eq. 

(2.16) goes from 0 —> oo, whereas, in a standard Fourier transform the integration 

is from —oo ^ oo. Fourier theory can still be used to describe the relationship 
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in Eq.(2.16), provided that the electric fields which are averaged in the definition 

of the mutual coherence function in Eq. (2.1) are analytic functions. An excellent 

discussion of the mathematical details of analytic functions is provided in Section 3.8 

of Reference (Goodman 1985) and in Chapter 12 of Reference (R.N. Bracewell 1978) 

. Provided that the randomly varying complex electric fields are defined as analytic 

functions, then the relationship between the mutual coherence function and the cross 

spectral density is a Fourier transform, and the hmits of integration in Eq. (2.16) 

can be taken from —oo —> oo. Throughout this dissertation, any randomly varying 

electric field is considered an analytic function. 

Equation (2.16) is expressed equivalently as 

r{y^,y,,At) = (2.17) 

The condition that must be satisfied for the quasimonochromatic assumption is that 

the optical path difference (given by cAt) for any two rays in the optical system must 

be such that 
1 

At < —. 
Au 

When this condition is satisfied, the exponential function inside of the integral of Eq. 

(2.17) becomes essentially unity for all rays of interest in the optical system. In this 

case, Eq. (2.17) is well approximated by 

r ( ? / i , z / 2 ,  Ai) =  j  T { y i , y 2 , y ) d u  (2.18) 

= e^2-^^r(?/i,y2,At = 0), (2.19) 

where the central ordinate theorem is used in going from Eq. (2.18) to Eq. (2.19). 

Therefore, the cross term from Eq. (2.8), which defines the fringe pattern ob

served, is given by 

2Re{T(yi,y2, At)} = 2Re{r(?/i, ^2) At = 0) exp(z27rj?At)} (2.20) 

= 2Re{ J(j/i, 2/2) exp(z27rz/At)} (2.21) 

= \J{yi,y2)\cos{27ruAt + ip), (2.22) 
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where J{yi,y2) is known as the mutual intensity function, given exphcitly by 

J{yi,y2) = r{yi,y2,At = o) 

= {Eiyi,t)E*{y2,t)). (2.23) 

The phase variable ip is the phase of the mutual intensity function given by -ip — 

arg(J(xi,X2)). The fringe pattern in the observation plane is therefore given by 

lobsi^t) ^ I1 + I2 + |J(yi, 2/2)1 cos(27ri^A^ + xp). (2.24) 

The contrast of the observed fringes is given by 

V = HHTOLM, (2,25) 
h + h 

Therefore, the interference pattern produced by an extended quasimonochromatic 

source is simply a cosine fringe pattern with a fringe separation distance that is 

dependent on the frequency u and whose contrast is determined by the location of the 

two pinholes yi and j/2- Notice that the mutual intensity function is not dependent on 

At and does therefore not affect the shape of the fringes produced in the observation 

plane. It only determines the overall contrast of the fringes. 

For the experiment discussed above, the mutual intensity is calculated using the 

well known Van-Cittert/ Zernike Theorem (P.H. Van Cittert 1934; F. Zernike 1938). 

The mutual intensity produced by and extended source is proportional 

to the Fourier transform of the source's spatial irradiance distribution. 

The transform variable is the angular separation of the measurement points 

divided by the wavelength 

Assuming that the source is incoherent with an irradiance distribution I{ys) given 

by 

/(y,) = rect , (2.26) 
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then the mutual intensity in the plane of the pinholes is given by 

J{yi,y2) 

e^smc 

s (2.27) 

(2.28) 

where 

^ ~ yi) + yiyi^y2-J), (2.29) 

where variable i is the distance between the source and the z — 0 plane and Y{yi,y2',^) 

is any phase term which results from the Fourier transform in Eq. (2.27). For example 

if the source I{ys) is off axis, then Y{yi,y2;i) is a linear phase. The quadratic term 

in Eq. (2.29) is an additional optical phase which occurs when when the pinholes are 

not centered on the z-axis. This term is reahzed by doing a binomial expansion on 

the optical path difference between two non-centered pinholes, and any point in the 

source plane. For two symmetric pinholes and an on-axis source ip = 0. 

From this mutual intensity, it is apparent how the source size and pinhole location 

affects the fringe contrast in the observation plane. That is, the fringe interference 

term becomes 

2.2 The mutual intensity function and imaging 

One primary use of the mutual intensity function is to directly calculate irradiance, 

while it retains information about the optical field's coherence properties. Recall that 

the irradiance at any point in an optical system, apart from a multiplicative constant, 

is given by the time average of the absolute value of the square of the total electric 

lobsi^t) — A + -̂ 2 + 2Re{r(j/ i ,  ?/2, 'A^)} 

h + h + sine (2.30) 
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field at that point. 

J(r) = (|^(r,t)n 

=  { E i r , t ) E * { r , t ) )  

(2.31) 

(2.32) 

In Eq.(2.8) irradiance is defined where r = y', a point on the observation screen. 

However, the irradiance at any plane in an optical system is given directly from the 

mutual intensity function representing the optical field in that plane. Inspection 

of Eqs. (2.23) and (2.32) provides the relationship between mutual intensity and 

irradiance given by 

where r is a location at the point of interest (defined by the position vector r) and J 

is the mutual intensity at that point. Irradiance is just the mutual intensity evaluated 

at ri = Y2. 

2.2.1 Mapping of mutual intensity 

The relationship between the mutual intensity in any two planes in an optical 

system is expressed as a four-dimensional linear mapping. This mapping is demon

strated as follows. If there is a linear relationship between the electric field in one 

plane (say plane o) of an optical system and the electric field in another plane in the 

system (say plane z), the linear relationship is expressed as a simple two dimensional 

integral transform given by 

where /i(r', r) is the impulse response function between the two planes of interest^. 

This impulse response could represent any number of physical systems, such as the 

''The use of primed coordinates generally refer to the image plane. The primed coordinates in 
Section 2.1 are not to be confused with the image plane coordinates in this section. 

/(r) = J(r,r) (2.33) 

(2.34) 



43 

coherent point spread function of an imaging system (illustrated by the labeling choice 

of 0 and % for the planes in question), the free space propagation kernel or any other 

hnear relationship given by an optical system. Combination of equations (2.23) and 

(2.34) yield the mutual intensity in plane i as 

The averaging brackets are brought inside the integration because only the electric 

field functions Eo{ri,t) and E*{r2,t) depend on time. This operation is equivalent to 

rearranging the order of integration, given that the time averaging process is simply 

an integration over the variable t. Finally, noticing that the averaged quantity in 

Eq. (2.37) is simply the mutual intensity at the plane o, the relationship between the 

mutual intensity at planes o and i is given by 

If the relationship between the light source and some other plane in the optical 

system is considered, the mapping of mutual intensities between these two planes is 

given by 

where s is a vector representing a location on the source, and /icond(r2, S2) is the 

impulse response representing the hnear relationship between the source plane and 

the plane at which knowledge of the the mutual intensity is desired. In lithography 

applications the plane of interest is at the location of the mask, and the impulse 

response /icond(ri, Si) is the condenser system impulse response function. 

At this stage, the mutual intensity propagates between two planes in an optical 

system is determined. In using the mutual intensity function, it is assumed that the 

(2.38) 

Jo(ri,r2)= / / J5(si,s2)/ie0nd(ri,si)/i*,„d(r2,s2)dsids2, (2.39) 
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spectral bandwidth of the electric field is narrow enough to be classified as quasi-

monochromatic. However, no statement is made as to the functional form of the 

mutual intensity. In order to specify this functional form, the coherence must either 

be measured directly or an assumption about the physical nature of the system in 

question must be made. The natural place to make this assumption is at the location 

of the illumination source. 

2.2.2 Source Properties 

In many cases the spatial correlation of the random fluctuations in the source are 

much smaller than the wavelength of light. This condition is usually satisfied if the 

electric field originates from some sort of naturally radiating light source. The reason 

this assumption can be made is that a naturally occurring light source, such as a 

mercury discharge lamp, produces hght by the excited motion of atoms. It is natural 

to assume each of the atoms in the source is moving independently. Given that the 

sizes of the atoms in question are much smaller than the wavelength of light, the 

spatial correlation in the atomic motion (and consequently the optical phase of the 

light being produce by each atom) is much smaller than the mean wavelength of the 

light being produced. Knowledge that spatial correlations of the temporal variations 

of the optical phase are smaller than the wavelength of light is profound, because 

spatial features in the optical field that are smaller than the wavelength of hght 

do not propagate except as evanescent fields. Assuming that the distance between 

the source and the plane of interest is greater than a few wavelengths, the mutual 

intensity at a source of this type is well approximated using a delta function, and is 

of the following form 

^s(si, S2) = kI{SI)6{SI - S2), (2.40) 

where /(s) is the irradiance distribution of the source and K is a constant. When
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ever this approximation is vahd, the source of the radiation is said to be "spatially 

incoherent". Substitution of Eq. (2.40) into Eq. (2.39) yields 

In the context of an imaging system, the function s) is the point response 

function of the condenser system. However, the linear operator could just as easily 

represent a propagation through free space, where the function h{r, s) is the Fresnel 

free space propagation kernel given by 

Substitution of Eq. (2.42) into Eq. (2.41) and expanding the quadratic terms in the 

exponential yields the explicit functional form of the well known van Cittert-Zernike 

Theorem, which is described qualitatively in section 2.1. 

When the spatially incoherent assumption about the optical source given in Eq. 

(2.40) is valid, the irradiance at any location in an optical system is equivalently 

calculated by treating the source as a collection of independent point sources that 

are incoherent with respect to each other. The individual irradiance distributions 

produced by each point source are then added together to produce the resultant 

irradiance at the plane of interest. This technique is extremely useful for simulating 

many optical systems, and it is discussed in detail in Chapter 4. 

However, not all optical sources can be treated as perfectly incoherent. Much work 

has been done studying so called "quasi-homogeneous" sources (W.H. Carter and E. 

Wolf 1977; E. Wolf 1975; E. Collett and E. Wolf 1978; E. Wolf and W.H. Carter 1978; 

E. Wolf 1978) (and section 5.6.4 of ref. (Goodman 1985)). These sources have an 

narrow spatial coherence, but cannot be suitably approximated by Eq. (2.40). 

The definition of a quasi-homogeneous source is one that is classified as quasi-

monochromatic, but whose spatial coherence cannot be approximated as a simple 

delta function. A more quantitative definition of a quasi-homogeneous source comes 

Jo{ri,r2)-=K / /(s)/ieo„d(ri,s)/i'^„^(r2,s)o!s. (2.41) 

(2.42) 
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from Reference (Goodman 1985). The mutual intensity of a quasi-homogeneous 

source is defined as 

Js{si,S2) = \//(si)/(s2)M(AS), (2.43) 

where I{si) is the irradiance of the source at point Sj and the function /^(As) is a 

correlation function whose width defines the the spatial coherence of the source. 

Some basic understanding of the behavior of quasi-homogeneous sources is gained 

by analyzing how the coherence of the electric field produced by these sources prop

agates through free space. Assuming that the overall dimensions of the source are 

much greater than the width of the correlation function /i, the mutual intensity of 

the quasi-homogeneous source is approximated as 

Js{si, S2) = /(s)/i(As), (2.44) 

where the average source position is given by s = (si-l-S2)/2 and the position difference 

is given by As = S2 — si. Or conversely 

_ As , _ As 
Si = s — and S2 = s -|- — 

Goodman (1985) (Section 5.6.4) presents a generalized Van-Cittert Zernike theo

rem based on the four-dimensional linear mapping of the mutual intensity of a quasi-

homogeneous source, that uses the free space transfer function from Eq. (2.42). The 

results of this analysis are that the mutual intensity resulting from a free space prop

agation of a quasi-homogeneous source is of the form 

^2(ri,r2) = •^^g(f)y(Ar), (2.45) 

where 
- ri + Y2 
^ 2 

is the mean position in the measurement plane, and (Ar) = ri — r2 is the spatial 

separation in the measurement plane. The function Qir) represents a spatial variation 
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of the mean position given by 

(5(r) = / Ai(As) exp • As d{As) (2.46) 

and the function V(r) represents the spatial correlation of the electric field in the 

observation plane, given by 

The most important aspect of this result is that the spatial variation in the mea

surement plane (5(f) is determined by the correlation of the electric field in the source 

plane /^(As), while, conversely, the electric field correlation in the observation plane 

V(Ar) is determined by the spatial distribution of the source /(s). Notice that, for 

a highly coherent source the function, ^(As) is very wide function and consequently 

the function Q{f) is narrow. The irradiance distribution of light in the observation 

plane, is given by 

where f = r and Ar = 0 when ri = r2. Therefore, as the source becomes more 

coherent, the irradiance produced in an observation plane some distance away is 

substantially narrowed from that produced by an incoherent source. A direct physical 

manifestation of this relationship explains why a laser forms such a tightly confined 

beam. 

2.3 Partially coherent imaging systems 

The previous section provides general relationships that determine the mapping 

of the mutual intensity function through some optical systems, which are either a 

condenser described by the function /i^„„d(r,s), or a projection camera described by 

^cam(r', r). This section relates these mathematical functions to physical lens systems 

that are often used in practice. 

(2.47) 

I { r )  =  M r , r )  =  V { 0 ) Q { r )  (2.48) 
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2.3.1 Projection Camera 

The projection camera subsystem consists of all optical elements between the 

mask structure and the image plane of the optical system. The sole purpose of this 

subsystem is to form perfectly an image of the mask structure onto the image plane. 

There are countless possible configurations of optical components that can accomplish 

this task. However, for the purposes of this research, the optical imaging system that 

is assumed for the projection camera subsystem is generally a doubly telecentric 4-f 

system with a reduction of 4x. A 4-f telecentric imaging system is chosen primarily 

because it can be modeled exactly as a linear shift invariant (LSIV) system, and 

can thus be handled easily using Fourier theory. The 4x reduction is chosen primarily 

because of most EUV systems have a reduction of 4x. Non-telecentric lens systems can 

also be handled using Fourier theory, but additional phase terms must be included. 

It is further assumed that the imaging system is of sufficiently low numerical aperture 

that the vector nature of the imaging system can be suitably neglected (NA< 0.6) 

(Flagello 1993; D.G. Flagello, T.D. Milster and A.E. Rosenbluth 1996). 

Recall that the relationship between the mutual intensity in the object and image 

plane of an optical system is given by Eq. (2.38) 

where , r) refers to the point response function of the projection camera imaging 

system. It is well known that, within the approximation of paraxial optics, the point 

response function of telecentric 4-f imaging system is given by 

where P(x) is the lens system aperture function, and m is the transverse magnifica

tion factor. Often, the relationship is more useful when expressed in terms of angular 

coordinates rather than spatial coordinates. First, the object and image space coor-

Jo(ri, r2)/icam(ri, ri)/il^(r2, r2)dri dr2, (2.38) 

/icam(r' - r) (2.49) 
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dinates are normalized with respect to wavelength, that is 

r r 
and f' = —. 

A 
(2.50) 

Next, the angular coordinate p is defined such that 

(2.51) 

Substitution of these definitions into Eq. (2.49) results in 

^cam(r' - r) = j Pip) exp {-z27r(f' - mf) • p} dp, (2.52) 

where the kernel in Eq. (2.52) is a pure Fourier transform. In subsequent expressions 

the hats on the spatial coordinates are omitted. Henceforth, all spatial coordinates 

(unless otherwise stated) are normalized with respect to wavelength. If the reference 

surface in the pupil is defined such that it lies on a curved surface, the expression 

in Eq. (2.52) is, apart from a radiometric correction factor (which is unimportant 

for low NA systems), somewhat more general than that given in Eq. (2.49), except 

that the angular variable p represents the x and y direction cosine vector of the 

angular spectrum of the electric field in the object space of the imaging system, and 

the function P(p) represents an angular boundary whose limit is given by the NA of 

the optical system. Simulations in this dissertation use the angle-based relationship 

given in Eq. (2.52) to calculate the PSF of the imaging system, rather than the 

spatial coordinate based relationship given in Eq. (2.49), although the distinction is 

somewhat academic for low the NA systems analyzed in this dissertation. 

2.3.2 Condenser system 

The mutual intensity incident Jo(ri, r2) on the surface of the object in an optical 

system Jo(ri,r2), is found by applying Eq. (2.39). 
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FIGURE 2.3. Two typical Kohler illumination systems are shown: (A) a telecentric 
configuration. (B) a non telecentric configuration. 

Jo(r'i,r'2) jy"js(si,s2)/icond(r'i,si)/il„d(r2,s2)a!sio!s2, (2.39) 

where Jg is the mutual intensity of the source and /icond(ri,Si) is the coherent am-

phtude point response function of the condenser system. The functional form of 

^cond(ri,Si) is determined by the optical configuration of the condenser subsystem. 

Two commonly used condenser configurations, known as Kohler illumination and 

critical illumination, are discussed. 

Kohler illumination 

A Kohler illumination is illustrated in Fig. 2.3. In this configuration, the con

denser system is designed such that an image of the optical source forms in the pupil 
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of the projection camera optical system. The location of the mask is the object plane 

of the projection camera. There are obviously an infinite number of possible configu

rations that satisfy this requirement. However, the two most common are illustrated 

in Figures 2.3(A) and 2.3(B). Figure 2.3(A) shows a telecentric condenser system. In 

this configuration, the source is placed at the front focal plane of the condenser lens, 

and the mask is placed at the back focal plane of the condenser lens. This condenser 

configuration is used with a telecentric projection, which forms a completely telecen

tric optical system. The advantage of this configuration is that there are no quadratic 

phase factors to be dealt with in the mathematical treatment. 

Using the mapping techniques given in Appendix D, it can be shown that the 

point response function relating the source plane to the object plane for a 

Ix telecentric Kohler illumination system, such as the one shown in Fig. 2.3(A), is 

given by 

where / is the focal length of the condenser lens, which is normalized with wavelength. 

Notice that Eq. (2.53) is simply a Fourier transform kernel with variables r and s//. 

Figure 2.3(B) shows another common Kohler system. In this case, neither the 

condenser nor the projection camera are telecentric. The mask is in close proximity 

to the condenser lens, and the source is imaged into the stop of the projection camera. 

All quadratic phase terms that result from the condenser and the camera cancel out 

for this configuration. From a mathematical standpoint, the optical system configu

rations shown in Figures 2.3(A) and 2.3(B) are treated identically. However, unless 

otherwise stated, the telecentric configuration is assumed. 

Assuming an incoherent source with irradiance distribution /(s), substitution of 

Eq. (2.53) into Eq. (2.41) results in a mutual intensity incident on the mask plane 

given by 

Kond{r, s) = exp i—r • s 
^  J  . J  

1 r.27r 
(2.53) 

/ 

(2.54) 
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FIGURE 2.4. Two typical critical illumination systems are shown: (A) a telecentric 
configuration. (B) a non telecentric configuration. 

which is simply the Fourier transform of the intensity distribution of the source. 

Critical illumination 

Critical illumination is illustrated in Fig. 2.4. In this configuration, the source is 

directly imaged onto the mask. Because the critical condenser system is simply an 

imaging system for the source, the point response function is given by the following 

equation from Section 5.3.1 of reference (Goodman 1996). That is, 

1 
hr (r,s) = exp 

27r 1 ,0 . 27r . ,2 
I—r exp I-—s 
1z2 

exp 
2z\ 

(2.55) 

X^ZiZ2 

X J P { p )  exp {—Z27R(r — ms) • p }  d p  

where 2:1 and Z2 are the object and image distances of the condenser system, P(x) is 

the pupil function of the condenser optical system (including any aberrations), and 

m is the magnification of the condenser system given by m = —z^jzi. Substitution 
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of Eq. (2.55) into Eq. (2.39) yields the following result 

1 
^o(ri,r2) exp 

A^ZiZ2 

Js( s i , S 2 ) e x p  

X 

•  ^  {\  ' - |S2n 

(2.56) 

hco{Yi - msi)/?,^o(r2 - ms2)dsi ds2 

where 

hco{ri - msi) = J Peond(p) exp {-i27r(r - ms) • p }  d p  (2.57) 

is the Fourier transform of the condenser pupil function. 

While Eq. (2.56) is cumbersome, it can be simplified in one of two ways. First, 

if the critical illumination system is a doubly telecentric 4f system, such as the one 

shown in Fig. 2.4(A), the object and image space phase factors are eliminated, and 

the mutual intensity incident on the mask surface simplifies to 

1 
Jo{ri,r2) X 2 f 2  Js(si, S2)/ico(ri - Msi)/ico(r2 - Ms2)dsi ds2. 

A second simplification of Eq. (2.56) ia made by assuming a source that is inco

herent. That is, Js(si,S2) is given by Eq. (2.40), in which case, Eq. (2.56) reduces 

to 

^o(ri,r2) 
K 

X'^ZiZ2 
exp «^(|ri|^- |r2n I { s ) h c o { r i  —  M s ) / i p o ( r 2  —  M s ) d s .  

(2.58) 

Equation (2.58) is a general relationship for the mutual intensity incident on a 

surface resulting from a non-telecentric critical illumination system and an incoherent 

source. The quadratic phase factor is eliminated for a telecentric critical illumination 

system, resulting in 

-^o(ri,r2) 
K 

X 2 f 2  I { s ) h c o { r i  -  M s ) h c o { r 2  -  M s ) d s .  (2.59) 

Many times the mathematical analysis of a critical illumination system is handled 

in a somewhat different manner than the one described above, resulting in a further 
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(although less general) simplification of Eq. (2.58). While this further simplification 

is not used for the work presented in this dissertation, it is outlined in the interest 

of completeness. The reader is referred to Section 10.5.2 of Reference (M. Borne 

and E.Wolf 1980) or Section 7.2.2 of Reference (Goodman 1985) for a more complete 

explanation. 

The treatment is summarized as follows: An incoherent source illuminates the 

condenser aperture. The mutual intensity of the electric field in the plane of the 

aperture is calculated using the Van-Cittert Zernike theorem (although this step is 

not necessary, except to check the validity of the approximation being used). Next, a 

fundamental assumption is made (quoted from Section 10.5.2 of Reference (M. Borne 

and E.Wolf 1980)) 

The illuminated region in the image plane of the condenser (the object 

plane of the objective) is very much larger than the effective size of the 

Airy pattern due to a single source point. It follows from §10.5.1 that 

under these circumstances the complex degree of coherence for any pair of 

points in the object plane of the objective is the same as that due to an 

incoherent source filling the condenser aperture] 

Using this assumption, the mutual intensity at the object plane is calculated by 

simply assuming that the condenser aperture is an effective, although still considered 

perfectly incoherent, source. The Van-Cittert Zernike Theorem is then used on this 

effective source to calculate the mutual intensity in the object plane . The result 

of this approximation is that the mutual intensity function resulting from a critical 

illumination system yields an identical result as that of a Kohler illumination system 

for the same condenser NA and projection camera NA combination. It can be shown 

that this approximation is equivalent to using an infinitely large source distribution 

in Eq. (2.58). 

The Incoherence Factor 
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The full optical system (condenser and camera) configuration plays an important 

roll in determining the overall coherence properties of the resultant electric field in 

the image plane. An extremely useful rule of thumb has been developed to describe 

how each of the condenser subsystems described above affects the coherence of the 

optical system. For a condenser with critical illumination, a coherence factor (or more 

properly termed, incoherence factory is defined as a ratio of the numerical aperture 

of the condenser to the numerical aperture of the projection camera (both of these 

angles are measured in the object space of the camera). That is (M. Borne and E.Wolf 

where an incoherence factor <Tc = 0 represents a fully coherent field, and an <Tc oo 

represents a fully incoherent field. To understand this relationship on a more intuitive 

level, consider the situation where cTc is very close to zero. In this situation, the pupil 

of the condenser is very small and, from the point of view of the mask, looks very 

much hke a point source. 

Conversely, Hopkins demonstrated, using a cosine modulated mask pattern, that 

when the condenser numerical aperture is equal to or greater than the camera numeri

cal apertures the image resulting from an optical system with an CTc = 1 (NA^ondenser = 

NAcamera) differs from the image produce with an optical system with <Tc > 1 

(NApondenser > NAcamera) only by a "DC" offset.(H.H. Hopkins 1951) It is because 

of this effect, that CTg = 1 is usually considered an "quasi-incoherent" system. 

The concept of an incoherence factor also carries over directly to the Kohler illu

mination configuration. One can use the definition given in Eq. (2.60) to show that, 

for Kohler illumination, the incoherence factor is given by 

1980) 

condenser 
(2.60) 

NA, camera 

•^condenser 

camera 
(2.61) 

•^For the remainder of this dissertation, the term "incoherence factor" is used 
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where i^condenser diameter of the image of the source in the camera pupil and 

Dcamera is the diameter of the camera pupil. 

For an optical system with a perfectly incoherent source and no angularly depen

dent elements, the two definitions given above in Eq. (2.60) and (2.61) completely 

characterize the coherence of the electric field at the image plane. 

2.4 Temporal coherence 

If the hght source in an optical system is quasimonochromatic, all temporal co

herence properties of the optical field are ignored, and the coherence is described 

adequately using the mutual intensity function. However, if this assumption is re

moved, then the mutual intensity no longer provides an adequate description of the 

statistical properties of the optical field. The entire mutual coherence function must 

then be used. As shown in Section 2.1 the Fourier transform of the mutual coherence 

function is given by 

f(ri, r2, u) = J r(ri, r2, At)e-''^''''d{At) (2.62) 

where r(ri,r2,i^) is the cross spectral density. The abihty to express the mutual 

coherence function in terms of a Fourier transform assumes that the electric field is 

stationary with respect to time. 

It is shown in Section 3.5 of Reference (Goodman 1985) that the cross spectral 

density can also be expressed in terms of the spectral representation of the electric 

field. This relationship is given by 

f (ri, r2, i^) = lim ^E{ri, i^)E*{r2, i^), (2.63) 
T^oo Z1 

where the overbar indicates an ensemble average. That is, the average is taken over 

an ensemble of possible results for the product E{ri,u)E*{r2,i'). The fact that the 
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cross spectral density can be expressed this way is extremely useful for determining 

a linear transformation law. 

A linear relationship between the polychromatic electric field in one plane (say 

plane o) of an optical system and the polychromatic electric field in another plane in 

the system (say plane i), is expressed as a simple two-dimensional hnear mapping 

where h ( r ' ,  r; is the frequency dependent impulse response function of the hnear 

system describing the relationship between Eo{r,u) and Ei{r',u). This impulse re

sponse could be the point spread function of an imaging system, as illustrated by 

the labelling choice of o and i for the planes in question, or any other linear rela

tionship given by the optical system. That the point response function is dependent 

on optical frequency is generally true for any real linear relationship in an optical 

system. However, how strongly this function depends on optical frequency depends 

on the bandwidth of the source and the physical situation in question. In some cases 

the spectral dependence of the point response function can be suitably neglected, 

in which case the quasimonochromatic assumption is valid. In other situations, the 

dependence on optical frequency must be included. Combination of Eqs (2.63) and 

(2.64) yields the cross spectral density in plane i, given by 

where the ensemble average is brought inside the integration, because only the electric 

field functions are random. Even though the point response functions depend on 

optical frequency, they are not random and therefore not averaged. Recognizing 

the ensemble average as the incident cross spectral density Eq. (2.65) is expressed 

equivalently as 

(2.64) 

r((ri,r2,i') II lim ^ E o { r [ ,  u ) E * { r ' 2 ,  u ) h { r [ , r i ,  v ) h * { Y ' ^ ,  ra, p )  d r ' ^ d r ^ ,  (2.65) 
J —^00 

ri(ri,r2,i^) II ro(r'i, r'a, u ) K { r [ ,  ri, T ^ ) K * { r 2 ,  rs, u )  d v \ d r ' ^ .  (2.66) 
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Equation (2.66) is a very powerful result, because it demonstrates that the cross 

spectral density obeys the same propagation law as the mutual intensity, except that 

V must be replaced by u, and the spectral dependence of the point response function 

must also be accounted for. Although the term V is not explicitly stated in the 

manipulations of the mutual intensity function shown previously, it generally appears 

in the hnear mapping kernels (such as the Fresnel propagation kernel given in Eq. 

(2.42) as an average wavelength. This mapping relationship in Eq. (2.66) is proved 

alternatively using the Helmholtz equation in Section 5.4.3 of reference (Goodman 

1985). In order to obtain the mutual coherence function for the resultant field, all 

that remains to be done is to calculate the inverse Fourier transform of the result of 

Eq. (2.66) 

2.5 Coherence Literature review 

The initial work in coherence theory is found in the scientific literature as early 

as the late nineteenth century and early twentieth century. An excellent historical 

overview of early work in coherence theory is given by Beran and Parrent.(1964) In 

addition to this text, there is a great deal of information on coherence theory given in 

Born and Wolf(1980), as well as J.W. Goodman's text. Statistical Optics.(1985) Most 

of the current formulation of coherence theory is based on the work of Hopkins (1951, 

1953), Blanc-Lapierre and Dumuontet,(1955), and the work of Wolf(1954, 1955). 

The work done by Hopkins deals mainly with spatial coherence, and how it re

lates to the phenomenon of diffraction. In all of his work, a spatially incoherent 

quasimonochromatic optical source is assumed, and many of the general relationships 

for the propagation of the incoherent optical field and how it's coherence changes with 

propagation are developed. Hopkins' work builds upon the famous work done by van 

Cittert(1934, 1939) and Zernike(1938). Furthermore, Hopkins develops relationships 
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that calculate how an incoherent source affects the coherence properties of an imag

ing system and how the spatial coherence changes throughout that imaging system. 

An important approximation in Hopkins' work is that the object being imaged is 

assumed to have no angular dependence in it's transmission. It is this particular 

approximation that is not completely valid for a patterned multilayer mask, and it 

will be removed, quite generally, in Chapter 4. While restrictions associated with 

the Hopkins' approximation have been removed in the analysis of specific situations 

(such as a Kohler illuminated imaging system) (Pistor 2001), this dissertation repre

sents the first situation, known to this author, in which a general theory is developed 

that completely removes the Hopkins' approximation for any general imaging system. 

Prior to this dissertation, the only theoretical study that has been done on how 

angularly dependent materials affect the spatial coherence of an optical system was 

done by Simon (1989). This work consisted of extending the work done by Tamir 

(1986), on reflected Gaussian beams from multilayer structures to include the effects 

of partial coherence. This work is built upon significantly in this dissertation to 

include an imaging optical system as well as including a patterned structure with the 

angularly dependent media. 

The work done by Wolf, and independently by Blanc-Lapierre and Dmuontet 

involves a coherence formulation that removes the quasimonochromatic assumption 

from Hopkins' work. Wolf's formulation allowed the study of the more general case 

of arbitrary spatial and temporal coherence. Part of the work done in this disserta

tion incorporates this general coherence theory to include angularly and spectrally 

dependent object structures. The following chapters build on the temporal coherence 

studies for multilayer structures done by Richter (1993) and Chen (1992), who de

veloped a a formulation of the temporal mutual coherence function for a multilayer 

thin film structure. It needs to be pointed out that the work done by Richter and 

Chen does not include any spatial dependence and is therefore not suited to handle 

the problem discussed in this dissertation. 
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Finally, prior to this dissertation, there has been no literature pubUshed that 

attempts to incorporate both spatial and temporal coherence effects introduced by 

an angularly and spectrally dependent material in an optical system. The work done 

in this dissertation not only addresses this problem but further generalizes it to include 

an angularly and spectrally dependent material that has been patterned in some way 

to make it a diffracting structure. 

2.6 Roughness 

The study of roughness in optical systems is divided into to separate but quite 

distinct fields of study, the study of scattering and the study of speckle. This divi

sion results from the fact that the effects of roughness manifest themselves in two 

separate, but not necessarily distinct, forms. That is, roughness has two effects on 

the performance of an optical system. These two effects, speckle and scattering, are 

generally studied separately, depending on the overall situation at hand. In some 

situations a scattering analysis is more useful, while in others a speckle analysis is 

more useful. The main characteristic of a system that determines which analysis is 

generally preferred is the coherence. 

In systems that exhibit highly coherent electric fields, speckle is generally studied, 

and in systems that are more incoherent, scattering is usually the preferred analysis. 

However, this is by no means universally true. Much work has been done on scattering 

phenomena in fully coherent systems (Harvey 1976), as well as work done on speckle 

in systems that are far from fully coherent, in Chapter 2 of Reference (Dainty 1975). 

The roughness problem studied in this dissertation is one in which the rough 

surface is located at a plane conjugate to the plane of interest in a system that is 

partially coherent. Therefore, methods used to study the effects of roughness in 

this dissertation are based on speckle analysis. Effects of scattering are considered 
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primarily in contrasting the work done in this dissertation to previous work, or in 

situations in which the theoretical development is applicable. 

2.6,1 Single-surface roughness 

Most of the preliminary work in speckle analysis was reported in the mid-to-late 

1970s just after the invention of the laser. Most of this work dealt with the assumption 

that the rough surface in question was a single surface. In particular, the effects of 

speckle in partially coherent optical systems were studied in detail (H. Fujii and T. 

Asakura 1974; G. Parry 2000; H.M. Pedersen 1975; J. Uozumi and T. Asakura 1980; 

J. Ohtsubo 1988). The majority of the work done in partially coherent speckle is 

summarized by Parry in Chapter 2 of Reference (Dainty 1975). An excellent review 

of speckle in a coherent optical system is also given by Goodman in Chapter 1 of 

Reference (Dainty 1975). 

The basic configuration that is used in this previous body of work is a simple, 

single-surface rough element, with given statistical parameters to characterize it's 

structure, that is placed somewhere inside of an optical system. The irradiance of the 

the electric field is analyzed somewhere else in the optical system, and it's statistical 

properties are calculated. For this dissertation, the following subclass of this general 

problem is of interest. That is, a single rough surface that is illuminated by a partially 

coherent optical field is analyzed. The optical field is then analyzed at an image plane 

conjugate to the rough surface. The statistics of the rough surface are such that the 

root mean squared rms surface roughness is significantly less than a wavelength, but 

large enough to produce measurable random variation in the image of the rough 

object. A rms surface roughness on the order of A/30 will produce this efi"ect. A brief 

overview of this problem is presented in Chapter 6. A recent publication by Solak et 

a/.(2001) adds a considerable amount of credibility to the theoretical study done by 
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Beaudry and Milster.(2000) In the Solak study an experimental observation of speckle 

is made in an EUV imaging system. This work differs somewhat from the work done 

by Beaudry and Milster in that the origin of the speckle is caused by roughness in the 

projection optics of the imaging system, rather than by the object surface. However, 

it is a demonstration that the rough surfaces used in EUV optical systems produce 

speckle in the imaging system. 

2.6.2 Roughness in multilayer systems 

A significant body of research is also reported on the subject of roughness in 

multilayer optical systems since the early 1970s and continues to be a very active 

area of research. The basic problem is similar to the one presented in the previous 

section, except that, in this case, the object of interest is composed of many layers 

of differing material, each with it's own roughness properties. Most of the research is 

done with a scattering analysis, rather than with speckle analysis. 

By it's very nature, the problem of a rough multilayer structure is extremely 

difficult to handle analytically. Roughness in each layer interacts with the electric 

fields multiple times, due to the many reflections inside of the structure. While the 

perspective that is taken in this dissertation on the problem of multilayer roughness 

is different than much of the pubhshed literature, much insight can be gained from 

published work that has been done previously. Therefore, a brief overview is given of 

the different approaches that are taken to handle this extremely comphcated problem. 

J. Eastman (in Chapter 2 of Reference (G. Hass and M. H. Francombe ed. 1978)) 

uses a modified version of the standard matrix technique for handling the problem. 

This method allows for multiple reflections. However, the roughness, approximated 

as a random phase, is not changed with propagation within the film. That is, the 

diffraction of the rough surfaces within the film is neglected. 
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P. Bousquet, et.al. (1981), approximates rough boundaries as a random current 

sheet within the thin film structure. This particular method, as well as the methods 

used by Amra, (1994a, 1994b, 1997) rely on a first-order approximation to model 

the rough surface. This first order approximation is extremely common in analyzing 

multilayer structures with rough boundaries. The first-order approximation is also 

used by Stearns(1989, 1992, 1998) and as well as by Spiller(1995, 1985). The first-

order approximation works extremely well in describing the two main effects that are 

generally studied in a multilayer system with rough boundaries. These two effects are 

the reduction of specular reflectivity, due to the scattering within the multilayer, and 

the angular distribution of the scattered field, also known as flair. However, speckle 

effects that are also caused by interlayer roughness within the multilayer structure 

cannot be described using a first order approximation. This argument is expanded in 

Chapter 6 of this dissertation. 

The method used by Stearns and Spiller is called the "specular field approxima

tion" (D.G. Stearns 1989). Within the constraints of this approximation, the specular 

field is treated dynamically (i.e. multiple reflections are accounted for) within the mul

tilayer stack. However the scattered field is treated kinematically. That is, multiple 

reflections of the scattered field are not accounted for. Basically, the scattered field is 

treated independently from the specular field, except that the scattered hght reduces 

the specular reflectivity. The theory presented in this dissertation that is used to 

describe the reflected electric field is similar to the specular field approximation with 

two important differences. The first is that no first order approximation is assumed. 

The second is that, while multiple reflections of the scattered field are neglected, the 

specular and scattered field are not treated independently. 

While the scattering theory presented by Stearns (1992, 1998)is of limited use to 

the problem addressed in this dissertation, an extremely useful theoretical develop

ment is presented within the body of his work, as well as the work done by Spiller 

(1995). Their theoretical model calculates the interface roughness of each layer within 
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a multilayer structure and accounts for the molecular deposition process as well as the 

substrate roughness. This theoretical model calculates the roughness of each layer 

within the structure and correctly account for the partial correlation in roughness 

present between each layer. The Stearns/Spiller method is used in conjunction with 

the computational method developed in this dissertation to produce an accurate de

scription of the ampUtude and phase statistics of the reflected field from a rough 

multilayer structure. Furthermore, this field information is used to predict the image 

degradation that is caused by interlayer roughness in the object structure. 

2.7 Rigorous coupled wave theory 

All of the theoretical formulations presented within this dissertation are validated 

by comparing to results that are produced using a rigorous solution to Maxwell's 

equations. The computational method chosen for this dissertation is rigorous coupled-

wave theory (RCWT). 

Rigorous coupled-wave theory is an exact solution to Maxwell's equations for a 

plane wave incident on a physical, possibly many layered, structure that is infinite in 

extent and periodic in one dimension, with a period A. (M.G. Moharam E.B. Grann, 

D.A. Pommet and T.K. Gaylord 1995a; M.G. Moharam E.B. Grann, D.A. Pommet 

and T.K. Gaylord 1995b; P. Lalanne and G.M. Morris 1996) 

The basic idea behind RCWT is that a complex structure is divided into several 

layers, and the permitivity variation of each layer is expressed as a Fourier series. 

Furthermore, electric and magnetic fields, above and below the structure, as well 

as within each layer, are also expressed as a Fourier series of plane waves. The 

base frequency of each of these plane waves is determined by applying the Floquet 

condition (also referred to as the grating equation) given by 

k x j  — k o  nisinO ~ 3 ' ^ (2.67) 
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where n/ is the complex index of the incident material, 6 is the angle of the incident 

plane wave, A is the period of the permitivity variation and j is an indexing integer 

(not an imaginary number). This condition forces each layer to have the same base 

period, or be uniform. However the permitivity modulation can be arbitrarily complex 

within the basic period A. 

Next, both the electric and magnetic fields in each layer of the structure are repre

sented as a Fourier series, using the same set of plane waves. Application of Maxwell's 

equations to this representation results in a coupled set of differential equations, which 

are solved using an eigenvalue/eigenvector approach. Once this eigenvalue problem is 

solved, boundary conditions are applied at each interface of the structure. Application 

of these boundary conditions results in a set of algebraically coupled linear equations, 

which are solved using a straightforward matrix technique. However, a direct inver

sion of these linear equations can result in numerical stability problems. Fortunately, 

these problems have been addressed, and the solution is easily implemented. (M.G. 

Moharam E.B. Grann, D.A. Pommet and T.K. Gaylord 1995b) 

RCWT is only one of several methods that can be used to rigorously analyze the 

systems considered in this dissertation. Other methods include, finite-difference meth-

ods(Pistor 2001), and complex field summation methods(S. B. Bollepalli, M.Khan and 

F. Cerrina 1998). In fact, RCWT, as well as the two methods mentioned above, are 

used to analyze the absorber properties of multi-layered EUV mirrors. (P.Schiavone 

G.Granet and J.Y. Robic 2001; T.V. Pistor and A. Neureuther 1999; T.V. Pistor, K. 

Adam and A. Neureuther 1998) 

RCWT is chosen over finite-difference methods and complex field summation 

methods, primarily due to it's speed and ease of implementation. The computational 

code for the RCWT simulations is programmed in MATLAB"^^ using a modified 

version of the code presented by Boye.(2000) The modifications are made to allow 

the RCWT code to handle materials with a complex refractive index. To insure that 

the code is modified properly, results produced using the modified code are compared 
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with the data given by Moharam's calculation for a gold diffraction grating and are 

found to be in excellent agreement. (M.G. Moharam and T.K. Gaylord 1986) 

Furthermore, results from the RCWT code used in this dissertation are compared 

with results for EUV mirrors obtained by Pistor(2001) and Bollepalli(1998) and found 

to also be in excellent agreement. Results are shown in Chapter 3 of this dissertation. 
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Chapter 3 

REFLECTIVITY MODEL FOR A PATTERNED 
MULTI-LAYERED STRUCTURE 

An extremely large body of research is reported in modeling effects of patterned 

diffractive apertures. The initial work comes from such great scientists as Chris

tian Huygens, Thomas Young, Augustin Fresnel, Gustave Kirchhoff, Sommerfield, 

Maxwell and Rayleigh. Excellent overviews of these works are presented in numerous 

texts (Goodman 1996; M. Borne and E.Wolf 1980; E. Hecht 1987). The early work 

is primarily scalar and is clearly an approximation. However, the approximation is 

an extremely good one, due to the fact that the same theories are still used in an 

enormous number of problems being solved today. 

In the past several decades, much more rigorous solutions to the problem of 

diffracting patterned structures have been proposed. Most of these solutions claim to 

be complete solutions to Maxwell's equations and are usually specialized such that 

they work for only certain geometrical structures. Perhaps the most common solu

tion to this problem is the use of the finite difference time domain (FDTD) method, 

originally proposed by Yee (1966) and built upon significantly since (R. Guerrieri, 

J. Gamehn and A. Neureuther 1991; A. Tafiove and S. Hagness 2000; K. Kunz and 

R. Luebbers 1993; Pistor 2001). Another commonly used method is that of rigorous 

coupled wave theory (RCWT), described in Chapter 2 (M.G. Moharam and T.K. 

Gaylord 1986; M.G. Moharam E.B. Grann, D.A. Pommet and T.K. Gaylord 1995a; 

M.G. Moharam E.B. Grann, D.A. Pommet and T.K. Gaylord 1995b). Other methods 

include, functional matching of boundary conditions to Maxwell's equations, which 

is developed by Chandezon et. al (C-method) (1982), and the integral method(D. 
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Maystre 1984). While each of these solutions is rigorous, they also are computation

ally expensive, and they lend very little insight into the physical mechanisms that 

produce the results that they predict. 

What is ultimately desired, is a computational method for predicting the electric 

field generated by a complex diffracting aperture, that is sufficiently rigorous, but 

which also lends insight into the physical mechanism of how the structure being 

studied changes the electric field that it interacts with. 

Section 3.1 reviews the case of an infinitely thin diffracting aperture. Section 3.2 

discusses a method to simulate a thick diffracting aperture using a spht-step beam 

propagation method. Section 3.3 discusses a method to simulate a pattern structure 

that is printed on the surface of an angularly dependent multilayer structure. Subsec

tion 3.3.1 discusses the case of a thin pattern structure, Subsection 3.3.2 discusses the 

case of of a thick pattern simulated using the spht-step beam propagation method, 

and Subsection 3.3.3 discusses the case of of a thick pattern simulated using RCWT. 

In Section 3.4 an analysis is performed comparing the results of section 3.3 with a 

full RCWT analysis of a one-dimensional thick patterned multilayered structure. 

3.1 Thin transmitting aperture 

The simplest diffracting aperture is considered first, which is an infinitely thin 

diffracting aperture that obeys the Kirchoff, Dirichlet, or Neuman boundary condi-

tions(Goodman 1996). Using these boundary conditions, the relationship between 

the electric fields incident on and transmitted by the aperture is a simple one, given 

by 

Eo+{r,t) = Eo- { r ,t) u { r ) .  (3.1) 

where u { r )  contains all of the amplitude and phase information that is contained in 

the physical structure of the aperture. 
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3.2 Thick transmitting aperture 

The thin pattern approximation works reasonably well in the visible spectrum, 

because the amount of material that is required to make an aperture opaque is usually 

less than the wavelength of light that is being used. However, in certain situations, 

such as thick gratings, high frequency gratings, or very short wavelength sources, the 

approximation of an infinitely thin aperture is not valid. Many times, the method used 

to handle this problem is to simply use one of the many rigorous solutions discussed at 

the beginning of this chapter. While this technique is obviously valid, it is relatively 

time consuming and generally lends little physical insight into the problem. In this 

section, an extension to the thin aperture problem is proposed that bridges the gap 

between the thin transmitting aperture and situations in which the only reasonable 

solution is a rigorous calculation. The method is to use a straightforward application 

of the split-step beam propagation method (BPM), which is commonly used to model 

gradient index materials (R. Shannon and J.Wayant 1992). 

The first step in this approach is to propagate the incident field in free space a 

short distance Az. This free space propagation is most conveniently done using a 

standard angular spectrum approach. This approach is favorable, because it is an 

exact propagation of the electric field.^ Therefore, it can be used for arbitrarily short 

distances. That is, Az can be made arbitrarily small. This propagation is represented, 

using operator notation, as 

E i 4 r )  =  V { E o { r ) , A z } .  (3.2) 

The next action required is to multiply the resultant field by a function representing 

the phase delay and attenuation caused by a propagation of Az in the medium. That 

''of course some assumptions need to be made regarding the discrete Fourier transform used to 
simulate the propagation in a computer 
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IS 

Ei+{r) = Ei_{r)g{r) (3.3) 

where, for a simple binary grating composed of a material with complex index of 

refraction n — iK, the function ^(r) is given by 

Following this multiplication, the resultant electric field Ei^ is again propagated 

a distance Az and again multiphed by the attenuation/delay function g{r). This 

process is then repeated until the field has propagated through the entire thickness 

of the material. The propagation is spht between a homogeneous medium and a 

multiplication by a pattern structure. 

The obvious question is, "how small does Az need to be?" The answer to this 

question depends largely on the period of the grating being modeled and the index 

of the material. In general, Az is made small enough for the answer to converge to 

a stable solution. An important hmitation to this model is that it diverges for struc

tures that have high spatial frequencies. The divergence occurs because the phase 

and attenuation introduced by the function g{r) assumes that each plane wave mak

ing up the spectrum of the electric field is affected by the medium in the same way. 

This assumption is not completely accurate, since high spatial frequency components 

propagate further in the medium than the low spatial frequency components. Un

fortunately. a limitation is placed on the maximum spatial frequency that can be 

simulated using this technique. 

An example of the split-step beam propagation method is shown in Fig. 3.1. The 

incident field is a A = 13.4 nm plane wave with an incident angle of 0 = 5°. The 

grating structure is made of metallic chrome (A'' = 0.9333 — 0.0382z @ A = 13.4 nm) 

with a thickness of 90 nm and a period of 400 nm. 

(  e x p  [ i ^ { n  —  i K ) A z ]  

I 1 

r is within an area containing the material 
r is within an area NOT containing material 

(3.4) 
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FIGURE 3.1. Electric field amplitude propagating through a 400nm period chrome 
grating structure which is 90 nm thick, using A = 13.4nm radiation 

3.3 Multilayer reflective object (linear systems approach) 

The effect of a patterned multilayer reflective object in an optical system cannot 

generally be treated using the simphstic approach given by Eq. (3.1), because there 

is an angular dependence on the reflected electric fleld from a multilayer object. 

A relationship between the field incident on the patterned multilayer structure and 

the field refiected from the structure is desired. An illustration of the basic problem 

is shown in Fig. 3.2. An electric field is incident on the patterned structure. The 

field first interacts with the pattern, diffracting into the multilayer structure. This 

diffraction pattern is then reflected by the structure, and the fleld interacts with the 

pattern a second time. The fact that the electric fleld interacts with the pattern twice 

is suggested by Bollipalh et al. (1998, 1999). 

While the treatment is presented in the context of a speciflc object type, the 

general theory that is developed is applicable to a much larger class of object types. 

That is, any patterned object having an angular dependence that can be treated 

as a linear system can be treated using this formalism. For the case of an ideal 

multilayered object, the angular dependence is also shift invariant. Later, in Chapter 

7, the more general case of a shift variant dependence is discussed in the context of 

a rough surface. 
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FIGURE 3.2. Schematic drawing of hnear system model used for calculating reflected 
field from a patterned mulitlayer structure 



73 

3.3.1 Thin pattern 

As before, the simplest situation is considered first. The structure is a thin diffracting 

aperture deposited on the surface of a multilayer reflector. Following this discussion, 

the method described is generalized to the more realistic case of a pattern that is of 

a finite thickness. 

Consider an electric field impinging on the surface of the thin patterned multilayer 

structure, as shown in Fig. 3.2. This incident electric field interacts with the pattern 

and forms the transmitted electric field given by 

where again u { r )  is the transmission function of the thin pattern. It is well known from 

diffraction theory that the pattern causes the electric field to be diffracted into the 

structure. To proceed further, the diffracted electric field is expressed as a spectrum 

of plane waves propagating at different angles. Therefore, Ei{r,t) is expressed as 

where z = 0 at the location of the pattern and p  —  { a ,  P )  i s  a  two dimensional vector 

representing the direction cosines of the propagating plane waves. Notice that Eq. 

(3.6) is a Fourier transform. Therefore, by the convolution theorem, the function 

Ai{p,t) is expressed as 

where (g) denotes a convolution and U(p) is the Fourier transform of the mask trans

mission pattern. A^(p,t) is the angular spectrum of the light illuminating the thin 

pattern. 

The underlying assumption of this linear system model is that the angular refiec-

tivity of the multilayer structure suppresses the angular spectrum given in Eq. (3.7). 

If M{p) is the reflectivity of the multilayer coating, expressed in direction cosines, 

= B_(r,t)ii{r), (3.5) 

(3.6) 

A i { p , t )  =  A - { p , t ) » U { p )  (3.7) 
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then the reflected spectrum is given by 

A 2 ( p , t )  =  [ A - ( p , f ]  i g i U ( p ) \ M ( p ) .  (3.8) 

Note that the function M(p) is generally complex, which accounts for the amplitude 

and phase change introduced by reflection from the multilayered structure. This 

angular dependence may be weak, but for the dense quarter wave stacks used in EUV 

masks, there is a rather strong angular dependence for angles greater than about 

10° (a = 0.175). The amplitude and phase of the complex reflectance from an EUV 

mirror for both S-type and P-type polarization is shown in Fig. 3.3. The entire 

detail of the multilayer structure, including multiple reflections of the electric field, is 

contained in the function M(p). This function is easily obtained using one of many 

iterative or matrix methods (Heavens 1965; Macleod 2001; P. Rouard 1937). 

A simple Fourier transform of the reflected angular spectrum, given in Eq. (3.8), 

produces the upward propagating reflected electric field. Because the structure is 

treated as a hnear system, it is assumed that all of the interaction takes place at the 

top interface, and the resultant field is given just below the pattern on the surface of 

the structure. Expressed as a convolution, this field is given by 

where m(r) is the inverse Fourier transform of M{ p )  and can be thought of as the 

impulse response of the multilayer coating. Finally, the electric field interacts with 

the pattern a second time, which generates the upward propagating wave refiected 

from the structure. This field is given by 

E2{r,t) = [£^_(r,t)u(r)] (g) m(r) (3.9) 

E+ { r ,  t) = u{ r )  {[£;_(r, t)M(r)] ® m(r)} , (3.10) 

or, expressed as an integral. 

E + { r , t )  =  u ( r )  / E _ { x , t ) u { x .)m{ r  —  x )  ( f x .  I (3.11) 
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FIGURE 3.3. Reflectivity data (A = 13Anm) for a multilayer stack made of 40 molyb
denum/silicon bi-layers, plotted as a function of direction cosine a. (A) shows the 
reflected amplitude for s-type and p-type polarization. (B) Shows the corresponding 
reflected phase for s-type and p-type polarization. Note: a — 0.2 corresponds to an 
angle of 0 = 11.5° 
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3.3.2 Thick pattern (BPM approach) 

It is reasonably straightforward to apply the BMP model of a thick mask to 

the multilayer structure linear system model. The first step is to use the BPM to 

propagate the field through the pattern structure. The result of this propagation is 

given in operator notation as 

E N - { r , t )  =  Q  { E o { r, t ) , N A z } ,  (3.12) 

where N is simply the number of propagation steps used to get through the pattern 

structure. This resultant electric field interacts with the multilayer structure in ex

actly the same way as the transmitted electric field in the previous section. That is, 

Eq. (3.9) is simply replaced with 

E m + i r , t )  =  [ E ^ { r, t ) ] ^ m { r )  

-  [ Q  { E o { r, t ) , N A z } ] < S ) m { r ) .  (3.13) 

The function ^'^^(r,^) is also calculated using Fourier theory. That is, 

E m+ { r , t )  = J ^ ^ ^ { A m i p , t ) M { p ) } ,  (3.14) 

where M{ p )  is a transfer function given by the angular response of the multilayer 

coating shown in figure 3.3 for one dimension. Am.{p,t) is the angular spectrum of 

the electric field that has propagated through the pattern structure, given by 

A m { p , t )  =  J  E m { r , t ) e x p { i 2 n p - r ) d r  

=  : F ^ g { E o { r , t ) , N A z } }  (3.15) 

Finally, the resultant field is again propagated through the patterned structure to 

obtain the reflected field 

E 2 m { r , t )  =  g  { E m + { r, t ) , N A z }  

=  g  { [ g  { E o { r, t ) , N A z } ] < S ) m { r) , N A z }  .  (3.16) 



77 

It is shown in Appendix B that, despite it's rather complex appearance, the rela

tionship between the incident and reflected field, using the split-step BPM to model 

the pattern structure, is still linear. That is, the relationship between incident and 

reflected field can be written in the form 

where L(r, r') is a rather complicated mapping function incorporating all of the steps 

of the beam propagation method as well as the linear system of the multilayer. The 

exact formulation of this function L(r, r') is given in Appendix A. However, it is 

seldom necessary to actually compute it's functional form. The form of the reflected 

field given in Eq. (3.17) is included, so that the coherence theory given in the next 

chapter can be generalized to include the beam propagation method. 

It is important to understand that the only difference between a thin pattern 

approach and a thick pattern approach is how the patterned structure is handled. In 

both cases, the reflective multilayer structure beneath the pattern is handled exactly 

the same. That is it is handled as a simple hnear system. 

An example of the electric field that is produced using the BPM in conjunction 

with the linear system model is shown in Fig. 3.4 (A). The electric field incident on the 

structure is oriented with an angle of incidence of 5.1° with respect to the x—axis and 

2.6° with respect to the y—axis. The transfer function of the multilayer coating M(p) 

is calculated for S-polarization. This scalar approach is clearly an approximation, 

since the polarization of the collection of plane waves diffracted into the multilayered 

structure will generally consists of both S and P-type components. However, Fig. 

3.4(B) shows an identical calculation in which the multilayer transfer function is 

calculated using P-polarization. Fig. 3.4(C) Shows a direct comparison between the 

magnitude of the reflected electric fleld for both S-type and P-type polarization. The 

data shown in this comparison are cross sections of the two dimensional electric fields 

shown in Figures 3.4(A) and 3.4(B), where the cross section is taken at y = 400 

(3.17) 
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nm. The remarkable similarity between the two results demonstrates that, for the 

reasonably large pattern periods that are studied with BPM, a scalar approximation 

is justified. 

3.3.3 Thick pattern (rigorous approach) 

In order to determine the accuracy of the linear system model, a more accurate 

description of the pattern structure is applied. 

1. RCWT is used to simulate the transmission through the patterned structure. 

2. The linear system approach is again used to model the multilayer structure. 

3. RCWT is again used to calculate the field transmitted back through the pat

terned structure. 

The first two steps in this procedure are reasonably straightforward to apply. The 

field that results after step 2 is written, in operator notation, as 

Em+{r,t) = [Tfig{EQ{r,t),z}] (g)m(r), (3.18) 

where the operator T^ig represents a rigorous calculation of the transmission through 

the pattern. 

Step 3 requires a more careful explanation than the first two steps. This is because 

an RCWT calculation through the patterned structure requires that the incident field 

is a plane wave. However, in this case, the field Em+{v, t) is not a plane wave. There

fore, the function £^^+(r, t) must be decomposed into a spectrum of plane waves. Each 

of the plane waves must propagate through the patterned structure independently, 

then they are coherently added together to form the total reflected field. Expressing 

this calculation as a discrete summation, the resultant electric field is given by 

OO 

£,(••)= E '"rig (3.19) 
s = —OO 
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FIGURE 3.4. Electric fields reflected from a patterned multilayer structure. The 
Electric field incident on the structure is oriented with angle of incidence of 5.1° with 
respect to the x—axis and 2.6° with respect to the y—axis. (A) shows the magnitude 
of the electric field calculated by modelling the multilayer for s-type polarization. 
(B) Shows the same calculation for except that the multilayer is modelled for p-type 
polarization. (C) Shows a cross sectional comparison where the cross section is taken 
at y = 400 nm. 
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FIGURE 3.5. Reflected electric field magnitudes calculated using RCWT for both 
S-type and P-Type polarizations. The pattern structure being simulated is a 450nm 
period line space pattern with a duty cycle of 25% and an incident electric field with 
an angle of 5.1° 

where As are the plane wave amplitudes of the intermediate electric field from Eq. 

(3.18) given by 

This process is reasonably simple to implement when using RCWT to do the rig

orous calculation of the pattern structure, since the default output of most RCWT 

algorithms are the plane wave amplitude coefficients Ag. 

It is this particular model of the the patterned multilayer structure that is anal

ogous to the Fourier Boundary Condition Model presented by Pistor. Except that 

RCWT is used in this dissertation to simulate the pattern structure, rather than the 

FDTD technique used by Pistor. 

Figure 3.5 shows an example of the reflected electric field magnitudes calculated 

using RCWT for both S-type and P-Type polarizations. The pattern structure being 

(3.20) 
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simulated is a 450nm period line space pattern with a duty cycle of 25% and an 

incident electric field with an angle of 5.1°. Note that, with the rigorous calculation, 

S-type and P-type polarization of the incident plane wave produce nearly identical 

results. Further notice the distinct similarity between the results of the rigorous 

calculation shown in Fig. 3.5 and the results calculated using BPM shown in Fig. 

3.4. 

3.4 Model accuracy 

Section 3.3 presented three methods, each increasing in complexity, of calculating 

the reflected electric field from a patterned multilayer structure (such as an EUV 

mask). In each case, the multilayer structure is treated as a shift-invariant linear 

system. The only change in complexity in the three methods comes from modeling 

the pattern structure. The interaction of the pattern and the multilayer structure are 

treated independently. 

3.4.1 Preliminary comparison 

In order to test the hypothesis that the multilayer structure can be treated in

dependently, several simulations are performed that illustrate when each new level 

complexity is required in simulating the pattern. Also, the condition is illustrated 

when the linear system model breaks down completely. There are two variables that 

are tested to determine the breakdown of each model. The first is the angle of in

cidence of the incident plane wave, and the second is the period of the patterned 

structure. 

For this comparison, a simple one-dimensional hne space pattern with a 50% duty 

cycle serves as the test pattern, and the multilayer structure consists of 40 bilayers of 
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grating period 2.0 iim, 400nm and 200 nm 
pattern thickness 90 nm 
pattern index (Cr) 0.9333 - 0.0382i 
Mo index 0.9221-.0063*i 
Mo thickness 2.8 nm 
Si index 0.997-.0018*i 
Si thickness 4.1 nm 
number of Mo-Si Bilayers 40 
substrate index 1.5 
incident angle 0°, 5°, 10° and 20° 

TABLE 3.1. Physical parameters of patterned multilayer structure used for linear 
system model comparison to RCWT 

molybdenum and silicon, which are commonly used in EUV optical structures. The 

exact details of the physical configuration are shown in Table 3.1. Comparisons are 

made against a rigorous simulation of the entire patterned multilayer structure using 

RCWT. That is, RCWT is used to rigorously solve Maxwell's equations for the entire 

patterned multilayer structure. 

The first comparative example is performed using an infinitely thin pattern. The 

transmission and phase of the pattern are determined by multiplying the complex 

refractive index by the thickness of the pattern structure. The pattern period is 2/^m. 

The relatively large period is used because the pattern is physically several wave

lengths thick, therefore, a large period must be used for the thin-pattern approxi

mation to be valid. Results of this simulation are shown in Fig. 3.6. Simulations 

are performed for four different angles of incidence, 0°, 5°, 10° and 20°, and results 

are shown in graphs A, B, C and D, respectively. The results are shown along with 

a rigorous simulation calculated using RCWT. Agreement is quite good for incident 

angles up to 10°, with a significant amount of divergence for the 20° case. The only 

obvious discrepancy between the two models is the large Gibbs phenomenon present 

on the rigorous calculations that is absent from the thin-pattern results. 
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FIGURE 3.6. Thin pattern used with hnear system model for 2//M period, compared 
with RCWT results for 4 different angles of incidence (0,5°,10° and 20°) 



84 

A (0 Deg) B (5 Deg) 

RCWT 
BPM/LS 

C (10 Deg) 
2.5 

2 

1.5 

i 

I 1 

0.5 

0 
100 200 

(nm) 
300 

400 

RCWT 
BPM/LS 

400 

RCWT 
BPM/LS 

0.4 

0.3 

0.1 

0 100 200 
(nm) 

D (20 Deg) 

300 

RCWT 
BPM/LS 

400 

L 
0 100 200 300 400 

(nm) 

FIGURE 3.7. Split step beam propagation method used with linear system model 
for 400nm period, compared with RCWT results for 4 different angles of incidence 
(0,5°,10° and 20°) 

The second comparison is done using the split-step BPM to simulate the absorber 

pattern. In this situation, the thickness of the absorber pattern is handled explicitly. 

For this reason, a much smaller period is simulated. For this simulation, the period of 

the absorber pattern is 400nm. This configuration is the same as that used by Pistor 

(2001) in an effort to facihtate a comparison with his work. As before, four different 

angles of incidence are chosen, 0°, 5°, 10° and 20°, and the results for each of these 

simulations is shown in graphs A, B, C and D of Fig. 3.7, respectively. As before, 

results are shown along with a full rigorous calculation performed using RCWT. 

Surprisingly, the agreement is quite good, even for the larger angles of incidence (20°). 
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This result is extremely fortunate, because the period chosen for this simulation (400 

nm) is precisely the smallest period being proposed for current EUV systems. This 

implies that, in the short term, modeling of EUV mask patterns can be performed to 

a reasonably good level of accuracy using the split-step BPM simulation technique, 

rather than the more time consuming rigorous methods that are currently being used. 

The final simulation performed in this comparative analysis uses the rigorous sim

ulation of the pattern structure in conjunction with the hnear system model. The 

parameters for this situation are identical to the previous two, except the grating 
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period is 200nm. Results of this simulation are shown in Fig. 3.8, and the agreement 

is excellent for all angles of incidence. Further simulation, shown in Fig. 3.9, demon

strates that this method begins to disagree with the RCWT calculation of the full 

structure at an incidence angle of approximately 25 degrees. 
incident angle (25 deg) 

0.07 
RCWT 
RCWT/LS 

0.06 

0.05 

S0.04 

0.03 

0.02 

0.01 

100 
position (nm) 

150 
(nm) 

200 250 

FIGURE 3.9. Rigorous pattern simulation used with linear system model for 200nm 
period, compared with RCWT results for an incidence angle of 25° 

3.4.2 Quantitative comparison 

In order to determine the overall effectiveness of the theoretical models presented, 

a quantitative comparison is made with the full RCWT solution. This comparison 

involves calculating reflected irradiance from the patterned structure using both the 

theoretical model and the full rigorous solution for several pattern periods and several 

angles of incidence. The angle of incidence is varied from 0 degrees to 60 degrees in 

each situation, and the period of the test pattern is chosen based on which model 

is being tested. The beam propagation/ linear system model is tested for spatial 

periods ranging from 400 nm to 200 nm and the rigorous pattern/hnear system model 
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is tested for periods ranging from 300 nm to 50 nm. Comparison between the hnear 

system calculation and the full RCWT calculation is done by computing the average 

rms difference between the the irradiance calculated using each model. Expressed in 

terms of a discrete comparison, the rms difference is given by 

However, rms given in Eq. (3.21) does not necessarily represent the accuracy of 

the hnear system result being tested, because the overall reflectivity of the angularly 

dependent structure changes with respect to angle. Therefore, at a high angles of 

incidence, the pattern irradiance is small, forcing ui to also be small, even though the 

linear system result is completely different than the full RCWT result. Consequently, 

a more accurate picture of the effectiveness of the linear system model is obtained if 

the rms is expressed as a fraction of the maximum irradiance of the true (i.e. full 

rigorous) image irradiance. Expressed as a percentage, the rms irradiance is given by 

Fig. 3.10 shows a comparison between reflected irradiance patterns calculated 

using the BPM with irradiance patterns calculated using a full rigorous solution. This 

comparison is done for 3 pattern periods (400nm, 330 nm, and 200 nm ) and incidence 

angles of up to 60°. Agreement us reasonably good (within 10%) for the 400nm period 

pattern and the 300nm pattern for incidence angles of up to approximately 20 degrees. 

Smaller pattern structures, like 200nm, show a significant increase in a/%. This result 

is not surprising, since the beam propagation method becomes less valid for structures 

with high spatial frequencies. 

Fig. 3.11 shows a comparison between the rigorous model of the pattern structure 

used in conjunction with the linear system model and the full rigorous calculation of 

the entire structure. Agreement is independent of the pattern period for low angles 

[-^RcwT •^Ls(2^i)] (3.21) 

max(/ficwT) 
(3.22) 
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FIGURE 3.10. Comparison of beam propagation pattern simulation used with linear 
system to a full Rigorous calculation. Comparison is done for three pattern periods 
(400nm, 330 nm, and 200 nm ) and incidence angles of up to 60° 

of incidence, and agreement is quite good for angles of incidence below 30 degrees. 

However, for angles greater than 30, the results from the linear system model are 

significantly different from the rigorous result, and the situation becomes significantly 

worse for smaller periods. 

The data shown above clearly demonstrates that, from a theoretical standpoint, 

the rigorous pattern simulation is clearly superior. However, a significant tradeoff is 

made in computational efficiency and implementation between the BPM and rigorous 

pattern simulations. When a two-dimensional pattern structure is calculated, a full 

rigorous simulation of just the pattern structure (used in conjunction with the linear 

system model) can take several hours to calculate (Pistor 2001). However, this same 

simulation can take as little as 5 minutes using the BMP to compute the reflected 

irradiance. Furthermore, using a thin-pattern approximation, a simulated irradiance 
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FIGURE 3.11. Comparison of rigorous pattern simulation used with linear system to 
a full Rigorous calculation. Comparison is done for 4 pattern periods (300nm, 200 
nm, 100 nm and 50 nm) and incidence angles of up to 60° 

can be calculated in a fraction of a second. This significant improvement in compu

tational efficiency allows the the linear system model to be used to explore problems 

related to coherence that are significantly more complex than the work that has been 

studied to date using completely rigorous calculation techniques. 

3.5 Improved BPM 

The beam propagation method algorithm used in this chapter is substantially 

improved. The phase delay function given in Eq.(3.4) does not properly account for 
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the correct phase delay in the absorbing media. The corrected equation is given by 

where the real part of the index is changed to n — 1. The modification in Eq.(3.23) 

greatly improves the applicability of the BPM. The reason that the inferior relation

ship given in Eq. (3.4) results in an adequate agreement with RCWT is because only 

phase delay in the absorbing material is handled incorrectly. However, the absorption 

is handled correctly. 

Figures 3.12 and 3.13 show a comparison of the the reflectivity of a patterned 

EUV mask with an RCWT calculation. The comparison is shown for pattern periods 

of 400nm and 200nm, and incident angles of 0°, 5°, 10° and 20°. Notice that the 

agreement between the improved BPM and the full RCWT calculation is improved 

substantially, as compared to the results shown in Fig. 3.7. 

Figure 3.14 shows a plot of the fraction rms difference between the RCWT calcu

lation and the improved BPM as function of angle for three different spatial periods. 

Unfortunately, most of the subsequent results presented in this dissertation use the 

BPM relationship given in Eq.(3.4). However, the spatial periods that are simulated 

are greater than 330nm. Although the model given in Eq. (3.4) is inferior, and the 

quantitative values calculated using this model, will require refinement, the overall 

conclusions presented in this dissertation remain unchanged. 

r is within an area containing the material 
r is within an area NOT containing material 

(3.23) 
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FIGURE 3.12. Improved BPM simulation used with linear system model for 400nm 
period, compared with RCWT results for 4 different angles of incidence (0,5°,10° and 
20°) 
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FIGURE 3.13. Improved BPM simulation used with linear system model for 200nm 
period, compared with RCWT results for 4 different angles of incidence (0,5°, 10° and 
20°) 
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FIGURE 3.14. Comparison of improved BPM used with linear system to a full Rig
orous calculation. Comparison is done for three pattern periods (400nm, 200 nm and 
100 nm) and incidence angles of up to 60° 
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Chapter 4 

THEORY OF COHERENCE IN ANGULARLY DEPENDENT 
MEDIA 

The background presented in Chapter 2 gives a detailed description of the sta

tistical nature of coherence theory and further describes how the coherence of an 

optical field changes as the field propagates through an optical system. However, in 

that development, the only change made to the optical field is a linear shift invari

ant transform, such as propagation through free space or through a simple imaging 

system. The theory developed in this chapter extends the basic coherence theory, 

from Chapter 2, to deal with complex elements placed within the optical system at 

the object plane. These complex elements consist of any patterned object that has 

an angular or spectral dependence in either it's transmission or reflectivity. In Sec

tions 4.2 through 4.4 in this chapter, the theoretical development assumes that the 

quasimonochromatic assumption is valid, and only the effects of spatial coherence 

are considered. Section 4.5 removes this assumption to handle an electric field with 

arbitrary coherence properties. 

The first section in this chapter reviews the simplest, and most commonly used 

object, which is a simple thin diffracting aperture in the object plane of an optical 

system. The result of this development is the well known Hopkins' equation. Section 

4.2 presents a mutual intensity mapping relationship for a thin patterned structure 

that exhibits an angular dependence in it's reflectivity. Next, Sections 4.1.2 and 4.2.2 

extend the analysis to a more rigorous study of pattern structures with finite thickness. 

Section 4.3 presents the theory developed thus far in terms of a discrete system, and 

uses the tools of linear algebra to present a method for simulating the systems being 
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analyzed. Section 4.4 discusses a well known alternative to the mutual intensity 

mapping relationship, which involves an integration over an incoherent source. A 

development is given for both Kohler and critical illumination systems, as well as a 

discussion on how this method is used to handle sources of arbitrary spatial coherence 

properties. Finally, Section 4.5 extends the coherence theory to include the spectral 

dependence of the complex structures being studied. 

4.1 Isolated pattern structure 

In the interest of clarity, the spatial coherence relationships are developed first 

for an isolated pattern structure. Subsectiofi 4.1.1 reviews the mutual intensity map

ping relationship for a thin transmitting aperture. Subsection 4.1.2 generalizes the 

relationship to account for an isolated pattern structure of finite thickness. The math

ematical treatment is general enough that it can be used regardless of the method of 

calculation used to determine the relationship between the incident and transmitted 

electric fields. That is, the mathematical treatment is equally valid for a thin mask, 

a BPM calculation or a rigorous calculation. 

4.1.1 Thin Pattern 

If a thin transmitting aperture is placed at the object plane, the mutual intensity 

function immediately to the right of that aperture is modified. To determine this 

modification, the definition for the mutual intensity is used. That is, 

Jo+(ri,r2) = {Eo+(ri,t)E*^{r2,t)), (4.1) 

where Eo+{ri,t) is the time dependent electric field immediately to the right of the 

aperture. Recall from Chapter 3 that the relationship between the electric field inci
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dent on, and transmitted by a thin diffracting aperture is given by 

Eo+{r, t) = Eo-{r, t)u{r), (4.2) 

where u{r) is some, possibly complex, pattern structure. Through combination of 

Eqs. (4.1) and (4.2), the change in the mutual intensity caused by the aperture is 

given by 

Jo+(ri,r2) = {Eo-iri,t)u{ri)E*_(r2,t)u*(r2)). 

= u{ri)u*{r2){Eo-{ri,t)E*_{r2,t)). 

= ii(ri)M*(r2)Jo_(ri,r2). (4.3) 

where Jo_(ri,r2) is the mutual intensity incident on the diffracting aperture, calcu

lated using any of the methods discussed in Chapter 2. The function 'ix(r) is brought 

out of the averaging brackets because it is independent of time. Thus, the relationship 

between incident and transmitted mutual intensity is a simple multiplication by the 

function u(ri)M*(r2). 

It is shown in Chapter 2 that the relationship between the mutual intensity of 

the object and image of a simple imaging system is given by a four-dimensional 

hnear mapping of the mutual intensity function. Therefore, the mutual intensity that 

results from forming an image of the thin diffracted aperture in question is given by 

substituting Eq. (4.3) into the mutual intensity mapping Eq. (2.38). That is 

= JJ Jo-{^i,r2)u{ri)u*{r2)K,r.{r[ -  ri)/il^(r2 - r2)dri dr2, (4.4) 

where — ri) is the point spread function of the imaging system 

The irradiance in the image plane is calculated by evaluating the resultant mutual 

intensity at r'^ = The result of this procedure is the well known Hopkins' equation 

for an linear shift invariant (LSI) imaging system, given by 

= J J Jo_(ri, r2)u(ri)M*(r2)/icam(r' - - r2)dri dr2. (4.5) 
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It bears pointing out that, although the imaging optics are modeled as a LSI 

system, the relationship between the object space mask function w(r) and the image 

space irradiance /i(r') is decidedly non hnear. Only the relationship between the 

transmitted object space mutual intensity Jo+(ri,r2) (from Eq. (4.3)) and the image 

space irradiance (or mutual intensity) is actually a linear system. 

4.1.2 Thick pattern 

The mutual intensity relationship presented above is adopted to incorporate pat

terns of finite thickness, such as the ones described in Chapter 3. 

It is shown explicitly in Appendix A that, using the beam propagation method 

or RCWT, the transmitted electric field from a thick diffracting structure can be 

represented as a linear mapping integral given by 

where G { r ,  r') is calculated using BPM or using a more rigorous method. 

In order to gain insight into the behavior of the mapping function G(r, r'), consider 

the simple case of a 1-D pattern structure. The mapping function G{x, x') is now 

represented in two dimensions and is easily calculated. An example of this mapping 

function is shown in Fig. 4.1A. 

Further insight into the nature of the mapping function G(x, x ' )  is gained through 

a comparison with the simple thin mask discussed in Section 4.1.1. Recall that the 

electric field transmitted by a thin mask is given by 

This simple multiphcation is equivalently expressed in the form of an integral trans

form that is similar to Eq. (4.6). That is, 

(4.6) 

E ^ { x , t )  =  E _ { x , t ) u { x ) .  (4.7) 

(4.8) 
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G(x',x) 400nm period 400ntn period 

FIGURE 4.1. The image on the left shows a two dimensional example of the linear 
mapping function G(x, x') for a 90nm thick Chromium grating pattern calculated 
using RCWT. The image on the right shows the equivalent function Gthin from a thin 
pattern structure (note that the colormaps are inverted black=max, white=min) 

where the functional form of G { x , x ' ) ,  for a thin mask pattern, is given by 

Gthin(3;, x ' )  =  u { x ' ) 5 { x  -  x ' ) .  (4.9) 

This extremely simple two-dimensional function is shown in comparison to the more 

complex RCWT result in Fig. 4.IB. 

A straightforward application of the definition of mutual intensity results in the 

relationship between the incident and transmitted mutual intensity for the thick pat

tern structure, given by 

J+(ri,r2) = {E+{ri,t)El{v2,t)) 

= Jj {E-{r[,t)E*_{r'2,t))G{ri,r[)G*(r2,r2)dv[dr2 

 ̂ II r's) dr\ dr'2. (4.10) 

Equation (4.10) shows that the relationship between the incident and transmit
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ted mutual intensity of a pattern structure of finite thickness is given by a four-

dimensional linear mapping (two-dimensional mapping for a one-dimensional pattern) 

using 

as the multi-dimensional mapping function. Note that this mapping is not shift 

invariant, and thus, Fourier theory cannot readily be used to simplify the relationship 

given in Eq. (4.10). 

Equation (4.10) is the mutual intensity just after the electric field passes through 

the thick structure. To determine the mutual intensity, and thus the irradiance in the 

image plane, the result of Eq. (4.10) is mapped through the imaging system using 

Eq. (2.38) resulting in an irradiance given by 

Because the relationship between the mutual intensities in the object plane and image 

plane is shift invariant, Fourier theory can be used to simplify the calculation of image 

irradiance, once the near-field mutual intensity is computed. 

To use Fourier theory to map the mutual intensity through a LSI system, such as 

a doubly telectentric projection camera, the multi-dimensional Fourier transform of 

the object plane mutual intensity (from Eq.(4.10) for example) is calculated. Next a 

transfer function, of the form 

is used to map the Fourier transformed mutual intensity from the object to the image 

plane. In Eq. (4.12) P{p) is, for example the pupil function of the projection camera. 

The reason the angular coordinates are reversed in the function P*(—P2) is to account 

for the complex conjugate of the function — ri). After multiplying by the 

transfer function in Eq. (4.12) the result is inverse Fourier transformed to obtain the 

image plane mutual intensity. This mutual intensity is then used to obtain the image 

G(ri,r',)G"(r2,r2) 

J+(ri,r2)h..„(x - ri)/i;„,(x - ri) dri dr-2 (4.11) 

H(PvP2) = PiPi)P'(~P2) (4^12) 
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irradiance, using Eq. (2.33). For all simulations presented in this dissertation, when a 

shift invariant mapping is required, Fourier theory is utilized. An excellent discussion 

of the mathematical details of this mapping relationship is given in Section 7.2.3 of 

Reference (Goodman 1985). It must be emphasized that Fourier theory can only be 

used to simplify the mapping relationship of a LSI system, and cannot be used to 

simplify the shift variant relationship given in Eq. (4.10). 

4.2 Multilayer reflective object 

The mutual intensity relationships given in Eqs. (4.3) and (4.10) are inadequate 

to describe the more complex object structure consisting of a pattern on an angularly 

dependent material (such as a thin film structure). 

4.2.1 Thin Pattern 

Recall from Eq. (3.11) in Chapter 3 that the reflected field from a thin patterned 

multilayer object is given by the following integral transform. 

where •u(r) is the function describing the thin pattern structure and m(r — x) is 

the point spread function of the angularly dependent structure. Substitution of Eq. 

(3.11) into the definition of mutual intensity given in Eq. (4.1) results in the mutual 

intensity of the field reflected from the patterned multilayer structure. Writing out 

the convolution integrals, the relationship between the incident mutual intensity and 

(3.11) 
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the reflected mutual intensity is given by 

J+(ri,r2) = u{ri)u*{r2)x 

J J t))u{xi)u*{x2)m{ri -  Xi)m*(r2 -  x2)(ixi dx2. 

= M(ri)«*(r2) X 

J J J_(xi,X2)M(xi)M''(x2)m(ri - Xi)m*(r2 - x2)dxi dx2, (4.13) 

where J_(xi, X2) is the mutual intensity of the electric field incident on the structure. 

The relationship given in Eq. (4.13) is rather enlightening, in that it illustrates 

that the effect of the ML structure is mathematically identical to having two identical 

thin apertures, separated by a relay imaging system. This is easily seen by comparing 

Eq. (4.13) to the Hopkins relationship given in Eq. (4.4). In Eq. (4.4), the mapping 

PSF /icain(r' — r) represents the point spread function of an imaging system, whereas 

PSF in Eq. (4.13) is given by the point response function of the multilayer mirror 

m(r — x). Clearly the functions — r) and m(r — x) represent vastly different 

physical systems, however, their behavior is very similar. Considering the case of an 

EUV mask, the shape of the angular reflectivity function shown in Fig. 3.3 suggests a 

confined aperture, in that there is a rather dramatic amplitude cutoff for electric fields 

which propagate at angles greater than about 12°. The amphtude cutoff will affect 

the electric field as it interacts with the multilayered structure, in much the same way 

an aperture affects an electric field as it passes through an imaging system. This is, of 

course neglecting the near unity reflectivity for extremely high diffracted angles. If this 

high reflectivity for high angles of diffraction is neglected (assuming that higher order 

terms in the angular spectrum of the pattern are sufficiently small), the finite angular 

reflectivity of the multilayer structure affects the coherence of the reflected optical 

field in the much the same way an aberrated finite numerical aperture affects the 

coherence properties of a standard partially coherent imaging system. Furthermore, 

phase change which occurs upon reflection of the multilayer structure can be treated 

in the same way that aberrations are treated in a conventional partially coherent 
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optical system. Finally, the mutual intensity, after having been mapped using the 

PSF m(r — x), the result is multiplied again by the aperture function u(ri)M*(r2). 

Therefore, the mutual intensity mapping through a patterned angularly dependent 

structure is mathematically equivalent to two mask pattern structures separated by 

a relay system, defined the the multilayer PSF m(r — x) 

Again, the result of Eq. (4.13) is the n e a r - f i e l d  mutual intensity. In order to 

calculate the irradiance in the image plane of the complete optical system, the result 

of Eq. (4.13) is substituted into Eq. (2.38) and evaluated at r'j = r'g. That is, 

h i v ' )  = Jj Jo+(ri, r2)/ioam(r' - - r 2 ) d r i  drs. (4.14) 

For the remainder of this chapter, when the image plane irradiance is calculated, this 

final step is assumed once the near field mutual intensity is determined. 

4.2.2 Thick Pattern 

When a thick pattern structure, described by the mapping function by G(r,r'), 

described in Section 4.1.2, is included with an angularly dependent refiector, the 

electric field field mapping relationship between incident and reflected fields is given 

by 

E + { r )  = J E _ { r o ) L { r , r ' ) d r ' ,  (4.15) 

where L(r, r') is a mapping function that represents the combination pattern structure 

and multilayer film.^ The function L{r, r') is given by (from Appendix A) 

L(r,r') = yy"G(ri,r')m(r2-ri)G(r,r2)rfridr2. (4.16) 

^In the case of both G(r,r') and L(r, r'), the variables r' represents the optical space of the 
incident electric field and r represents the optical space of the electric field after mapping through 
the linear system described by either G(r, r') or L(r, r') 
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where m(r2 — ri) is the point spread function representing the multilayer structure.'^ 

Notice that the more complex function L(r, r') is simply a convolution of the original 

mapping function G'(ri,r') with the point response function of the multilayer linear 

system given by m(r2 — ri). The result of this convolution is then mapped again by 

the same mapping function G(r,r2). 

Substitution of the thin pattern approximation for G(ri,r') from Eq. (4.9) into 

Eq. (4.16) results in 

Lthinir, r') = «(r)M(ro)m(r - r'). (4.17) 

As a check, substitution of Eq. (4.17) into Eq. (4.15) results in 

E ^ { r )  —  u { v )  /  E ^ { r ' ) u { r ' ) m { v  —  r ' )  d r ' ,  (4.18) 

which is identical to Eq. (3.11). 

Because the multilayer structure is a linear system, Fourier theory is utilized to 

somewhat simplify the convolution given in Eq. (4.16). That is. 

L(r,r') = J  G { r , r 2 )  J  G { r i , r ' ) m { r 2  -  r i )  d r - ^  d r  2 -

= / G(r,r2) G(p,r')M(p)exp 

G ( r , r 2 )  T  ^  ̂ G { p , r ' ) M { p  

- i — p  d p  

dry. 

dro 

(4.19) 

where G { p , r ' )  is the Fourier transform of G(ri,r') in which the transformation is 

only made over the variable ri. That is 

G { p ,  r ' )  =  I  G(ri, r') exp ( p • ri ) d v i .  (4.20) 

The function M(p) is the angular reflectivity of the multilayer structure (Actually 

the function M{p) is more appropriately expressed as M(p)l(r') indicating that it 

''The variable ri represents the optical space after mapping through the function G(ri,r') that 
describes the first propagation through the pattern structure. The variable r2 represents the optical 
space after the electric field reflects from the multilayer structure. 
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is a function of four-dimensions, and is constant along the dimension represented by 

the variable r'). Therefore, i^(r,r') is given by 

where the function is calculated by Fourier transforming the function 

G(ri,r') along the variable ri, as shown in Eq. (4.20). The result of this Fourier 

transform is multiplied by the function M[p) and inverse Fourier transformed. 

Following the same steps used to arrive at Eq. (4.10), the mutual intensity trans

formation for a thick patterned mutlilayer structure is given by 

This equation is a generalization of the conceptually simpler thin-pattern model. 

The only difficulty in the procedure leading to Eq. (4.22) is calculating the pattern 

mapping function given by G(r, r'). If this function is in hand, including the multilayer 

system is a reasonably simple extension. 

4.3 Discrete calculations 

When handling the non-shift invariant integrals expressed in many of the rela

tionships above, it is often more convenient to approximate the relationships as a 

discrete-to-discrete mapping, rather than the continuous mapping expressed as an 

integral transform. This convenience occurs because a discrete-to-discrete mapping 

of a linear system can generally be expressed as a simple matrix multiplication that is 

very simple to perform in a computer, whereas numerical evaluation of shift-variant 

mapping integrals is extremely cumbersome and time consuming. 

For example, in a simple one-dimensional system the integral mapping expressed 

(4,21) 

(4,22) 
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in Eq. (4.6) is recast as a summation of the form 

N 

E+{x ' j )  =  y^E^{x i )G{x '^ ,X i )  (4.23) 
i=l 

The summation expressed in Eq. (4.23) is written as a simple matrix vector multi

plication of the form 

E+ = GE_, (4.24) 

where E_ is a column vector whose elements are given by 

E_ = 

El 
E2 
E3 

E, N 

The elements of the vector E_ represent the values of the continuous electric field 

E^{x) sampled at positions Xi. The shorthand notation of Ei = E^{xi) is used. 

Likewise, E+ is a column vector with elements given by 

E[  

E'2 
E '  

E '  M 

where the shorthand of E'^ = E+{x'j) is used. 

Finally, G is a matrix with elements 

G = 

G{x\,xi) G{x\,X2) 
G[x'2,Xi) G{X'2,X2) 

G{ X ' ^ , X N )  

G{X'M,XN)  

(4.25) 

G{X'm,xi) 

where the matrix elements are calculated by samphng the continuous function G{x ' ,  x )  

at locations x[ and Xj. The function G{x',x) is calculated using the techniques de

scribed in Appendix A. 



106 

To extend the discrete matrix relationship between incident and transmitted elec

tric fields to the transformation of the mutual intensity, the definition of mutual 

intensity is cast in discrete form as the time average of a matrix multiplication. That 

is, 

J+=(E+(t)E+{t)'), (4.26) 

where f indicates an adjoint (transpose/conjugate) operation. The time averaging in 

Eq. (4.26) might appear confusing. However, it bears pointing out that while the 

electric field is discretized spatially, it is still a continuous function of time. This 

detail is not terribly difficult to deal with, since each matrix element is averaged over 

time. This averaging leaves behind only a number in each element of the resulting 

mutual intensity array J+. Substitution of the discrete mapping Eq. (4.24) into Eq. 

(4.26) gives the result 

J+ = (GE_(GE_)t) 

= (GE_E-tG^) 

= G(E_E-^)G^ 

J+ = GJ_G^ (4.27) 

which is simply the discrete form of the integral relationship given in Eq. (4.10). 

Therefore, once G{x', x) is calculated in discrete form, the transmitted mutual inten

sity is calculated using two simple matrix multiplications. 

4.3.1 Including the Multilayer structure 

A matrix relationship is also used to calculate the discrete form of the mapping 

function L(r,ro), presented in integral form in Eq. (4.16). Starting with the matrix 

representation of the thick pattern structure G(r',r), The electric field transmitted 
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through the pattern is given by 

El = GE_. (4.28) 

This electric field interacts with the multilayer structure. This interaction is expressed 

in terms of a matrix vector multiphcation of the form 

E2 = mEi 

= [mG]E_, (4.29) 

where the matrix m is a Hermitian matrix representing the point response function 

of the multilayer film. The matrix m is easily realized by placing a copy of the one-

dimensional point response function in each row, shifted by one element for each copy. 

Finally, the electric field interacts with the grating one more time, resulting in 

E2 = GE2 

= [GmG]E_ 

= LE_, (4.30) 

where L is the mapping matrix representing the function L(r, TQ), which is calculated 

using the following two matrix multiplications 

L = GmG. (4.31) 

Because the multilayer film is a shift-invariant system, the matrix L can also be 

calculated using Fourier theory, resulting in following equation 

L - G 0 M}] , (4.32) 

which is the discrete version of the integral equation given in Eq. (4.19). The op

erator Td represents a one-dimensional discrete Fourier transform operation of the 

two-dimensional array (only the dimension corresponding to the variable ri is trans

formed). The operator © represents an element-by-element array multiplication, and 
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M is a matrix representing the angular dependence of the multilayer structure with 

elements corresponding to direction cosines, oriented along the direction of the trans

formed variable. 

The choice between using Eqs. (4.31) and (4.32) is merely one of convenience. 

However, in most cases, it is easier to use Eq. (4.32) than to generate the point 

response matrix M used in Eq. (4.31). Furthermore, Eq. (4.32) only requires one 

matrix multiplication, and Eq. (4.31) requires two. 

Once the matrix L is calculated, the discrete mapping of the mutual intensity is 

given by 

J+ = LJ_L+. (4.33) 

4.3.2 Calculation using 2-D pattern 

The discrete matrix multiplication technique described above is extended to in

corporate two-dimensional pattern structures, using the well known technique of 

lexigraphic ordering. This is done by reordering a two-dimensional array, repre

senting a sampled electric field, into a one-dimensional vector. Next, the discrete 

four-dimensional mapping function is reordered into a two-dimensional array. This 

reordering must be done very carefully, such that the two-dimensional discrete rela

tionship given by 

N L 

E^{xi,yi)G{x'^,yk,Xi,yi) (4.34) 
i=l 1=1 

is satisfied. 

The four-dimensional shift invariant mapping function, representing the multilayer 

structure, as well as the four-dimensional incident mutual intensity, must also be 

recast into a two-dimensional array using the same lexographic ordering scheme. Once 

cast into the form of a matrix vector multiplication, the discrete mapping for the 
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Multilayer reflector 

FIGURE 4.2. 2-D pattern used for multidimensional discrete mapping. The black area 
represents a 90nm thick chrome absorber and the white area is the exposed multilayer 
reflector. The pattern shown above is sampled at 50 pixels in each direction. 

mutual intensity representing a two-dimensional electric field can be handled exactly 

like that representing a one-dimensional electric field using the discrete relationships 

described in Eqs. (4.31) and (4.33). 

4.3.3 Discrete Example 

To obtain some insight into the mechanics of a discrete mutual intensity mapping, 

an example is presented. Figure 4.2 shows the two-dimensional pattern structure that 

is examined. It is an asymmetric pattern with a base period of 335 nm. The sampling 

is chosen such that the structure is 50 pixels in each direction, (therefore, the vector 

representing the electric field is 2500 elements in size). The black area is a 90nm thick 

chrome structure. 

Figure 4.3 (A) shows the amphtude of the large lexigraphically ordered two-
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G matrix 

FIGURE 4.3. On the left is a two-dimensional representation of the G-matrix of the 
pattern shown in Fig. 4.2, not including the multilayer reflector. On the right are 
four electric fields calculated using Eq. (4.24). 

dimensional array representation G of the four-dimensional mapping function G{r ' ,  r) 

for the pattern structure shown in Fig. 4.2. The array G is calculated using BPM 

in conjunction with the method described in Appendix A. Figure 4.3(B) shows four 

different transmitted electric fields calculated using the array multiplication 

E+ = GE_, 

where E_ are array representations of plane waves incident at {9x = 0,6y = 0), 

{ e ,  =  7 \ 9 y  =  0 ) ,  { 9 , ^ 0 , O y  =  7 ° )  a n d  { 9 ^  =  7 \ 9 y  =  7 ° ) .  

Figure 4.4(A) shows the large two-dimensional array representation L of the four-

dimensional mapping function L(r',r), representing the interaction of the pattern 

structure and the multilayer reflector. The array L is calculated using Eq. (4.32). 

Figure 4.4(B) shows four different electric fields reflected from the composite structure 

calculated using the array multiphcation 

E+ = LE_, 
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FIGURE 4.4. On the left is a two-dimensional representation of the L-matrix repre
senting the pattern shown in Fig. 4.2, including the multilayer reflector. On the right 
are four electric fields calculated using Eq. (4.30). 

where E__ are array representations of the plane waves used previously. 

To calculate the mutual intensity transformation, an incident mutual intensity is 

first determined. The illumination system chosen for this demonstration is a simple 

partially coherent circular source with telecentric Kohler illumination. Therefore, the 

mutual intensity incident on the structure is given by 

J(xi,x2) = J J circ circ /i(si-S2;/io)exp 
. 2n  

-Z —(Si • Xi - S2 • X2j dsi ds2, 

(4.35) 

where Wg is the radius of the circular source and jig is the characteristic width of the 

correlation function. The Fourier transforms are calculated using the DFT algorithm. 

For the first set of calculations the circular source is off axis, and the correlation func

tion /x(si — S2) is a delta function. Figure 4.5(A) shows the near field irradiance and 

Fig. 4.5(B) shows the image plane irradiance for incoherence factors of CTc = 0, 0.5, 

and 1.0. The images are calculated by first recasting the resultant two-dimensional 
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FIGURE 4.5. Results shown for the discrete mapping of mutual intensity through 
the two-dimensional structure shown in Fig. 4.2. The source is circular, off-axis and 
incoherent (with a delta function correlation). (A) The near field irradiance (B) The 
image plane irradiance. 

reflected mutual intensity into a four-dimensional array. The image plane mutual 

intensity is calculated using a Fourier analysis on the four-dimensional mutual inten

sity, in accordance with the method discussed in Section 7.2.3 of Reference (Goodman 

For the second set of calculations, the source is on-axis and the correlation function 

is a Gaussian with a width of 0.28 x PVcrc=i where Wcrf,=i is the source size for 

an incoherence factor cr^, = 1. Figure 4.6(A) shows the near-field irradiance and 

figure 4.6(B) shows the image plane irradiance calculated for incoherence factors of 

<Tc = 0, 0.5, and 1.0. 

Notice that there is a remarkable similarity between the results of the two calcu

lations. Firstly, for the calculations in which CTc = 0, the correlation of the source 

is meaningless, since CTC = 0 implies a point source. The only difference in the two 

1985). 
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CT =0 a =0.5 0=1.0 

FIGURE 4.6. Results shown for the discrete mapping of mutual intensity through 
the two-dimensional structure shown in Fig. 4.2. The source is circular, on-axis with 
a Gaussian correlation function. (A) The near field irradiance (B) The image-plane 
irradiance. 
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calculations results from the source being off axis in the data shown in Fig. 4.5. That 

the source is off axis is clearly much more apparent in the near-field data than in the 

image. 

The difference between the images calculated in which CTc > 0 requires more 

explanation. Notice that there is a slight decrease in irradiance around the edge of 

the images shown in Fig. 4.6, which is produced using the partially correlated source. 

This decrease is due to the propagation law for a quasihomogeneous source, discussed 

in Section 2.2.2, where it is pointed out that as the correlation function fJ.{As) of 

a source becomes wider the spatial distribution of the irradiance produced after a 

propagation (or mapping through a Kohler illumination system) becomes confined. 

This effect is illustrated in the upper image of Fig. 4.7. Shown in this figure is 

the irradiance of the electric field incident on the structure for five different values 

of source correlation. In each of these diagrams the incoherence factor is cr^ = 1. 

Therefore, the correlation fig is given as a fraction of the source size Wg. Notice that 

when Ho/Ws = 0 the illuminating irradiance is uniform, which is expected for an 

incoherent source. However, as Ho/^s increases the source becomes more coherent 

(although it maintains identical spatial dimensions), and the illuminating irradiance 

becomes more confined. 

The bottom row of images in Fig. 4.7 shows the image irradiance corresponding 

to the illuminating irradiance shown in the top row of images. Notice that it is 

the confinement of illuminating beam that produces the primary change in image 

irradiance as the source correlation is increased. 

Figure 4.8 shows a cross section of the image irradiance plotted as a function of 

position for the five images shown in Fig. 4.7. The fall off around the edges of the 

image is a result of the confinement of the illuminating electric field. However, the 

decrease in irradiance in the center of the cross section, which occurs as the source 

correlation increases, is due to the fact that the source becomes more coherent. 
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FIGURE 4.7. An illustration of the effects of source correlation. The top row of images 
illustrates the irradiance illuminating the multilayer mask, as the quasi-homogeneous 
source correlation function /i(si — S2) becomes wider. The bottom row of shows the 
corresponding images produced by a quasi-homogeneous source as /i(si — S2) becomes 
wider. 
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4.4 Coherence analysis by summing over a source 

The previous sections discuss a general linear mapping relationship that is used 

to map an incident mutual intensity to a reflected mutual intensity, given a patterned 

angularly dependent reflective structure. Provided that the mutual intensity incident 

on the structure is known, the reflected mutual intensity is calculated using a linear 

systems analysis. Upon determining the reflected mutual intensity, the image plane 

mutual intensity and the image irradiance are determined by application of a shift-

invariant linear mapping using Fourier methods. The advantage of using this analysis 

method is that coherence information is preserved throughout the entire simulation 

process. Furthermore, no assumptions are required as to the form of the mutual 

intensity incident on the structure. However, a significant drawback (especially when 

dealing with two-dimensional structures) is that the linear mapping requires keeping 

track of four independent spatial variables, which is a somewhat formidable task for 

large image arrays, even by today's computational standards. 

An alternative method often used to calculate image irradiance involves assuming 

an incoherent source and discretizing it into a collection of mutually independent point 

sources. The following Subsections discuss the mathematical details involved in using 

this method with an angularly dependent structure for various illumination systems. 

Following this discussion. Subsection 4.4.2 discusses how a summation of hypothetical 

incoherent source points is used to simulate the properties of a quasi-homogeneous 

source, discussed in Chapter 2. 

4.4.1 Incoherent source 

Apart from a highly coherent source, such as a laser, the easiest type of illumina

tion source to handle mathematically is a perfectly incoherent source. An incoherent 
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source is one that is well approximated with a mutual intensity of the form 

Js{si, S2) = KI(SI)S{SI - S2). (2.40) 

The primary reason for the convenience of this form is the delta function that rep

resents the spatial correlation of the electric field. Consider the mutual intensity 

mapping through an entire optical system (from source to image plane). This map

ping relationship is of the form 

Jiiri,r2) = JJ Jsisi,S2)Ky,{ri,si)hly^{r2,S2)dsids2 (4.36) 

where h^ys{r,s) is the point response function of the entire optical system from the 

source plane to the image plane (including any object structure). For example, if 

the optical system consists of a telecentric Kohler illumination system, a thin binary 

mask and a shift-invariant imaging system then it can be shown that h^y^{r,s) is of 

the form 

h sys r,s) = J J h,^^^{v,s)Gthinix,v) d^v /i,^^(r - x) d x  (4.37) 

= J e'^/'"®M(x)/i,,^(r-x)«ix, (4.38) 

where Eqs. (4.9) and (2.53) are used to arrive at Eq. (4.38). Recall that /?.cond(v,s) 

is the point response function of the condenser system, and — x) is the point 

spread function of the imaging system. Notice that h^y^{r,s) is simply the coherent 

amplitude in the image plane resulting from a point source at location s. 

Substitution of the source mutual intensity from Eq. (2.40) into Eq. (4.36) and 

integration of the delta function results in 

Ji{ri,r2) = K J Is{s)h,y,{ri,s)h*y^{r2,s)ds. (4.39) 

However, the primary quantity of interest in the image plane is the image irradiance 

given by 

/ / ( r )  =  J i i r , r )  

=  [  I s i s ) \ h , y , { r , s ) f  d s ,  (4.40) 
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which is simply an integration over the source of the coherent image plane irradiance 

patterns produced by point sources at locations s. 

Substitution of Eq. (4.38) into Eq. (4.40) results in the well known equation 

which represents the image irradiance resulting from an incoherent source /s(s), a 

telecentric Kohler illumination system of focal length / (normalized with respect to 

wavelength), a thin mask M(X) and a shift invariant imaging system. The relationship 

given in Eq. (4.41) is known and Abbe's method of image formation, and it is used 

quite extensively as an alternative to the Hopkins' equation, Eq. (4.5) in order to 

calculate image irradiance resulting from a partially coherent optical system (M. 

Borne and E.Wolf 1980; Goodman 1985; Kirchauer 1998; W.C. Sweatt and G.N. 

Lawrence 1993). It should be pointed out, however, that the relationship given in Eq. 

(4.41) is not completely equivalent to the Hopkins' equation. Where the Hopkins' 

equation is valid for a source with arbitrary coherence properties, Eq. (4.41) requires 

a specific illumination system and a source that is spatially incoherent. 

The integration over a perfectly incoherent source can also be used with angularly 

dependent structures, such as those discussed in Section 4.2.2. All that is required 

to incorporate these structures is to replace Gtft,m(x, v) in Eq. (4.37) with the linear 

mapping function L(x,v) calculated using Eq. (4.16). This incorporation results in 

s) of the following form 

If the condenser system is Kohler and telecentric, then the condenser point response 

function /icond(v, s) is a plane wave, and /isys(i', s) is of the following form 

e' f u(x)/ieam(r - x) dx ds, (4.41) 

/icond(v, s)L(x, v) d^v /icam(r " x) dx (4.42) 

(4.43) 
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where L (x, s/(/)) is the response function representing the electric field reflected from 

the patterned multilayer structure caused by a plane wave incident on the structure 

at an angle given by atan(s//).^ Substitution of Eq. (4.43) into Eq. (4.40) results in 

an image plane irradiance given by 

2 

ds, (4.44) 

where the more general angular response function L ^x, j j replaces e'T*'®ti(x) in 

going from Eq. (4.41) to Eq. (4.44). The calculation method described in Eq. (4.44) 

is used by Pistor (2001, 1998, 1999) to simulate image irradiance patterns of EUV 

mask structures. Although Eq. (4.44) presents method to calculate the images pro

duced by a patterned angularly dependent structure that correctly handles the effects 

of angular dependence on the coherence, it is specific to only one optical system con

figuration and is also somewhat time consuming to calculate in practice, because it 

requires a rigorous calculation of Z/(x,s//) for each angle Og — atan(s//). An ap

proach used by Bolipalli et al. (1999) to simphfy the calculation is to use the much 

simpler relationship given in Eqs. (4.41) or (4.5) with the function M(X) replaced with 

L(x,So//) where SQ is the source point location representing the physical center of 

source. (For an on-axis source, SQ = 0). In doing this, the function Z/(x, SQ//), acts as 

an effective mask in the simulation. This approximation results in a rather substan

tial simplification, because only one rigorous simulation of the patterned angularly 

dependent structure is required. This approximation is henceforth referred to as the 

effective mask approximation. Section 5.1 presents some guidelines to determine when 

the effective mask approximation is valid and when it is not. 

Critical illumination 

Consider next the case of critical illumination. If an incoherent source is used, the 

image plane irradiance can always be calculated by a summation of images produced 

"^The focal length /. like the position variables, has also been normalized with respect to wave
length 

I i { r )  =  /  I s { s )  cam 
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by independent point sources that make up the illumination source, regardless of 

the optical system. However, for a critical illumination system, the electric field 

illuminating the structure for each independent point source is not a plane wave. 

Rather, it is a focused spot, which resembles a sine (in one dimension) or a Jsinc (in 

two dimensions), whose width is determined by the condenser NA (and likewise the 

incoherence factor <Tc). Therefore, each source point does not independently produce 

a uniform illumination of the object structure, as is the case with Kohler illumination. 

If a critical illumination system is used, the full system mapping function /isys(i") s) 

is written as 

kys{r ,s)  = J  J  /i ,o„d(v,s) / i„bj(x ,v)o!2 ' t ;  /icam(r - x)(ix (4.45) 

where /icond(v, s) is the point response function of a critical illumination system, given 

exphcitly in Eq. (2.55), and /iobj(x, v) is the mapping function representing the object 

structure. As is the case with Kohler illumination, Eq. (4.45) is a general expression 

for the image plane electric field produced by a point source located at position s 

in the source plane. This fact is more easily recognizable when considering a thin 

mask and telecentric critical condenser system. Under this assumption, the structure 

mapping function h^bj (x, v) is simplified to 

/iobj(x, v) = Gthmi^,y)  = u{x.)5{x - v). 

Because the illumination system is a telecentric imaging system, 

/lcond(v,s) = /i,ond(v - S), 

SO /isys(r, s) becomcs 

/ i sys(r, s) = Y ̂ cond(x " s) u{x.)h^^^{r  - x) dx,  (4.46) 

which is simply the condenser PSF offset by the source location s, multiplied 

by mask pattern u(x) .  This product of functions is then convolved with the imaging 



121 

system PSF — x) to produce the coherent image space electric field h^y^{r,s). 

The image plane irradiance from a thin mask illuminated with a telecentric critical 

illumination system is, given by 

2 

ds (4.47) 

Returning to the case of an angularly dependent structure, the general expression 

for the image plane irradiance is given by. 

2 

ds,  (4.48) 

where L(x,  v)  is the mapping function representing a patterned angularly dependent 

structure. Unfortunately, the expression in Eq. (4.48) does not readily simplify, apart 

from assuming a telecentric condenser in which case /ICOIKI(v, s) = /icond(v — s). Figure 

4.9 shows the profile of an image irradiance pattern produced using a Ix telecentric 

critical illumination system, with a source size of 1 micron and 2 microns, and a 

patterned multilayer mask. The period of the pattern on the multilayer mask is 

400nm and the imaging system NAi^g is 0.2. Also shown in this figure is the image 

produced using a Kohler illumination system with the same incoherence factor. That 

is, the ratio of condenser NA to imaging system NA (in object space) for the critical 

illumination is the same as the ratio of source image to pupil diameter in the Kohler 

system. Notice that, within the area of illumination, the agreement between the 

images simulated using the Kohler and critical systems is very close. As discussed 

in Section 2.3.2, when the source size approaches infinity in the telecentric critical 

illumination system, the images produced are identical those produced with a Kohler 

illumination system. (Note: with an angularly dependent structure this agreement 

only holds for a telecentric system.) 

Because the source size in a critical illumination system is never infinite and is 

usually quite small, a scanning system is often employed to produce a complete pho

toresist image of the entire mask structure being printed. It can be shown that, when 

^(r) = / ̂(s) / icond(x  -  s)  u{x)h,^^{r  -  x)  dx 

/ (r )  =  / /o(s )  J y"/ i ,o„d(v ,s )L(x ,  , v )  d'u K x)  ( ix  
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FIGURE 4.9. Image plane irradiance produced using critical illumination for two 
different source sizes l^m and 2/^m. Results are compared to an image produced 
using a Kohler illumination system. <Tc = 0.5 in all three simulations 

a telecentric condenser is used in conjunction with a scanning system, the resultant 

irradiance produced in the image plane is, apart from a multiplicative constant, iden

tical to that produced by a source of infinite extent. It is straightforward to show this 

exphcitly for a thin mask. A heuristic argument and simulation results are presented 

that demonstrate that this statement also holds for an angularly dependent structure. 

In a physical scanning system, the object plane and image plane are translated to

gether through the illuminating field. However, this method of scanning is somewhat 

difficult to simulate. This simulation difficulty is easily overcome if the illumina

tion system is a telecentric critical condenser and scanning is simulated by a spatial 

displacement of the source. This geometry is illustrated in Fig. 4.10. Notice that, 

with a perfectly telecentric condenser system, a translation of the source results in a 

translation of the illuminating field on the mask. Because this illuminating field does 

not change with respect to source position, a translation of the source is equivalent 
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FIGURE 4.10. A diagram representing the simulation of a scanning system by trans
lating the source in a telecentric critical illumination system. 

to moving the mask and image plane under the illuminating field produced by an 

on-axis source. Note that this scanning method is only a mathematical construct 

used for a computer simulation, and it does not represent a method that can be used 

in practice, because it assumes that the lens elements are perfect and infinite paraxial 

surfaces. Figure 4.11 shows a comparison between the images of a patterned angu

larly dependent structure simulated with scanning critical illumination, and critical 

illumination with a source of infinite extent (which gives the same result as a Kohler 

illumination system). They are in excellent agreement. 

Therefore, telecentric critical illumination, used in conjunction with a scanning 

system, is adequately described using the much simpler to simulate, Kohler ihumi-
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nation system. However, it cannot be over emphasized that this simphfication only 

holds for a telecentric illumination system. Section 5.2 discusses in detail the effects 

of a non-telecentric critical illumination system. 

4.4.2 Partially coherent source 

The delta function in the mutual intensity of an incoherent source used in the 

previous section demonstrates quite clearly that the irradiance resulting from an 

imaging system with a source of this type can be calculated using summation of 

images produced by independent source points. Although many illumination sources 

are suitably approximated as incoherent, Chapter 2 shows that the broad class of 

sources, considered quasi-homogeneous, are not. The mutual intensity of a quasi-

homogenous source is given in Eq. (2.43) and is of the form 

^s(si,s2) = V/(si)/(S2)M(AS). (2.43) 

Because the correlation function //(As) is too wide to be approximated with a delta 

function, a direct application of the incoherent summation method discussed in the 

previous section is not obvious. However, De Santis et al. (1986) proved that an 

arbitrary mutual intensity can be generated by a suitable linear operation on an 

incoherent source of infinite extent. That is, a linear mapping function /ipcmap(s', s) 

is chosen such that 

</(si, S2) = ^ «:5(s; - S2) /ipcmap(si, s'i)/i;c^^p(s2, S2) ds'i ds'^ (4.49) 

for any mutual intensity function J(si, S2), where k 5(s'j^ —S2) is the mutual intensity of 

a perfectly incoherent source of infinite extent. Furthermore, a suitable application 

of the theory presented by De Santis demonstrates that a mutual intensity for a 

quasi-homogeneous source, given in Eq. (2.43), is expressed in the form 

Js{si, S2) = J J\B{ s [ ) \ ' ^S{ s [  - S2)/iQ, ,3 i(si, Si)/i*^^^;(s2, S2) ds i  d s2 ,  (4.50) 



126 

where the combination of the delta function and the function |5(s'i)p appodizes the 

filtering action as compared to Eq. (4.49). The mapping relationship /iQuasi(Si,Si) 

used to produce a quasi-homogeneous mutual intensity is given by 

/iQuasi(si,Si) = v'/(s) exp[-z27ras • s'], (4.51) 

which is simply the desired spatial irradiance pattern multiplied by a Fourier 

transform kernel. Notice that the function \ / l { s )  is dependent on the variable s and 

can be moved outside the integration in Eq. (4.50). The primary consequence of the 

relationship given in Eq. (4.50) is that a quasi-homogeneous source is readily simu

lated using the method of incoherent summation described in Section 4.4.1. All that 

is required is an initial collection of hypothetical incoherent source points, modulated 

by the function |-B(s)| is mapped through one additional linear operation representing 

the mathematical transformation given in Eq. (4.50). 

To calculate the image irradiance resulting from a quasi-homogeneous source, one 

begins with an hypothetical incoherent source point at location s^, with amplitude 

|B(sj)|. The electric field in the physical source plane produced from this hypothetical 

source point is given by 

Es(s) = exp [—z27ras^ • s]. (4.52) 

Next, this electric field in the source plane is propagated through the condenser 

system, resulting in an electric field incident on the mask structure of the form 

Eo{x)  ^  j  Es{s)h,^nd{ '^ ,s)ds ,  (4.53) 

where s) is the point response function of the condenser system. The resultant 

electric field interacts with the structure, and an image is calculated, which results 

from the original hypothetical source point. This process continues for each hypo

thetical source point comprising the function |i?(s)p. Note that the functional form 

of the electric field Eo{r) incident on the structure in question is not necessarily in 

the form of a plane wave. 
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The functional form of |5(s')p is easily calculated by solving the following inverse 

relationship. 

//(As) = J |S(s')p exp [—i27ras' • (si — S2)] ds' (4.54) 

Upon using this result in conjunction with Eq. (4.36), the image plane irradiance 

is of the form 

^ j ( r )  =  J d s ,  (4.55) 

where h^y^r ,  s') is of the form 

h ,y , { r , s ' )  =  J  y |y V75)exp[z27ras • s'] Zieond(v,s)ds| L(x,v)d^y /i,,„(r-x) dx. 

(4.56) 

If the illumination system is a telecentric Kohler condenser, then /icond(v,s) is of the 

form given in Eq. (2.53), and h^ys{r,s') is expressed as 

hsy. {r ,s ' )  /i/2(s' - v)L(x, v) d'^u - x) dx. (4.57) 

where the function /i/2(s' — v) is given by 

A/2 ( s  — v )  =  J  \//(s) exp[z27ras • (s' — v)] ds .  

which is the Fourier transform of the square root of the desired source irradiance 

distribution. Notice that the functional mapping for a quasi-homogeneous source, 

used in conjunction with a telecentric Kohler illumination system, is of the same 

form as that of an incoherent source used in conjunction with the telecentric critical 

illumination system given in Eq. (4.45). 

The similarity of the quasi homogeneous mapping function given in Eq. (4.57) 

with that of a telecentric critical illumination system is not merely coincidence. No

tice that the electric field produced by an hypothetical source point after the linear 

transformation given in Eq. (4.52) is identical in form to the electric field produced 

by a physical incoherent source used in conjunction with a telecentric Kohler illumi

nation system given in Eq. (2.53), except that the resultant field is multiphed by the 
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aperture function \//(s). Figure 4.12(A) illustrates the hypothetical optical system 

used to produce a quasi-homogeneous source of this form. 

Figure 4.12(B) illustrates the resultant quasi-homogeneous source used in conjunc

tion with a real telecentric Kohler illumination system. Notice that the combination 

of the hypothetical optical system used to produce the quasi-homogeneous source and 

the real condenser system, produces a telecentric critical illumination system, in which 

the pupil function is given by the square root of the desired quasi-homogeneous source 

intensity •\//(x), and the irradiance distribution of the source is given by |5(s)p. 

Figure 4.12(C) shows that a quasi-homogeneous source, used in conjunction with 

a critical illumination system behaves like a Kohler illumination system, within the 

area illuminated by the Q-H source. 

Finally, the integration over source points can be further extended to a real source 

of completely arbitrary coherence properties, in which the spatial correlation function 

H is spatially dependent and of the form ^(x, Ax). In this situation the linear mapping 

functions given in Eq. (4.49) are of the form 

00 

^PCmap(s, S ) = E Vi;$„(s)$;(s'), (4.58) 
n=0 

where are the eigenvalues of the desired source mutual intensity function and 

$*(s) are the corresponding eigenfunctions. These eigenvalues and eigenfunctions 

can be obtained by a singular value decomposition of the the desired mutual intensity 

function Js(si,s2). 

4.5 Inclusion of temporal coherence properties 

The results of the previous sections are now generalized to include a source of finite 

spectral bandwidth. Following a treatment similar to that done by Wolf (1955), a 

relationship is expressed which relates the incoming to the outgoing electric field after 
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FIGURE 4.12. A diagramatic representation of a quasi-homogeneous source. (A) 
shows the hypothetical source and optical system used to create a quasi-homogeneous 
source. (B) shows the hypothetical optical system in conjunction with a physical 
Kohler illumination system, the combination of which results in a critical illumination 
system. (C) Shows the hypothetical optical system in conjunction with a physical 
critical illumination system, the combination of which results in a Kohler illumination 
system. 
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having interacted with a structure that has modified both it's spectral and angular 

properties. 

4.5.1 General Theory 

The relationship between incident and reflected polychromatic electric fields after 

an interaction with a patterned multilayer structure is given by 

where the hats indicate that the the electric field is represented in terms spectral 

frequency rather than absolute time. The spectrally dependent, electric field mapping 

function representing the patterned multilayer structure Li,(r,r', v) is given by 

It is assumed that the mapping function representing the pattern structure G(xi,x) 

is independent of wavelength over the narrow bandwidth < 1 nm determined 

by the spectral reflectivity of the multilayer stack. The spectral reflectivity of a 40 

bi-layer Mo/Si multilayer reflector is shown in Fig. 4.13(A). Assuming that G(xi,x) 

is independent of wavelength, the only spectrally dependent function in Eq. (4.60) is 

the point response function of the multilayer fllm m(x2 — Xi, z>'). 

Expressed using Fourier theory, Li,(ri,x, u) is given by 

where M(p, u)  is the spectrally dependent angular reflectivity of the multilayer struc

ture. 

Figure 4.13(B), shows M(p, u)  plotted for three different values of A == cju^ clearly 

indicating that the angular response moly/sihcon multilayer structure used in EUV 

lithography does not scale linearly with respect to optical frequency. 

(4.59) 

(4.60) 

(4.61) 



131 

(A) (B) 

X= 13.42 
- - • X=13.21 

>=13.66 

— e=o' 
0.9 

1=11.5° 

•S0.7 

"5.0.6 

0.5 
•0.6 

•t3 0.4 

IT 0.3 

0.2 
0.2 

•./ 

12.5 13.5 
X (nm) 

14.5 15 0.5 
dir cos (a) 

FIGURE 4.13. The spectral and angular dependence of a molybdenum-silicon multi
layer structure (A) The change in reflectivity as a function of wavelength; and (B) The 
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Recall from Chapter 2 that the cross spectral density is given by 

r(ri,r2,i^) = lim ^E+{ri,u)El{r2,u), (2.63) 
i —*ooZl 

where the overbar indicates an ensemble average. 

Combining Eqs. (4.59) and (2.63) the reflected cross spectral density from the 

patterned multilayer structure is then given by 

t+{ri ,r2,u)  = j j  

X L^(RI,XI,t/)L*(R2,X2,Z^)(ixi(ix2. (4.62) 

Recognizing the ensemble average as the incident cross spectral density, the relation

ship between the incident and reflected cross spectral density is given the following 
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linear transform 

f+(ri ,r2,z^)  = J  J  f_(xi ,x2,z / )  

X Li.(RI,XI, z/)Li,(R2,X2, z^) RFXI (IX2. (4.63) 

If desired, the mutual coherence function is calculated by taking the inverse Fourier 

transform of of the cross spectral density r_i_(ri,r2, f^). The mutual coherence function 

is given by 

r+(ri ,r2,At)  = j  JJ  f_(xi ,x2,z^)  

X Lj,(RI,XI,i^)L*(R2,X2,z^)(ixidx2(IZ^. (4.64) 

The near field irradiance is calculated by evaluating the result of Eq. (4.64) at 

ri = r2 and At = 0. 

Ur)  J  jj f_(xi ,X2,z^)Lj . (r ,x i ,z^)L*(r ,X2,z / )c ix i ( ix2 dp.  (4.65) 

Equation (4.65) is derived because some of the simulations presented in Chapter 5 

utilize a comparison of near-field irradiance patterns produced with different optical 

systems. 

In terms of the discrete mapping described in Section 4.3, the spectral properties 

are considered by changing the matrix M as a function of optical frequency. In 

this situation, one simply discretizes the optical frequency and performs the matrix 

multiplication for each different optical frequency. That is 

f = L,f (4.66) 

where Lj, is calculated using the technique described in Section 4.3.1 for each optical 

frequency p. For a one-dimensional pattern structure, the resultant discrete cross 

spectral density is a three-dimensional array with dimension Xi, X2 and u. 

The cross spectral density maps through an imaging system in a very similar 

manner as the mutual intensity (Goodman 1985). The cross spectral density in the 
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image plane is given by a simple linear mapping of the near-field cross spectral density. 

That is, 

where /iiing(ri — r'l; z^) is the spectrally dependent point spread function of the imaging 

It is assumed that the point spread function of the imaging system is is indepen

dent on spectral frequency u. That is, the only change in the point spread function 

with respect to optical frequency, is the change in resolution of the imaging system, 

which is negligible over the narrow bandwidth of AA ~ Inm determined by the 

spectral reflectance of the multilayer coating. 

The assumption that imaging system PSF is not spectrally dependent is most 

likely not completely correct, especially in the case of EUV imaging systems in which 

each element uses a mutltilayer reflective coating. However, computing the complete 

spectral dependence on the imaging system point spread function is a far from triv

ial task, most likely involving a detailed analysis of each multilayer element in the 

imaging system. This analysis is obviously an important step in a complete spectral 

description of a multilayer optical system. However, it is beyond the scope of this 

dissertation, and is left as an open question for future research. 

The aerial image irradiance in the image plane is given by an integration of the 

image plane cross spectral density over optical frequency. The result at = r2 is 

ri(ri,r'2,z^) II r+(ri,r2, - ri;u)h*^^{r'2 - rg; u) dr^ dv2. (4.67) 

system, and F/ is the cross spectral density in the image plane. 

/ II T+{ri ,r2,u)h;^g{r '  -r i )h*^^{r '  -r2)dridr2 du.  (4.68) 

4.5.2 Practical analysis 

In order for the relationships given in Eqs. (4.63), (4.64), (4.65) and (4.68) to be 

of practical use, the cross spectral density incident on the structure must be known. 
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To calculate the cross spectral density incident on the object structure, the cross 

spectral density at the location of the source is assumed to be of the following form. 

ts{si,S2,i^) = J{si,S2)V{iy). (4.69) 

In the case of a perfectly incoherent source, 

fs(si,S2,i^) = I{si)S{si - S2)V{iy). (4.70) 

It is assumed that, at the location of the source, the spectral and spatial components of 

the cross spectral density are separable, which is generally always true for a perfectly 

incoherent source. The cross spectral density of the electric field incident on the 

surface of the patterned mulitlayer structure is given by 

r_(Xi,X2,I^) = yy r5(Si,S2,;^)/icond(Xi,Si)/i*„„^(X2,S2)(iSi(iS2 

= V{u)  J j  Js{s i , S2 )h  cond (xi, Si)/l*^^^(x2, S2) dsi dS2 

= (4.71) 

where it is assumed that the point response function of the condenser system /?,<.ond(x, s), 

is independent of wavelength. In making this assumption, the electric field is treated 

as a quasimonochromatic field as it propagates through the condenser system. This 

assumption is true as long as the actual bandwidth of the source is narrow enough 

that the quasimonochromatic assumption holds for the condenser system being con

sidered. This assumption does not generally hold for a physical EUV condenser, since 

the the optical elements that comprise the condenser utilize multilayer films, and as 

such, the functional form of /i<,ond(x,s) potentially changes with wavelength. This 

analysis is also left as an open question for future research. 

The interaction of the incident cross spectral density with the structure is de

scribed in Eq. (4.63), resulting in 

r+(ri,r2, i / )  = J J  ^-(xi,X2)L^(ri,xi,i/)L^(r2,X2,i^)cixicix2 (4.72) 

= V{u)^(r,,V2,u), (4.73) 
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where the function r2, u) behaves as a spectrally dependent mutual intensity. 

A substitution of Eq. (4.73) into Eq. (4.68) results in the image plane irradiance 

W) =  / F M  

/ 
^ ( r i ,  r2 ,  i ^ )hrae{r '  -  r i )h*{r '  -  ra)  dv i  dr - i  

V{u)I i{r' ,u)  du, 

dv  (4.74) 

(4.75) 

where /(r', v )  is the image plane irradiance as a function of spectral frequency given 

by 

I i{v\  = [[  ^(ri,r2, z^)/iin.g(r' - ri )h* (r '  -  r2) dri  dr2.  (4.76) 

Therefore, the image plane irradiance is calculated by summing the irradiance pro

duced at each spectral frequency over the spectral density of the source. 

An alternative, albeit somewhat less general, approach is found by a rearrange

ment of the integration order in Eq. (4.74), resulting in 

hir) = jj J du  himgir' - ri)h* (r' - r2) dri dr2 (4.77) 

= YY F(ri, r2)/ii^g(r' - -  rg) dr^ dr2 

Where the pseudo-mutual intensity y(ri,r2) is given by 

r(r i ,r2)  = J  V{u) ' i /{rur2,u)dp.  

(4.78) 

(4.79) 

Note that the pseudo-mutual intensity can be compared directly to the quasi-monochromatic 

mutual intensity discussed in the previous sections. In this development, it must be 

stressed that the electric field is treated as quasimonochromatic as it propagates 

through the condenser and the imaging system, and temporal coherence effects are 

only considered with regard to the composite mask structure being studied. 

4.6 Discussion 
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This chapter presents two basic methods that are used to calculate the effects 

of patterned, angularly and spectrally dependent structures on the coherence of an 

optical field. 

The first calculation method is a direct linear mapping of the mutual intensity 

through the structure. The primary advantage of this method is that once the function 

G'(r',r) (and likewise L(r',r)) is pre-calculated, the final simulated image is calcu

lated extremely quickly for any optical system or illumination source, regardless of the 

coherence properties of the source. Furthermore, all coherence information is main

tained throughout the simulation process, which lends substantial insight into the 

behavior of the optical system. The mutual intensity mapping method is especially 

useful when considering the case of a one-dimensional optical system (that is, the 

electric field at any point in the optical system is represented with a one-dimensional 

function), where the mapping function G'(r',r) = G{x\x) is a two-dimensional func

tion. The mutual intensity mapping does become somewhat more cumbersome when 

dealing with a two-dimensional optical system, where G{r\ r) is now a function of 

four spatial dimensions. This difficulty is mainly due to the computer memory re

quirements to store and process the large four-dimensional arrays. However, once the 

four-dimensional function G{v', r) is pre-calculated, a new image irradiance can be 

calculated very quickly, despite changing the optical system parameters. 

Although it has many benefits, the mutual intensity mapping is extremely imprac

tical for simulating structures that are represented by arrays of larger than 100x100 

pixels. For array structures that are too large to be practical using the mutual in

tensity mapping, the only recourse is to use a summation over the incoherent source 

method. 

The second calculation method is an integration of images produced by a set of 

independent point sources that comprise the illumination source. The physical inter

pretation of calculating image irradiance by an integration over independent source 

points is physically very satisfying, especially when the source is perfectly incoherent. 
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Furthermore, this chapter demonstrates that an incoherent source (whether physical 

or hypothetical) can be used to calculate the image irradiance for any state of co

herence, and is as completely general as a mutual intensity mapping. A significant 

problem with this method is that whenever any aspect of the optical system prior to 

the mask structure changes, an entirely new calculation must be performed. This new 

image calculation requires a completely new simulation of the object structure. This 

recalculation is often extremely time consuming. Of course this time restraint can be 

largely overcome by pre-calculating the the electric field after the structure interacts 

with a plane wave, for plane waves of many different angles. Then, the interaction 

of the structure with an electric field of arbitrary form can be calculated using a 

superposition of the stored electric fields, scaled appropriately. The pre-calculation 

and storing of these electric fields is essentially equivalent to a precalculation of the 

func t ion  G{r , r ' ) .  

The choice of which calculation method should be used depends largely on the 

problem being addressed. 

Section 4.5 discussed the situation in which the quasimonochromatic assumption is 

removed. In this situation, the cross spectral density, rather than the mutual intensity, 

is mapped through the optical system. The final image irradiance is calculated by 

integrating the cross spectral density over optical frequency. 

Although it was not explicitly discussed, the coherence analysis by summation 

over independent source points can likewise be generalized to include the eff'ects of 

temporal coherence. When using this method, one simply discretizes the source with 

respect to optical frequency and calculates image irradiance using the techniques in 

Section 4.4 for each value of u. These results are then integrated over the power spec

trum of the source. The advantages and disadvantages of this method, as compared 

to a mapping of the cross spectral density are the same as those discussed above, with 

respect to a mapping of the mutual intensity. 

Finally Subsection 4.5.2 discusses an analysis procedure in which the optical sys
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tem is treated as quasimonochromatic, except in regards to the interaction with the 

spectrally dependent mask structure. In this situation, a quasi mutual intensity 

y(ri,r2) is defined which includes the temporal coherence effects introduced by the 

multilayered structure. 
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Chapter 5 

COMPUTATIONAL COHERENCE ANALYSIS 

The theoretical methods developed in Chapter 4 are utilized to examine how an 

angularly dependent structure, such as a patterned multilayered mask, affects the 

overall coherence properties of an optical system. Section 5.1 presents a detailed 

comparison between the effective mask model for simulating EUV mask structures 

used by BolipaUi et al. (1999) and a complete coherence analysis, which is similar 

to that performed by Pistor (2001). The validity of the effective mask approxima

tion is determined by the angular responsivity of the structure. Subsection 5.1.1 

discusses how the thick pattern structure affects the angular responsivity of a pat

terned multilayered structure. It is shown in Subsection 5.1.2 that the effects of the 

pattern structure on the angular responsivity causes the effective mask approxima

tion to break down much sooner than expected. The reason for the breakdown of the 

effective mask model is discussed, as weh as the discrepancies that occur. Section 5.2 

analyzes some of the details unique to a non-telecentric critical illumination system. 

Finally, Section 5.3 includes the effects of finite optical bandwidth on the simulation 

of a patterned multlilayered structure. 

5.1 Spatial coherence interpretation 

Chapter 4 presents two theoretical formulations that are used to calculate the im

ages produced by a patterned, angularly dependent structure (such as an EUV mask) 

for an arbitrary state of spatial coherence. What is, perhaps, of substantially more 

interest is an understanding of when a complete coherence calculation is required. In 
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the research published by Bolipalli et  al .  (1999), they argue that an effective mask 

approximation, using the Hopkins equation, is valid when calculating the aerial im

age of an EUV mask, because the angular reflectivity of an isolated EUV multilayer 

reflector is reasonably constant for incident angles less than about 11°, as shown in 

Fig. 3.3. Since the EUV systems studied by Bolipalli have an object space numerical 

apertures between 0.025 and 0.05 (NAjn^g =0.1 and 0.2 in the image space of a 4x 

reduction system), the angular subtense of any source used in these systems does not 

exceed 3 degrees (for an incoherence factor of CTc < 1.0). The angular subtense of 

the source refers to the angular distribution of plane waves produced by independent 

source points illuminating a telecentric Kohler illumination system. They further 

reason that any position change caused by off-axis source points would be linear with 

angle and hkewise average to essentially the same position that is predicted by an 

effective mask approximation. 

Pistor (2001) justifies using a more general coherence model, accounting for the 

angular dependence of an EUV mask, by stating that many mask inspection systems 

are enlarging, rather than reduction system. These systems are likely to have signif

icantly higher object space numerical apertures than 4x reduction systems used for 

circuit printing. These higher object space numerical apertures hkewise use a source 

that subtends an angle much larger than the 11° benchmark, and they require a more 

complete coherence model than the effective-mask Hopkins' approximation. However, 

both BollepaUi and Pistor limit their investigation to pattern structures with spatial 

periods no smaller than 400nm. 

The 11° source illumination benchmark used thus far to justify or refute the use of 

the effective mask approximation is based on the primary angular cuttoff of the reflec

tivity of the un-patterned multilayer reflective structure. However, the justification 

for this benchmark is somewhat incomplete, because the diffraction efficiency of the 

diffracting pattern structure included with the multilayer stack can potentially have 

a profound influence on the angular response of the entire patterned mask structure 
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and dramatically change the 11° benchmark used thus far. 

5.1.1 Angular response 

To understand the interaction between the multilayer reflective structure and the 

pattern structure, the conceptually simple case of a telecentric Kohler illumination 

system and a perfectly incoherent source is considered. 

Consider an electric field incident on the pattern structure of an EUV mask. Equa

tion. (4.6) gives the linear mapping relationship between the incident and transmitted 

fields as 

The transmitted electric field is also expressed in terms of the angular spectrum of 

the incident electric field E_{r'). Equation (4.6) is expressed equivalently in the form 

which only the dimensions corresponding to the spatial vector r' are transformed. A 

Fourier transform of Eq. (5.1) results in 

(4.6) 

(5.1) 

where G{r ,p ' )  is the inverse Fourier transform of the mapping function G(r,r'), in 

J j A_(p')G(r, p') dp' dr 

J A_{p ' )  J G{v ,p ' ) e - ' ' ' ' ' ' '  P  d r  dp '  

f  ^ - i p ' )G{p ,p ' )dp '  (5.2) 
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where G{p ,p ' )  is the multidimensional Fourier transform of the function G(r, r'), in 

which the dimensions corresponding to the spatial variable r are Fourier transformed 

and the dimensions corresponding to the spatial variable r' are inverse Fourier trans

formed. 

To characterize the angular responsivity of the entire patterned multilayer struc

ture, the change in the zero order diffracted amplitude as a function of incidence 

angle is used. This quantity does not, by itself, characterize the entire structure, but 

it gives a good indication as to how sensitive the reflected electric field is to a change 

in incidence angle. 

To determine the zero-order diffracted amplitude of the structure, consider a plane 

wave incident with a direction cosine vector Pq. The angular spectrum of the incident 

plane wave is a delta function, so the spectrum of the field transmitted through the 

pattern is given by 

Apa t ip )  =  j  S{p'-  Po)G{p,  p ' )  dp '  

- G{p,Po) (5.3) 

A straightforward application of linear systems theory is used to express Eq. (5.3) as 

= J  6(p'  + Ps>)G'(p ' ,p)  dp '  

= G'(-p„,p), (5.4) 

where G*{p ' ,  p )  is the adjoint of the linear mapping function G{p ,  p ' ) .  

The transmitted spectrum interacts with the multilayer structure, yielding the 

reflected spectrum 

^ ( p )  =  A p a t { p )M{ p )  

= G*i~Po,p)M{p), (5.5) 

where M{p)  is the angular dependence of the multilayered structure. Finally, this 

reflected spectrum is transmitted through the pattern structure a second time using 



143 

Eq.(5.2), yielding the spectrum of the reflected electric field, given by 

Aout{p') = J A2{p)G{p',  p)dp 

= J G*{-po ,p )M{p)G{p \p )dp  (5.6) 

An inverse Fourier transform of the function Aout{p') results in the electric field 

reflected from the patterned multilayered structure. However, because the quantity 

of interest is the zero-order diffracted amplitude, the spectrum Aoutip') is evaluated 

at p' = Pq, that is 

Aoutip' = Po) = y G*{-po ,  p )M{p)G{po ,  p )dp .  (5.7) 

If the pattern structure is symmetric, then the zero order diffracted amplitude is the 

same for incident angles of -|-po and —Pp, and Eq. (5.7) simplifies to 

AoutiPo)^ J  M{p) \G{pQ,p ) \ ' ^dp .  (5.8) 

Equation (5.8) demonstrates that the zero-order diffracted amplitude is given by 

a linear mapping of the angular response of a multilayer coating, using the magnitude 

squared of the function G{pq, p) as the integration kernel. 

Figure 5.1 shows the zero-order diffracted amplitude calculated using Eq. (5.8), 

for structures with periods of 400nm, 200nm and lOOnm. Also shown in Fig. 5.1(B) 

are the zero-order diffracted fields calculated directly from a complete RCWT anal

ysis of the total patterned multilayer structure. The agreement between the results 

in Figures 5.1(A) and 5.1(B) demonstrates that Eq. (5.8) accurately describes the 

interaction between the pattern structure and the multilayer structure. 

The functional form of the angular dependence of the zero order amphtude is 

rather non-intuitive. Figure 5.2 illustrates the zero order transmitted diffraction 

efficiency for an isolated (i.e. no reflective structure n=l on both sides) 90nm 

thick chrome pattern with a period of lOOnm and an illumination wavelength of 
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FIGURE 5.1. Thick pattern diffracted amplitudes for 400nm,200nm and lOOnm: 
(A) Calculation using Eq. (5.8) with G calculated using RCWT; and (B) A direct 
calculation of the diffracted amplitudes of a full ML using RCWT 

A = 13.4nm. Figure 5.2 also shows the angular response of an un-patterned Mo/Si 

multilayer reflective structure. Taken independently, neither of these structures ap

pears to be capable of producing the narrow angular response seen in Fig. 5.1. 

However, the interaction of the high frequency chrome pattern and the multilayer 

structure, presented in Eq. (5.8), produces the unexpected narrow angular response. 

This narrow angular response has a substantial effect on the coherence properties of 

the field reflected from a high-frequency patterned multilayer mask structure. 

5,1.2 Telecentric illuminator 

When investigating the coherence properties of a patterned angularly dependent 

structure, the quantity of primary concern is is the maximum angle subtended by 

the source at the mask plane. It is this angular subtense that determines whether 
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FIGURE 5.2. A comparison of the zero-order amphtude diffracted from an isolated 
lOOnm period 90nm thick Cr pattern, an isolated molybdenum/sihcon multilayer 
structure, and a combination of the two. 

a full spatial coherence calculation is required to determine the true image of a pat

terned angularly dependent structure, or whether a suitable approximation, such as 

the effective mask model, is sufficient. In an effort to analyze this problem, several 

carefully chosen computer simulations are performed. For these simulations, the dis

crete mutual intensity mapping relationships developed in section 4.3 of Chapter 4 

are used. The optical systems being simulated are one-dimensional, and they use a 

two-dimensional mapping function G{x',x) calculated using RCWT with s-type po

larization (such as the one shown in Fig. 4.1). The simulations performed in this 

section, and subsequent sections within this chapter are intended to give the reader 

some physical insight into the imaging behavior of patterned angularly dependent 

structures, and they are not intended to directly simulate any particular imaging 

system. It is for this reason that only one-dimensional simulation results are pre

sented. However, because of the substantial amount of interest in EUV lithography, 
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the physical parameters for the simulations that follow are chosen with these systems 

in mind. 

Consider a 50% duty cycle, line-space pattern structure with 400nm period de

posited on a Mo/Si multilayer mirror. If the image of this structure is produced using 

4x reduction camera with an object space numerical aperture of 0.05 (image space NA 

of 0.2), the source subtends and angle of less than ±3° for incoherence factors of up to 

(Tc = 1.0. If the mean incidence angle for the partially coherent illumination field is 

less than about 7°, then Fig. 5.1 demonstrates that, for a 400nm period, the change in 

zero-order amplitude is roughly constant over a range of ±3°. Therefore, the effective 

mask approximation provides an adequate approximation to the full coherence model. 

This agreement is clearly demonstrated in Fig. 5.3. For the simulation results shown 

in Fig. 5.3, the object space numerical aperture is NAo^j = 0.05 (NA^mg = 0.20) and 

the incoherence factor is CTc = 1.0. The mean incidence angles of the source are 0 = 0° 

and 9 — 4.1°. Given these values for NA and CTc, the source subtends an angle of 

±2.8° on the mask. Notice that there is a slight, although probably inconsequential, 

difference between the irradiance calculated using the effective mask approximation 

and using a full coherence model. 

Consider a lOOnm period pattern, imaged using a 4x projection camera with an 

object space NA=0.10 (image space NA=0.4). In this configuration, a source subtends 

an angle between 3° and 6° for incoherence factor values of ctc ~ 0.5 and <Tc ~ 

1.0, respectively. However, Fig. 5.1 shows that the zero-order reflected amplitude 

from a lOOnm period patterned multilayer structure changes quite dramatically over 

this range of angles. Consequently, the effective mask model does not provide an 

adequate approximation. Figure 5.4 shows the image irradiance calculated using both 

an effective mask approximation and a full coherence calculation. For this simulation, 

the object space NA is 0.1 (NAj^g = 0.4) and the coherence factor is cTc = 0.4, 

resulting in a source subtense of about 3°. The mean incidence angles of the source 

are 6 = 0°(A) and 9 = 4.2°(B). For the sake of comparison, the mean angle and 
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FIGURE 5.3. A comparison of the aerial image irradiance calculated using a full 
coherence calculation and an effective mask approximation for a mask period of 400 
nm. NAJ^g = 0.2 ~ 1.0 (A) Mean incidence angle Q = 0°; (B) Mean incidence 
angle 9 = 4.2° 
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FIGURE 5.4. A comparison of the aerial image irradiance calculated using a full 
coherence calculation and an effective mask approximation for a mask period of 100 
nm. (NA=0.42 CTc = 0.4 in both simulations) (A) 6 = 0°; (B)0 = 4.2° 

angular subtense of the source is the same as that used to calculate the results shown 

in Fig. 5.3. However, a comparison between Figures 5.4 and 5.3 clearly demonstrates 

that the effective mask approximation provides an adequate approximation for a mask 

structure with a period of 400nm, but it does not yield the correct result for a mask 

with a pattern period of lOOnm, even though the source subtends the same range 

of angles in each case. This result demonstrates that when considering the angular 

response of  a  s t ructure ,  both the pat tern and the mult i layer  s tructure play a  s igni f icant  

role .  

An interesting result is also apparent in Fig. 5.4(A), in which the mean source 

incident angle is 0°. Notice that the full coherence model predicts a slightly higher 

contrast than does the effective mask approximation. 

A comparison of the near-field mutual intensity yields a significant amount of in

sight into the contrast enhancement phenomenon shown in Fig. 5.4(A). The data 
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shown in Fig. 5.5(A) is the near-field mutual intensity resulting from an application 

of the discrete mapping given in Eq. (4.33). Figure 5.5(B) shows a comparison of 

the near-field mutual intensity of the full coherence model and the effective mask 

approximation, plotted as a function of Xi — X2- Because the reflected mutual inten

sity is dependent on absolute position, the choice of coordinates is not completely 

arbitrary. The choice is made to place xi = X2 at the location the center of an object 

opening (along the line shown in Fig. 5.4(A)). Notice in Fig. 5.5(B) that, although 

the mutual intensity calculated using the full coherence model has a slightly lower 

maximum indicating a lower peak near-field irradiance, it is somewhat wider than 

that of the effective mask model. 

Chapter 2 explained that the near-field mutual intensity is a measurement of 

the interferability of a quasi-monochromatic electric field. A wider mutual intensity 

indicates an enhancement of the interferability, and consequently an enhancement of 

the spatial coherence. It is this enhanced coherence that causes the increased contrast 

in the image, despite the fact that the peak irradiance in the near-field is lower for 

the full coherence model. As the source size is further increased, however, the peak 

near-field irradiance continues to decrease. This decrease tends to dominate over the 

coherence enhancement, resulting once again in a lower peak power and lower contrast 

for the full coherence model. 

If the mean incidence angle is not normal to the surface, there is a second dis

crepancy that occurs between the full coherence and effective mask models. This 

discrepancy is a slight shift in image position from that calculated using the effec

tive mask model. Note that the image produced using both the full coherence and 

effective mask models incur a shift with respect to the image produced using a mean 

incident angle normal to the structure. This effect is well understood, and it has 

been documented by, among others, BollipaUi (1999). The image shift shown in Fig. 

5.4(B) is an additional perturbation to this effect. 

In order to understand, the image shift perturbation, the coherence analysis by 



150 

(A) (B) 

Mutual intensity (full coherence) source subtense 3.41° 

Full coherence 
— Effective mask 

-0.4 

-0.3 

-0.2 

-0.1 

0.4 0.2 

0.3 
0.2 

0.4 

0.1 0.2 0.3 0.4 0.05 0.1 
Object space (X^-X^) (urn) 

0.15 •0.4 -0.3 -0.2 -0.1 0 

FIGURE 5.5. (A) Shows the absolute value of the reflected mutual intensity from 
a lOOnm period structure with illumination angular subtense of 3°, the line in the 
figure is xi — X2. (B) Shows a plot of the absolute value of the mutual intensity as a 
function of Xi — X2 with Xi^ X2 = 0. 
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summing over incoherent source points that was discussed in Section 4.4 is apphed. 

Consider first an ofF-axis system with an effective mask. A coherent plane wave in

cident with an angle 6q interacts with the effective mask and produces a pupil plane 

diffraction pattern such as the one shown in Fig. 5.6(A). Because the mathematical 

representation of the structure does not change as the angle Og changes, the diffrac

tion pattern produced in the pupil is exactly the same, apart from a shift, for each 

source point comprising the illumination source. If this approximation is in good 

agreement with the physical diffraction pattern from a complete multilayer structure, 

the effective mask approximation adequately predicts the correct shift of the image 

and agrees with the result calculated using a full coherence model. A plot of the 

amplitude of the zero, -|-1 and —1 angular spectrum orders as a function of angle is 

shown in Fig. 5.7. Figure 5.7(A) shows the diffracted orders produced by a patterned 

multilayer structure with a relatively large period of 400 nm. Note that the energy 

in each diffracted order stays relatively constant for nearly all incident angles below 

about 8° (a ~ 0.15). 

A plot of the 0,-}-l, and —1 angular spectrum orders for a multilayer structure with 

a small period pattern of lOOnm is shown in Fig. 5.7(B). Note that there is a drastic 

variation in the amplitude of each order as a function of angle. If the source has a 

mean angle of 0 = 3° and an angular subtense of 3°, the distribution energy in the 

diffracted orders changes in a very asymmetric manner, giving rise to the disagreement 

between the full coherence and effective mask models. This is effect illustrated in Fig. 

5.6, which shows the pupil irradiance distribution for several discrete source points. 

Figure 5.6 (A) shows the distribution using the effective mask approximation, and 

Fig. 5.6(B) shows the distribution using a full coherence model. It is the asymmetry 

in this pupil irradiance produced using the full coherence model which gives rise to 

the discrepancy in image position. 

An alternative method for analyzing the shift discrepancy between the full coher

ence model and the effective mask model is obtained from a direct examination of the 
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FIGURE 5.6. A comparison of the projection camera pupil patterns produced using 
(A) the effective mask approximation; and (B) the full coherence model. The bold 
hnes indicate the diffracted orders for the 6 = 6 incident plane wave. 

mutual intensity reflected from the patterned multilayer structure. Recall that the 

near-field irradiance is given by the reflected mutual intensity evaluated at ri = r2. 

That is 

Inearij^^ ~ Jneari^)^\ 

Figure 5.8(A) shows a comparison of the near-field irradiance, calculated using eff"ec-

tive mask approximation and the full coherence model for off-axis illumination of a 

patterned multilayer structure with a source that subtends an angle of 4° and has a 

mean incidence angle of 9 = 2.5°. Shown in this figure is only a single feature of the 

periodic structure. Notice that the near-field irradiance distribution in the effective 

mask approximation tends to shift to the right as compared to the full coherence 

model. Figure 5.8(B) shows a comparison of the images of the patterned structure 

produced using a 4x imaging system with a numerical aperture of NAj^g = 0.4. Note 

that the near-field energy shift is transferred to the image, resulting in the position 
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(A) (B) 

Pattern period 400nm Pattern period 100nm 

Zero order 
+1 order 

1 order 

Zero order 

order 

angle (deg) 
10 

angle (deg) 

FIGURE 5.7. A comparison of the angular spectrum diffracted orders as a function 
of incidence angle for (A) a 400 nm period patterned multilayer structure; and (B) a 
lOOnm period patterned multilayer structure. 

discrepancy between the full coherence and effective mask calculations. 

The shift discrepancy is put on a more quantitative footing by using a moment 

calculation. The position shift of the near-field irradiance pattern is calculated using 

the central moment of an isolated near-field feature. That is 

+3:0 

j xI„Ax)dx, (5.9) 

-XQ  

where the hmits — X q  —> + X o  are chosen to obtain a single feature. Figure 5.9(A) 

shows a plot of the calculated for the near-field irradiance as a function of mean 

incidence angle 9 for both the effective mask approximation and the full coherence 

model. Note: the position shift is divided by the magnification to allow a more direct 

comparison with Fig. 5.9(B), which shows a plot of the image position shift as a 

function of incidence angle for the same system. 

The discussion of angular subtense is also used in conjunction with a critical 



154 
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e =2.5° Aa =0.074 (4.3°) NA=0.42 a =0.71 e„=2.5° 
0 S ^ ' CO 

0.5 
— Full Coherence 
- - effective mask 

Full Coherence 
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0.4 

0.35 m.=3.94 nm 

0.25 
SO.I 

0.15 

0.4 

0.2 0.05 

-40 -20 0 20 
object space position (nm) 

60 -20 -10 
image space position (nm) 

FIGURE 5.8. (A) The near-field reflected irradiance for a lOOnm period, patterned 
multilayer mask, calculated using both the effective mask approximation and the full 
coherence model. The vertical lines indicate the central moment of each irradiance 
pattern calculated using Eq. (5.9). (B) The corresponding image plane irradiance 
patterns. 
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(A) (B) 

Near field moment Aa^=0.074 (5°) NA=0.42 a^=0.71 

— Full Coherence 
- • effective mask 

Full Coherence 
effective mask 

2.5 2.5 

0.5 0.5 

5 
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FIGURE 5.9. (A) Shows a plot of the central moment of a near-field irradiance 
feature, calculated as a function of mean incidence angle 6, for both the effective 
mask approximation and the full coherence model. (B) Shows a plot of the image 
position shift as a function of 9 for the same system. 
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Condenser 
Projection 
camera 

Source 

mask 

FIGURE 5.10. A telecentric critical illumination system 

illumination system. The breakdown of the critical illumination effective mask ap

proximation occurs for the same angular subtense as that of the Kohler illumination 

system. However, the physical interpretation of the angular subtense is different. 

Consider first the case of a telecentric critical illumination system illustrated in Fig. 

5.10. In the case of critical illumination, each source point does not produce a sin

gle plane wave, but rather produces a focused spot that is comprised of an angular 

spectrum of plane waves. The angular spectrum of plane waves is determined by the 

numerical aperture of the illumination system, which likewise determines the angular 

subtense (A0). Notice that, for the telecentric illumination system, each source point 

produces an identical focused spot on the structure. 
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5.2 Non-telecentric systems 

Figure 5.11 illustrates a non-telecentric critical illumination system. Notice that 

the the focus spot produced by the on-axis source point is constructed from a different 

collection of angles than is the the focused spot produced by the off-axis source point. 

The angular subtense (A^) produced by each source point is the same (determined by 

the NA of the condenser), but the chief ray angle, incident on the mask (0j) is different 

for each source point. The focused spot produced by an off-axis source point has a 

constant linear phase that is dependent on the chief ray angle. This constant hnear 

phase is dependent on mask position, and therefore, the illuminating field interacts 

with the structure differently depending on location in the mask plane. Accounting 

for this effect in a simulation is done by including the quadratic phase factor from 

Eq. (2.55) into the point response function of the condenser system — given 

by 
k I ,9 

^7^—r 
2zo 

exp 

or, for a one-dimensional system, 

27r 
exp I-—x'^ 

(5.10) 

{5.11) 
2z2 

The chief ray angle of the focused spot at any position on Xi on the structure is 

given by 

E, = ^I 
2̂ 

where Z2 is the back focal distance of the condenser system. As Z2 decreases the chief 

ray angle of the focused spot at any position Xi will increase. Note that, the chief ray 

angle 0i is directly proportional to the object field position Xi. 

Figure 5.12 shows a plot of the near-field irradiance plotted as a function of chief 

ray angle 0^ = XijZ2 for Z2 = 10/im.®' A 400nm period object structure is used, with 

^The decision to use such extremely small values for Z2 is made primarily for illustrative purposes. 
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FIGURE 5.11. An illustration of a non-telecentric critical illumination system 
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a condenser NA of 0.05. Figure 5.12 (A) sliows a comparison of the near-field irradi-

ance produced by non-telecentric critical illumination system with with the near-field 

irradiance produce by a telecentric Kohler illumination system with ^ = 0. Notice 

that an agreement in near-field irradiance occurs when ©j = 0. Figure 5.12 (B) shows 

a comparison of the near-field irradiance produced by nontelecentric critical illumina

tion with the near-field irradiance produced by a telecentric illumination system with 

6 = 4.5°. Notice that the irradiance patterns are in agreement when ©j = 4.5°. This 

near-field data demonstrates that the primary effect of a non-telecentric system is 

to vary the angular interaction with the structure across the field of view of interest. 

The source size for the critical illumination simulations is chosen to be infinite in 

extent and therefore, the effects illustrated in Fig. 5.12 are entirely dependent on the 

non-telecentric nature of the condenser system. 

Figure 5.13 shows a comparison of the image plane irradiance pattern produced 

by a system with a telecentric condenser and the image plane irradiance pattern 

produced by a non-telecentric condenser. Data are plotted as a function of chief ray 

angle 0j on the object structure. For the data in Fig. 5.13 (A), Z2 = bOfim. In Fig. 

5.13 (B), Z2 = 10/im, to show a larger range of chief ray angles over the same field 

of view. Notice that as the chief ray angle on the mask increases, the the primary 

effects in the image plane are a shift as a function of position, and a decrease in image 

irradiance as a function of position. This image shift is essentially the base image shift 

that occurs with off-axis illumination of the angularly dependent structure, including 

the additional perturbations discussed in Section 5.1.2. However, if the source size is 

chosen such that the maximum chief ray angle on the object structure is less than 3°, 

and a scanning method is used to produce the final image printed on the wafer, the 

results agree with those predicted using the telecentric modeling discussed in Section 

5.1. 

Since the field of view used for the simulation is also very small (w 4/im) a small value of Z2 must 
therefore be chosen to illustrate the effect. 
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(A) (B) 

Non telecentric system 
telecentric system 0=4.5' 

— Non telecentric system 
- - telecentric system 0=0 

0.4 0.4 

0.2 0.2 

8 
Chief ray angle (deg) Chief ray angle (deg) 

FIGURE 5.12. Near-field irradiance produced by a non telecentric condenser system 
plotted as a function of chief ray angle (A) Shows a comparison with a telecentric 
system at normal incidence (B) Shows a comparison with a telecentric system at an 
incidence angle of 4.5° 
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mask period=400nm NA=0.21 o^-0,85 z^-SO mask period=400nm NA=0.21 c^=0.85 2^=10 

Non-telecentric 
— Telecentric 

Non-telecentric 
— Telecentric 0.9 0.9 

0.8 

0.7 0.7 

.t 0.5 

<5 0.4 

0.3 0.3 

0.2 0.2 

0.5 1 1. 
object plane Chief ray angle (deg) 

2 
object plane Chief ray angle (deg) 

FIGURE 5.13. Comparison of image irradiance between telecentric an non-telecentric 
systems, for a 400nm period mask pattern structure plotted as a function of chief ray 
angle 0. (A) Shows a large value of Z2 — SO/um (B) Shows a small value of — 10/im 

The 3° angular constraint is intimately related to the angular dependence of the 

structure. Figures ?? and 5.14 both show a similar plot for mask patterns of 200nm 

and lOOnm. Notice for the lOOnm pattern structure, a change in chief ray angle of 1 

degree produces a noticeable change. Clearly the high frequency patterned structures 

with narrow angular dependence are very sensitive to this effect. Table 5.1 gives a hst 

maximum chief ray angles for various system configurations. That is, the maximum 

chief ray angle in which a telecentric simulation method can be used to approximate 

a non-telecentric system. 

The data in table 5.1 presents a guideline for the analysis of critical EUV illu

mination systems. If the image of the source at the surface of the mask structure 

subtends an angle less than Qm for the system in question, then a telecentric simu

lation adequately predicts the behavior of the image. 

Current EUV systems use a ring-field illumination system, which can be loosely 

approximated as being Kohler in one direction and non-telecentric critical in the 
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mask period=1 OOnm NA=0.40 C5^=0.75 2^=50 mask period=1 OOnm NA=0.40 0^=0.75 2^=10 

0,5 0.5 
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FIGURE 5.14. Comparison of image irradiance between telecentric an non-telecentric 
systems, for a lOOnm period mask pattern structure plotted as a function of chief ray 
angle 0. (A) A large value of Z2 = 50//m (B) A small value of — lOfim. 

other. The ring field projected on the mask structure is approximately 80mm in the 

Kohler direction and approximately 7mm in the critical dimension. [CITE 20021SPIE 

article]. For these systems, the back focal distance at the mask is on the order of 

1 meter, so Qm < 0.5°. Therefore, the simulation discrepancy between a telecentric 

and non-telecentric critical illumination is negligible with regard to these systems, 

and a simple telecentric simulation will adequately predict imaging performance. 

5.3 Temporal coherence investigation 

In Section 4.5.2, a pseudo-mutual intensity is defined. A comparison to the quasi-

monochromatic mutual intensity, in conjunction with the spectral irradiance /(r, v) is 

used to gain insight into how a finite spectral bandwidth affects imaging performance 

of a patterned reflective multilayer structure. Two situations are considered in this 
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Pattern Period NA- space CTc ©M 

100 nm 

0.47 
0.25 0.75° 

100 nm 

0.47 0.625 1.00° 

100 nm 

0.47 
0.87 1.00° 

100 nm 
0.42 

0.57 0.75° 100 nm 
0.42 0.71 0.75° 

100 nm 
0.42 

1.0 0.85° 

200nm 
0.36 

0.167 1.5° 

200nm 
0.36 0.58 1.5° 

200nm 
0.36 

1.0 2.5° 200nm 

0.27 
0.22 1.5° 

200nm 

0.27 0.78 2.0° 

200nm 

0.27 
1.0 2.0° 

400 nm 0.21 
0.36 O

 
o
 

400 nm 0.21 0.64 3.5° 400 nm 0.21 
1.0 4.0° 

TABLE 5.1. Maximum non-telecentric chief ray angle deviations, for various optical 
system configurations. For optical systems with maximum chief ray smaller than the 
value shown, a telecentric simulation is vahd. 

section, the case of a 400nm mask period, because it is of current interest in EUV 

hthography, and a lOOnm mask period. 

Figure 5.15 (A) shows the image plane spectral irradiance /(r, u) calculated using 

a 400 nm mask pattern. The spectrum of the source is, for the sake of simplicity, 

assumed flat over the bandwidth of A = IS.Onm ^ A = 13.7nm. Figure 5.15(B) 

shows a similar calculation using a lOOnm mask pattern. Note that spectral data are 

shown as a function of wavelength rather than frequency. 

The first thing to notice is that the peak and center of symmetry of the spec

tral irradiance, occurs at different wavelength values for the two spectral irradiance 

functions shown. Note that the peak of the image plane spectral irradiance AQ is not 

necessarily the peak of spectral reflectivity of the multilayer structure shown in Fig. 

4.13, but rather occurs at a value between AQ = 13.3nm and 13.45nm. This result 

is important because the imaging properties are least sensitive to effects caused by a 
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X,=13.45nm Source=2.5° 0=0' 

image space position (nm) position (nm) 

FIGURE 5.15. Image plane spectral irradiance I { x , X )  for:(A) pattern period of 
400nm, the mean incidence angle is 0° the imaging system NA=0.21 and the in
coherence factor is <Tc = 1.0; and (B) pattern period of lOOnm, the mean incidence 
angle is 0°, the imaging system NA=0.41 and the incoherence factor is (Tc = 0.5 

source with finite spectral bandwidth, if the source wavelength spectrum is centered 

on AQ. 

The value of AQ is found by calculating the wavelength value that allows the maxi

mum power throughput of the patterned multilayer structure, given by the integration 

P(A) = J I { r , X ) d r .  (5.12) 

The wavelength value that maximizes P { X )  is AQ. A plot of P { X )  for three different 

pattern periods is shown in Fig. 5.16. Notice that the peak of each function occurs 

at a different value of A, further demonstrating that AQ is dependent on the pat

tern structure period. This is somewhat problematic, because a true physical mask 

structure is unlikely to be composed of structures with only a single spatial period. 

However, in an effort to study the effects of temporal coherence, the spectral band

w i d t h  c h o s e n  f o r  e a c h  s i m u l a t i o n  i s  c e n t e r e d  o n  a  v a l u e  o f  A Q  t h a t  m a x i m i z e s  P { X )  
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FIGURE 5.16. A plot of P { X )  for three different mask pattern periods. The angular 
subtense of the source is the same in all three cases AQJ = 3° 

for the pattern structure being studied. This assumes that the mask structure has 

only a single spatial period, and that the designer minimizes any temporal coherence 

effects. 

Figure 5.17(A) shows a plot of image irradiance for three different spectral band-

widths centered on AQ. The period of the pattern structure on the mask is 400nm, 

the 4x imaging system NA is 0.2 (in image space), and the spatial incoherence factor 

is (Tc = 1.0. Notice that the primary effect is a decrease in irradiance maximum of 

each printed feature. A comparison of the quasi-monochromatic (QM) mutual in

tensity with the temporal coherence pseudo (TCP) mutual intensity, as plotted in 

Fig. 5.17(B) as a function of Xi — X2 with {xi,0) placed at the center of a feature, 

demonstrates that there is no appreciable widening of the mutual intensity for a wider 

source bandwidth. This indicates that there is no enhanced coherence corresponding 

to the decrease in peak near-field irradiance. This result is expected, because a wider 

spectral bandwidth generally decreases in the interfereability of an electric field. 
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FIGURE 5.17. (A) Image plane irradiance for a pattern period of 400nm, caluclated 
using three spectral bandwidths AA = Onm, AA = 0.3nm and AA = O.Gnm. The 
mean incidence angle is 0° the imaging system NA=0.21 and the incoherence factor 
is cTc = 1.0; (B) Comparison of the temporal coherence pseudo mutual intensity for 
the three images shown in (A). 



167 

(A) (B) 

l.3nm NA=0.41 0^=0.57 period= 100nm Xu=13.35nm Source=2.9° 0=0° 

AA,=0 

— AX=0.36 nm 

A>^0,6 nm 

M=0 
— A>.=0,36 nm 

AX=0.6 nm 0,5 

0) 0.4 
0.8 

0.3 
0.6 

- 0 . 2  3)0.4 

0.2 

0.05 C 
Xj-Xj {X1=0) nm 

0.15 -20 -10 
position (nm) 

FIGURE 5.18. (A) Image plane irradiance for a pattern period of lOOnm, calculated 
using three spectral bandwidths AA = Onm, AA = 0.3nm and AA = O.Gnm. The 
mean incidence angle is 0° the imaging system NA=0.41 and the incoherence factor 
is CTc = 0.5; (B) Comparison of the TCP mutual intensity for the three images shown 
in (A) 
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Figure 5.18 shows a similar comparison for a lOOnm mask pattern. In this situ

ation, the the 4x imaging system has a NA of 0.4 (in image space) and the spatial 

incoherence factor is CTc = 0.5. A similar decrease in image irradiance occurs as a re

sult of the extended spectral bandwidth. Notice that the decrease in image irradiance 

is similar in both the case of the 400nm pattern and the lOOnm pattern. This simi

larity demonstrates that the spatial period of the mask pattern has httle effect on the 

temporal coherence behavior of the composite object structure and that the spectral 

dependence of the ML coating is responsible for any temporal coherence effects. 

5.3.1 OfF-axis illumination 

The effect of non-normal incidence illumination is considered next. Figure 5.19 

(A) shows a plot of the spectral irradiance for a source whose mean incidence angle 

is ^ = 4°. For this data a 400nm mask pattern is used, and the imaging system 

properties are otherwise the same as those used for an on-axis source. Notice that 

the the only substantial change in the spectral irradiance is a slight change in the 

location of AQ. This change is obvious from the spectral reflectivity of the multilayer 

coating plotted in Fig. 4.13. 

Figure 5.19 (B) shows a plot of the total image irradiance for three different 

spectral bandwidth values. The only noticeable change in behavior is a drop in peak 

image irradiance, similar to that observed for the on-axis result. 

Figure 5.20 shows a similar comparison for a lOOnm pattern. Figure 5.20(A) 

shows the spectral irradiance for a lOOnm pattern structure. The mean source angle 

of incidence is 0 = 4°, all other optical system parameters are the same as those 

used for the on-axis simulation. Notice from the spectral irradiance, shown in Fig. 

5.20(A), that in this case there is a substantial shift in image position with respect to 

individual wavelength. This suggests a possible shift in image position as the spectral 
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>. =13.45nm NA=0.21 a =0.86 0=5.1' 
X=13.45nm Source=2.5° 6=5.1° 

image space position (nm) image space position (nm) 

FIGURE 5.19. Image plane irradiance I { x , X )  for a pattern period of 400nm. The 
mean incidence angle is 5° the imaging system NA=0.21 and the incoherence factor 
is (Tc = 1.0 (A) The spectral irradiance I(x,X). (B) The image irradiance calculated 
for three different values of spectral bandwidth. 
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position (nm) position (nm) 

FIGURE 5.20. Image plane irradiance I { x , X )  for a pattern period of lOOnm. The 
mean incidence angle is 5° the imaging system NAi„g=0.4 and the incoherence factor 
is (Tc = 0.5 (A) The spectral irradiance I{x,X). (B) Image irradiance calculated for 
three different values of spectral bandwidth. 

irradiance is integrated over the source bandwidth. However, the images shown in 

Fig. 5.20(B) for three values of spectral bandwidth (AA — 0, AA = 0.3 nm and 

AA = 0.6 nm) surprisingly only show a slight shift in position with respect to the 

quasimonochromatic result. However, as was the case with the 400nm pattern there 

is a substantial decrease in irradiance with an increase in spectral bandwidth. Clearly 

any shifting effect caused by the finite spectral bandwidth and an off-axis source is 

secondary to the irradiance decrease. 
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Chapter 6 

SINGLE SURFACE ROUGHNESS 

State-of-the-art optical fabrication techniques aUow a substrate to be poUshed 

to a surface roughness of about O.lnm rms. In transmissive visible light(350 nm 

< A < 700 nm) and soft UV(A ~ 300 nm) optical systems, this amount of roughness 

introduces less than 1/5000 wave of phase perturbation to the electric field and is 

of virtually no consequence when considering image formation. However, when the 

wavelength is decreased into the extreme ultra violet (EUV) spectrum, around A 

ISnm, the phase perturbation introduced by this amount of roughness begins to 

become significant. This significance is further compounded by the fact that many 

EUV imaging systems use multilayered reflective optics. The deposition process used 

to fabricate the multilayer coatings used in these systems increases the roughness 

of the upper surfaces of the structure(J.S. Taylor, et.al. 1998). When these factors 

are considered, the amount of phase perturbation introduced by the roughness and 

inhomogeneity at the top surface of an optical element used with EUV hght can be 

as high as 1/20 waves (rms) of phase perturbation. 

This chapter reviews some of the basic theory of image formation in the presence of 

a shghtly rough object. This chapter considers only the imaging properties of a single 

rough layer, possibly with a pattern structure. A full multilayer theory is presented 

in Chapter 7. Section 6.1 reviews much of the basic imaging theory and statistical 

properties of a simple rough surface. Section 6.2 presents a detailed theoretical anal

ysis of one-dimensional imaging of a patterned rough surface. Section 6.3 extends the 

analysis to a two-dimensional system using a partially coherent imaging simulation 

program. Section 6.4 presents a theoretical analysis of the effects caused by imaging 
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^x)=—a+b=^ //(x)[cos0Q + cos^(x)] 
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FIGURE 6.1. The phase change of an electric field on reflection from a rough surface 

a rough surface in the presence of aberrations, particularly defocus. Finally, section 

6.5 is a summary of the basic results of this chapter. 

6.1 Review of theory from a single layer 

Consider a plane wave incident on a rough surface. Upon reflection from this 

surface, the incident wavefront undergoes a phase change due to the roughness. This 

phase change can be modeled as a simple random process that changes with respect to 

position. The most general heuristic expression for this phase change can be deduced 
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from Fig. 6.1 and is given by 

STT 
(j){x) = —if(a:)[cos0o + cos0(x)] 

A 
O t j -

= îf(:c)[7o +7(̂ )1, (6.1) 

where H { x )  is a random process representing the height variations on the surface, 

6o is the angle of the incident field, and 6{x) is the angle of the reflected field at a 

position X. It is important to note that the reflected angle is a function of position, 

and is a significant complication to this problem. In general, Snell's law can be used 

to predict this reflected angle, which can be expressed in terms of the derivative of 

the surface height function H{x). This rather complicated relationship is given by 

, ( . ) = ( 6 . 2 )  
yl + 4:H'{xy 

where H ' { x )  indicates the derivative of H { x )  with respect to position. While Eq. 

(6.2) is cumbersome, it can be (and usually is) simplified by assuming that the slope 

of any position on the surface is reasonably small. This assumption is generally valid 

when the surface is only slightly rough. That is roughness less than about A/10. Then 

H'{x) fa 0, and, consequently, 7(2;) fsi %. The reflected phase is then approximated 

as 
O-TT 

0(2;) Ri —2^oH{X ) .  (6.3) 

Generalizing to the scalar 2 dimensional case, the reflected field from the structure in 

question is 

E { v )  = exp 
O'jr 

(6.4) 

which is written as 

where 

E { r )  = exp [i0(r)], (6.5) 

(r) = (6.6) 
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6.1.1 Statistical description of rough surfaces 

Equation 6.4 expresses the relationship between the reflected optical field and 

the height variations of a rough surface. However, for this relationship to be of 

any practical use, a more detailed description of the random height function H{r) is 

required. 

At first glance, the most obvious way to characterize a rough surface is to use the 

variance of the surface height, given by 

where the overbar indicates an ensemble average of a collection of surfaces. If a 

coordinate system is chosen such that the surface height values have a zero mean, 

then 

While this value often proves useful as a first order characterization, it gives no 

information about the correlation in the height variations of the rough surface. A 

much more useful characterization is the power spectral density (PSD) of the rough 

surface.®^ 

The basic principle behind the power spectral density is the use of a Fourier 

spectral analysis to determine the spatial frequency characteristics of some random 

process (a rough surface in this case). An assumption that is inherent in the use 

of a spectral analysis of a random process is that it is stationary. That is, the 

statistics of the surface are independent of absolute position. The basic definition 

of power spectral density is given in Section 8.2 of Reference (B.R. Frieden 1991). 

''The PSD function is also often referred to as the power spectrum. However, in order to avoid 
confusion, the term power spectrum is used when discussing wavelength spectra of an optical source 
and power spectral density is used to discuss the statistics of a rough surface. 

(6.7) 

(7 J = (6.8) 
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This definition, extended to two dimensions, is given by 

(6.9) 

where 
+L+L 

F({,i))= / H{x,y)e-'^'<^^'+'»>dxdy (6.10) 

- L - L  

and ^ and rj are coordinates of spatial frequency. The power spectral density 

is the ensemble average of the Fourier transform squared of the surface height function. 

Note that the random variable is H{x, y) and not x or y. Much literature has been 

published about the power spectral density, and the myriad ways it can be calculated 

(J.M. Elson and J.M. Bennett 1995; E.L. Church 1988; E.L. Church, H.A. Jenkensen 

and J.M. Zavada, 1979). 

The ensemble average that is used in the definition of the PSD given in Eqs. (6.9) 

and (6.10) is a bit problematic to use in practice, because it assumes an average over 

a collection of statistically identical random surfaces. However, one seldom has a 

collection of statistically identical rough surfaces to measure, and one is usually only 

given a single surface with which to determine it's statistical properties. There are 

two ways around this problem, the first is to not perform the averaging in Eq. (6.9). 

However, this usually leads to an extremely noisy function that can sometimes be 

hard to interpret. Another method used to handle this problem is to assume that 

the surface is ergodic, which means that an average over the spatial extent of the 

surface (that is an average of x and y) is equivalent to an average over an ensemble of 

surfaces. Using this assumption, Taylor et al. (1998) present a very useful method to 

calculate the PSD from a discrete data set of surface height values. The unaveraged 

two-dimensional PSD of a discrete set of data is calculated using a discrete Fourier 

transform as 

•i27r([mAa;) ^+[nA3/] 77) 

2 

(6.11) 
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averaging 

10"^ 

log (Q (nm"'' 

2-D PSD (log) 

FIGURE 6.2. A diagram showing the radial averaging of a two dimensional PSD. 
T h e  e x a m p l e  P S D  i s  p l o t t e d  a s  a  f u n c t i o n  o f  t h e  r a d i a l  c o o r d i n a t e  (  =  +  r f -
The C axis is rotated around the center of the two dimensional PSD. The averaging 
is performed over the ensemble of radial PSDs calculated for each angle of rotation. 

where and Ly are x  and y  dimensions of the surface, M  and N  are the number 

of equally spaced samples in the x and y directions, and Ax and Ay is the sample 

spacing in the x and y directions, respectfully. The function calculated in Eq. (6.11) 

is the magnitude squared of a two-dimensional discrete Fourier transform, properly 

scaled to meet the definition of the PSD. The interesting aspect of this method of 

calculating the PSD is in how the averaging is done. Assuming ergodicity, the two 

dimensional PSD is averaged radially, as shown in Fig. 6.2. A basic assumption of 

this averaging method is that the surface roughness is statistically the same in all 

directions and that the unaveraged PSD is radially symmetric. 

Autocorrelation and the PSD 

Assuming that the surface roughness is a stationary random process, it is inter

esting to note that the PSD and the auto-correlation function of the surface are a 
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Fourier transform pair. This fact is easily proven as follows. Consider the definition 

of the PSD given in Eqs. (6.9) and (6.10) 

= 2™^ (6-12) 

-\-IJ\-L 

X 

-I^L -I^L 

-TlTtlj -TLTTL/ 

JJ iJ(xi, dxi dyi JJ d x 2 d y 2  

Because the averaging is over H { x ,  y )  and not x  and y, the averaging process can be 

brought inside the integral. This manipulation results in 

^ (6.13) 

X  J J J j - ^ ( ^ 1 ' 2 / 2 ) 6  d x i  d a : 2  ̂ 2 / 2  

-I^L -L-L 

The simple change of variables x q  =  X i ,  A x  =  X i  —  X 2 ,  V o  —  V i ,  and A y  =  ?/i —  2/2 

results in 

1 
S h { ^ , v )  =  i S ^ ( 2 l ) 2  j  j  J  J  H { x o , y o ) H * ( x o  -  A x , y o  -  A y )  

X dxo dyo d(Ax) d{Ay). (6-14) 

The term H { x q ,  y Q ) H * { x o  —  A x ,  y o  —  A y )  is recognized as the autocorrelation of the 

surface roughness, whose width determines the correlation length in the surface. 

Furthermore, due to the assumption that the surface roughness is stationary, this 

autocorrelation does not depend on absolute position (xo,yo)- That is, 

f f ( x o ,  y o ) f f * ( x o  -  Ax, y o  -  A y )  =  R n i A x ,  A y ) .  

Substitution of this expression into Eq. (6.14) results in 

S h { ^ , v )  = lim 
L—>•00 

~^Lr{-L 

dxodyo 
(2L)2 

-I^L 

-i-L^L 

R H { A x ,  d { A x )  d { A y ) .  

-I^L 
(6.15) 
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In the hmit of L —> oo, the bracketed expression simply becomes unity, and the 

integral over Ax becomes a simple Fourier transform. Therefore, the PSD is the 

Fourier transform of the autocorrelation function. 
+00 

Sh{^, v) = j  J Rh{Ax,  d { A x )  d i A y ) .  (6.16) 

—00 

The Fourier relationship between the autocorrelation function and the PSD is of 

further use in characterizing the statistics of a rough surface. Writing the inverse of 

Eq. (6.16) results in 

RH {AX ,  A y )  =  H { x o ,  Y Q )H* { X Q  -  A x ,  Y O  -  A y )  

d^dr]. (6.17) 

The case where Ax = 0 and A y  =  0 (and ignoring the complex conjugate because 

surface height values are obviously real) results in 

+oofoo 

H ^ { x o , y o ) =  J  J  S H { ^ , r i ) d ^ d r ]  =  a ^ ,  (6.18) 

—00-00 

which is the variance of the surface height distribution, assuming a mean surface 

height of zero. That is, the variance of the surface roughness is the integral of the 

power spectral density under these conditions. 

Fractal PSD of rough surfaces 

It has been discovered that most slightly rough surfaces have a PSD that is well 

described by a fractal.(J.S. Taylor, et.al. 1998; E.L. Church 1988; E.L. Church, H.A. 

Jenkensen and J.M. Zavada, 1979; E.M. Gullikson, et.al. 1999; E. Spiller 1995) A 

fractal PSD has the following form 

S h ( P )  = ||: (6,19) 

where the radial spatial frequency coordinate ( = The variable /C is a scaling 

parameter, and n is the called the fractal slope that has a value typically between 1.25 
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and 3.0. A log-log plot of the power spectrum of a typical rough surface, measured 

with a Wyko profilometer, is shown in Fig. 6.3(B), along with a plot of Eq. (6.19) 

with values /C = 6.4 x 10"^ and n = 2.4. A general characteristic of the fractal power 

law is that it appears as a line on a log-log plot. 

The unfortunate result of a rough surface being described by a fractal PSD be

comes obvious when trying to calculate the variance of the surface height using Eq. 

(6.18). Eq. (6.18) in polar coordinates is 

oo 

a% = 27rj SniOCdC. (6.20) 

0 

An attempt to substitute Eq. (6.19) into Eq. (6.20) and integrate from 0 oo 

results in a variance of infinity! This is extremely unfortunate, because the parameter 

ajj is physically a very insightful parameter, whereas the values of JC and n lend very 

little physical insight into the surface roughness. 

However, some insight is regained by realizing that the integral from 0 ^ oo 

means the sample is measured on a scale ranging from the size of the universe to the 

size of the smallest subatomic particle. Most measurement devices have a range that 

is somewhat more limited. Therefore, a pseudo parameter, representing the variance, 

is defined by considering the integration of Eq (6.20) within a limited range of spatial 

frequencies. In this case, the fractal representation of variance is given by 

(o+AC 

ff|,(Co,AC) = 2x J S„(0(di:. (6.21) 

Co 

In many cases, the bandwidth is between Co = where is the overall size 

of the sample in question, and Co + AC = 1/Ax, where Ax is the minimum resolution 

of the measurement device. In situations where a discrete set of surface data are 

measured, the variance (usually calculated by squaring the array and averaging the 

result) assumes this bandwidth. 
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(A) 

(A) surface measured on WYKO 
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(B) surface measured on WYKO 

Fractal Fit parameters 
K=6.4e-4 
n=2.4 

(C) surface measured on WYKO 
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FIGURE 6.3. The characterization of an optical surface using a Wyko profilometer. 
(A) Colormap of the surface height. (B) Log-log plot of the radially average 2-D PSD, 
along with a fractal fit using parameters /C = 6.4 x 10""^ and n = 2.4. (C) Histogram 
of the surface height values, and a Gaussian fit with an = O.lnm 
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An examination of the behavior of Eq. (6.20) reveals that the divergence for a 

fractal PSD is caused by behavior of the fractal at spatial frequency C = 0. If the 

fractal slope n > 2, integration of Eq. (6.21) converges to a finite result. If this 

integration is carried out with the limits Co = ^/Lg and oo and n > 2, the values for 

the pseudo-variance for a simple fractal surface are given by 

Throughout the remainder of this dissertation, the definition of surface height variance 

is given by Eq. (6.21) and the hats are assumed and not displayed in any subsequent 

equations. 

G a u s s i a n  h e i g h t  s t a t i s t i c s  

A complete description of the statistics of a rough surface requires knowledge of 

the probability distribution of surface height. While the PSD represents a descrip

tion of the spatial correlation properties of the surface, it gives no information as to 

the probability distribution of the surface height. It has been demonstrated, rather 

thoroughly, that the height probability distribution P{H) of many rough surfaces is 

adequately represented by using a zero-mean Gaussian 

Obviously, this characterization is a bit artificial, since the true variance is really 

meaningless for a fractal surface. However, use of the variance within the bandwidth 

of the measurement described in Eq. (6.21) often yields excellent agreement with 

a measured histogram of height variations on a rough surface. This is agreement 

demonstrated in Fig. 6.3(C), which shows a histogram of the height distribution 

of a surface measured with a Wyko profilometer. The histogram is compared with 

a Gaussian, and they are in excellent agreement. It should be pointed out that, 

while the height statistics of many rough surfaces are well described by a Gaussian 

(6.22) 

(6.23) 
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probability distributions, this observation is by no means universal (see Section 6.5.1). 

However, Reference (D.G. Stearns, D.P. Gaines and D.W. Sweeney 1998) clearly 

shows measurement data in which both the substrate roughness and the top surface 

roughness of multilayer EUV optical elements obey Gaussian height statistics. 

To simulate a rough surface in a computer, one starts with an array of Gaussian 

distributed random numbers. Next, the use of a hnear filter forces a power spectrum 

that is of the form of Eq. (6.19). An example of a computer generated rough surface 

is shown in Fig. 6.4(A). Notice that it's appearance is quite representative of many 

naturally occurring rough surfaces. A log-log plot of it's PSD is shown in Fig. 6.4(B), 

which demonstrates that the surface is indeed a fractal. 

6.1.2 Imaging of a single rough surface 

If the rough surface in question is placed at the object plane of a partially coherent 

optical system then, by substitution of Eq. (6.5) into Eq. (4.5), and ignoring, for 

the moment, the angularly dependent 7 in (/)(r), the irradiance in the image plane is 

given by 

/(r') = J o { r i , r 2 ) e x p [ i c t ) { r i ) ] e x p [ - i ^ { r 2 ) ] K { r ' , r i ) K * { r ' , r 2 ) d r i d r 2 .  (6.24) 

If the "standard", first order approximation for the roughness function is used, 

then each of the two exponential terms in Eq. (6.24) are replaced by 

When expressions (6.25) and (6.26) are multiphed together, the following expression 

is inserted into the integral 

exp[i(/)(ri)] = l + i(f){r2) 

exp [-Z(/)(r2)] = l-i(f){r2). 

(6.25) 

(6.26) 

exp [z0(ri)] exp [-z0(r2)] ~ [1 + #(ri) - i0(r2)]. (6.27) 
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(A) simulated fractal surface 

simulated fractal surface 

— Gaussian 
o Sim, surface histogram 

au=0.057nm 

Fractal fit parameters 

.1 0 0.1 
surface height h (nm) log of spatial frequency (nm' 

FIGURE 6.4. The characterization of a computer generated optical surface. (A) 
Shows a colormap of the surface height. (B) shows a log-log plot of the radially 
average 2-D PSD, along with a fractal fit using parameters /C = 1.1 x 10"^ and 
n = 2.4. (C) Shows a histogram of the surface height values, and a Gaussian fit with 
ah = 0.57 nm. 
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Notice that the second order term 0(ri)0(r2) is dropped, because the exponential is 

only approximated to first order. If the second order term is kept in the expansion, an 

error results in the calculated irradiance.'' Some of the early theoretical work done on 

this project (Vladimirsky 1998) incorrectly kept the second order term. The mistake 

was pointed out in a personal correspondence with Dan Stearns. 

Substituting Eq. (6.27) into Eq. (6.24) leads to the following result. 

causes the last two integrals in Eq. (6.28) to cancel each other. This is not surprising, 

since the last two integrals are purely imaginary, and irradiance is a purely real 

quantity. The resulting irradiance in the image plane is given by 

where the roughness function ( f ) { r )  is eliminated! At first glance, this result may seem 

surprising, since the first order approximation is so prevalent in scattering theory. 

The reason that the approximation in Eq. (6.27) is useful in most scattering theory is 

that the measurement of interest is usually the angular distribution of the scattered 

light, where the first-order terms make a significant contribution. However, when the 

measurement of interest is the irradiance pattern that results from imaging the rough 

surface, a first-order approximation of the random phase is insufficient to completely 

describe the imaging process. 

'^An example of this error is demonstrated by comparing (1 + i(f>)'^ = 1 + 2 i ( j )  —  c f p  t o  a .  Taylor 
expansion of [exp(i<jf))]^ = 1 + 2i(j) — 2(fP' + • • •. Notice the quadratic factor is off by a factor of two 

+  i  J o { r i , r 2 ) ^ { r i ) K { v ' , r i ) K * { r ' , r 2 ) d r i d r 2  

J o ( r i ,  r 2 ) 0 ( r 2 ) / ^ ( r ' ,  r i ) K * { r ' ,  V 2 ) d r i  d r 2  (6.28) 

The following property of the mutual intensity function. 

J o { r i , r 2 )  = Jo(r2,ri) 

(6.29) 
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In order for the roughness term 0(r) to make a contribution in the image irradi-

ance, the exponential is approximated to at least second order. That is, 

Then, the expression that is substituted into the the integral in Eq. (6.24) is given by 

(after some algebraic manipulation and eliminating terms greater than second order) 

Just as before, the linear terms are eliminated and the irradiance in the image 

plane is given by 

In this case, the roughness term (/)(r) makes a contribution in the second integral. 

An examination of the relationship given in Eq. (6.32) is extended to include a 

study of the effects of a patterned rough surface at the object plane by Beaudry and 

Milster (2000). The coherence relationship is similar to the work done in Reference 

(H. Fujii and T. Asakura 1974). However, the speckle effect manifests itself as a width 

variation on the resultant image of the patterned object. Assuming a simple threshold 

photoresist, this study demonstrated that a surface with and RMS roughness of as 

little as A/20 will produce a low frequency line edge variation in the printed image 

for modest coherence factors as high as — 0.6. 

6.2 Expanded theory 

An expanded analysis of Eq. (6.24) is presented in this section. For this analysis, 

the phase term is not approximated, and it is left in standard exponential form. 

(6.30) 

exp[i0(ri)]exp[-i(/)(r2)] 1 + z(0(ri) - Z(/)(r2)) + ^(0(ri) - ̂(ra))^ . (6.31) 

(6.32) 
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The primary quantity of interest in this problem is the variance in image irradiance 

caused by the rough surface. Generahy, this variance is is given by 

where the overbar indicates an ensemble average. 

The second term on the right-hand side of Eq. (6.33) is the squared average of 

the image irradiance given in Eq. (6.24). This squared average is written as 

[/(r')]^= Jo(ri,r2)exp[i{0(ri) - 0(r2)}]K(r',ri)ir*(r',r2)(iri(ir2 , (6.34) 

where the ensemble average is brought inside the integral, because the two exponential 

functions are the only random functions in the expression. Note that in this case, the 

averaging is done before the squaring of the integral. 

The averaged quantity in Eq. (6.34) is expressed in terms of the characteristic 

function of the probability density of the random variable (/)(r). Recall that a char

acteristic function is given by the Fourier transform of the probability distribution. 

For the joint probability between random variables 01 = 0(ri) and 02 = 0(1*2), this 

characteristic function is given by 

Given the definition of an average as an integration of a random value over the 

probabihty distribution, Eq. (6.35) is expressed as the average of the exponential 

function 

a ] { r ' )  =  P { r ' )  -  I { r ' ) ^  (6.33) 

j j Pr(0i,02)exp[z(a;i0i-Kcu202)]#irf02 (6.35) 

= exp[z(a;i0i uj2<i>2)]-

Finally, evaluation of Eq. (6.36) at Wi = 1 and UJ2 = —1 results in 

(6.36) 

-1) = exp[z(0i - 02)] (6.37) 

which is the averaged expression in Eq. (6.34). 
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To proceed further, assume that the probabihty function of the joint random 

variables 0(ri) and 4>{v2) is a zero mean, Gaussian random process. In this case, the 

characteristic function is given by 

1 
M {UJI ,U2 )  = exp 

= exp 

{ ( J l U l i  + 0 - 2 ' ^ 2  + ^1^2<^l'^20(ri)0(r2)} 

o  
exp[-o-0Wia;2i?(ri - ra)], (6.38) 

where R{TI  — r2) is the autocorrelation function of the Gaussian process, and cr| is 

the variance. Evaluation of Eq. (6.38) at (wi = l,ci;2 = —1) results in 

ex p{z((/)(ri) + 0(r2))} = exp [-aj] exp[aji?(ri - r2)]. (6.39) 

Although it is mentioned in Section 6.1.1 that the correlation function and the vari

ance are not particularly well defined for most real surfaces, they are used in this 

context in order to obtain a theoretical result that gives some insight into the behav

ior of the rough surfaces in question. 

Substitution of Eq. (6.39) into Eq. (6.34) results in 

I { v ' y  =  e x p [ - 2 a l ] x  (6.40) 

Jj[J(ri - r2)e('^^^('-i--^))]t(ri)t(r2)i^(r' - ri)K*{v' - V2) dr.dr, 

A similar, albeit somewhat more complex, technique is also used to evaluate the 

first term on the left hand side of Eq. (6.33). In this situation, the integral is squared 

before the averaging occurs. This averaging of the squared integral results in the 

extremely cumbersome (4 x 2)-dimensional integral given by 

= yyyy -^(^1 ~ ^2)^(r3 - r4)exp{i((/)(ri) - ̂(rs) + ̂ (rs) - (/)(r4))} x 

t{ri)t*{r2)t{rs)f{r4)K{r' - ri)K*{r' - r2)K{r' - r3)i^*(r' - r4) x 

(iri(ir2(ir3(ir4 (6-41) 

Again, the averaged term in Eq. (6.41) is expressed in terms of a characteristic 

function. In this case, the four-dimensional characteristic function for a Gaussian 
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random process is given by 

exp{z(0(ri) - 0(r2) + ̂ (rs) - 0(r4))} = M(l,-1,1,-1) 

= exp 
n=l m=l 

(6.42) 

Substitution of Eq. (6.42) into Eq. (6.41) gives the following equation for the average 

squared irradiance in the image plane. 

/2(r') = exp[-2(T^] yyyy J(ri - r2)J(r3 - r4)7^(rl,r2,r3,r4) X 

t { r i ) t * { r 2 ) t { r 3 ) t * { r 4 ) K { r '  -  r i ) K * { r '  -  r 2 ) K { r '  -  r 3 ) K * { r '  -  r4) x 

(iri(ir2cir3(ir4, (6.43) 

where 

7^(rl,r2,r3,r4) = exp{crj[i?(ri - r2) + i?(r3 - r4)]} x (6.44) 

exp{a5[i?(ri - r4) - R { r i  -  rg) - R { r 2  -  T S )  -  R { r 2  -  r4)]}. 

Although cumbersome, Eqs.(6.40) and (6.43) can be evaluated numerically for a one-

d i m e n s i o n a l  p o s i t i o n  v e c t o r  r  =  x .  

The following equations are chosen for the various functions in Eqs. (6.40) and 

(6.43). The mutual intensity function is given by 

/ Ax \ 
J { A x )  =  sine ( ) ' (6.45) 

where Lc is the coherence length of the electric field incident on the rough surface. 

The point spread function is given by 

K { x '  —  x )  —  -^sinc f  ~ r ~ ~ ^  > (6.46) 
k p  \  J  

where kp is the width of the point spread function. The incoherence factor (Tc, defined 

in Section 2.3.2 is expressed equivalently by the ratio of the width of the point spread 
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function to the coherence length of the electric field incident on the rough surface. 

Therefore 

(6.47) 

The correlation function of a real surface is given by the inverse Fourier transform 

of the PSD. Section 6.1.1 points out that the PSD for many real surfaces is described 

by the fractal relationship given in Eq. (6.19). However, there is no analytical function 

for the inverse Fourier transform of Eq. (6.19). In the interest of simplicity, the 

correlation function is approximated as a triangle function given by 

|Ax| 
R { A x )  —  1 |Aa;| < 

- 0 lAxI > ^0, (6.48) 

where is the correlation length of the phase of the electric field reflected from the 

rough surface. Because there is a linear relationship between the random variable 

0 representing the reflected phase and the the random variable H representing the 

random height of the rough surface, the correlation length of these two variables is 

the same, and thus — 

A quantity of interest in this problem is the contrast of the partially developed 

speckle pattern, which is given by 

V { x )  = ^  (6.49) 
I { x )  I { x )  

=  F { a ^ , £ ^ , L c , k p , x )  (6.50) 

To begin the discussion of V(a:), the case of t { x )  = 1 is considered. That is, there 

is no pattern on the rough surface. If there is no pattern on the rough surface, the 

statistical properties of the irradiance in the image plane do not depend on absolute 

position. That is 

V  =  F { a ^ , R ^ { £ ^ ) , L c , k p ) .  (6.51) 
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The functional dependence of V on the parameters a^, 4 and kp was studied previously 

by Pujii and Asakura (1974). However, in their analysis, the dependence on the 

correlation length of the rough surface is buried in the dependence of in the form 

of a ratio The understandably strong dependence of V on cr^ overpowers 

the significantly more subtle dependence on correlation length that is demonstrated 

presently. 

By examination of the results published in Reference (H. Fujii and T. Asakura 

1974), when the contrast is plotted as a function of one concludes that, as the 

correlation length decreases (smaller roughness features) while holding the variance 

of the surface roughness constant, the contrast increases, which is the case for a large 

value of However, when the roughness features are significantly smaller than the 

resolution of the optical system, a decrease in correlation length results in a significant 

decrease in image contrast. This contradiction is illustrated for a perfectly coherent 

imaging system, in Figure 2.27 of Reference (Dainty 1975). This decrease in contrast 

is attributed to the fact that the smaller scattering features on the rough surface 

are not resolvable by the optical system. This result is further reinforced in Fig. 

6.5, which shows the dependence of the speckle contrast on only correlation length, 

calculated by numerical evaluation of Eqs. (6.40) and (6.43). 

Figure 6.5 reveals a tremendous amount of insight into how the correlation length 

of a rough surface affects the speckle contrast produced in the image plane. Notice 

that the contrast has a maximum when the correlation length is approximately equal 

to half the width of the PSF of the imaging system kp. The peak on the curve shown 

in Fig. 6.5 naturally divides the surface roughness into two distinct categories. If 

the surface correlation length is less than kp/2, it is categorized as high frequency 

roughness and if is longer than kp/2 it is categorized as low frequency roughness.'^ 

''The terms high-frequency roughness and low-frequency roughness have many different definitions 
in the literature, depending on the problem being addressed. The terminology is again redefined in 
this context because of the insight it lends to the problem being studied 
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FIGURE 6.5. Speckle contrast V versus correlation length ^0, shown for two different 
coherence values Lc = lOfim <Jc~ 0.01 and Lc = 200nm ac — 0.5. The width 
of the PSF is kp — lOOnm. The phase variance cr| = 0.05 in both cases. Positions A 

and B are chosen so that the contrast is the same for two different correlation lengths 
when CTc = 0. 

Note that, in using these definitions, what constitutes high or low frequency roughness 

depends on the imaging system being used with the rough surface. Because the peak 

value in the contrast curve shown in Fig. 6.5 is determined by the width of the PSF, 

the peak naturally moves to the left as kp decreases (or likewise as NA increases). 

T h i s  m o v e m e n t s  o c c u r s  t o  h o l d  t h e  p e a k  a t  ~  k p / 2  .  

To understand the implications of the data shown in Fig. 6.5, consider a surface 

having high frequency roughness, such as position at position A. An increase in 

numerical aperture causes the peak to move to the left. If the surface correlation 

length is held constant, an increase in NA results in an increase in speckle contrast. 

However, if a surface with low frequency roughness is used, such as at position B, 

an increase in NA that causes the peak to move to the left results in a decrease in 

speckle contrast. 
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While the high frequency scattering features are not resolvable by the imaging sys

tem, they play a significant role in how the speckle statistics depend on the coherence 

of the illuminating field. Consider the situation in which two surfaces produce identi

cal values for speckle contrast, using a perfectly coherent illuminating field (CTc 0). 

Further, assume that the correlation length is substantially different for the two 

surfaces. This geometry can easily be accomphshed by choosing corresponding to 

positions A and B on Fig. 6.5. In the case = B , the correlation length is rea

sonably long (large surface features) and in the case = A, the correlation length is 

substantially smaller and significantly below the resolution of the imaging system. A 

plot of speckle contrast versus incoherence factor ac for these two surfaces is shown in 

Fig. 6.6. Notice that the surface with a short correlation length does not respond as 

strongly to a change in the incoherence factor CTc- Whereas, speckle contrast caused 

by the surface with the large correlation length drops very quickly as the illuminating 

field becomes more incoherent. 

This effect can be understood by examining the relationship between the mutual 

intensity function, the point spread function and the correlation of the surface features 

on the rough object. When a surface has a small correlation length compared to kp 

or Lc, there are a significant number of scattering features within the boundaries of 

the PSF. This is illustrated in Fig. 6.7(A). Plotted in each of the three figures shown 

is a high frequency roughness function 0(x), which has been modulated by a mutual 

intensity function J{x) corresponding to incoherence factor CTC values of 0.1, 0.5 and 

1.0. Also shown is the mutual intensity and the PSF. The irradiance at a given point 

in the image plane is comprised from contributions from the scattering features that 

are within the PSF. Light that is scattered from these features will interfere over the 

width of the PSF of the imaging system. Notice that, as the mutual intensity function 

becomes narrow, the scattering features within the confines of the PSF remain largely 

unchanged. Recall that an incoherence factor CTc of unity occurs when the width of 

the PSF of the imaging system is the same as the width of the mutual intensity 
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FIGURE 6.6. The speckle contrast V versus incoherence factor <TC for two differ
ent values of correlation length = 20nm and = 125nm, which correspond to 
positions A and B on Fig. 6.5. Again, the surface roughness = 0.05 in both cases. 

function. Therefore, scattering features contained within this mutual intensity still 

interfere to some degree. 

However, if we consider the case of of a long correlation length, illustrated in Fig. 

6.7(B), there are much fewer, if any, scattering features within the boundaries of the 

PSF. Notice that as the mutual intensity becomes narrow, the slowly varying phase 

roughness changes quite dramatically. When ac — I, little or no interference occurs, 

and consequently, the speckle contrast is substantially decreased. 

In both cases, the speckle contrast decreases as the width of the mutual intensity 

decreases (larger ac), but because substantially more interference occurs in the case 

of a shorter correlation length, the decrease in contrast with respect to a decrease in 

coherence happens much slower. 
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FIGURE 6.7. An illustration of the correlated surface, the PSF and the mutual inten
sity. The solid lines are the roughness function, modulated by the mutual intensity 
(the mutual intensity is the dash-dot line). The dashed hne is the PSF. In this figure, 
s i t u a t i o n s  a r e  s h o w n  f o r  t h r e e  d i f f e r e n t  v a l u e s  o f  CT c .  L C  =  k p  (CT c  =  1 )  L C  =  2 k p  
(cTc = 0.5) and Lc = 5kp (cr^ = 0.2). (A) Small correlation length = 20 nm. (B) 
Large correlation length = 125 nm. The rms height of the roughness {an = 0.2 
nm) is the same in both cases. 

6.2.1 Spatial dependence 

In general, when a pattern structure t { x )  is included with the rough surface being 

studied, the statistics of the speckle pattern in the image plane depend on position. 

One can envision an isolated feature placed on a rough surface in which the light 

that is reflected from the clear area of the pattern is scattered. In this situation, an 

image is produced similar to the one shown in Fig. 6.8. A rather substantial amount 

of roughness is used (cr^ A/10) in generating this figure, in order to illustrate the 

effects caused by the rough surface. Notice that, the in the bright areas of the image, 

there is a significant amount of speckle noise, but in the dark areas of the image. 
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FIGURE 6.8. An illustration of an image produced with a combination of a pattern 
structure and a rough surface (A) Aerial image (B) A contour map. The roughness 
is enhanced to A/10 in order to illustrate the effect more clearly. 

there is, understandably, little or no irradiance variation. 

The theoretical analysis in the previous section is extended to include the effects 

of a patterned object. For this analysis, the function t{x) in Eqs. (6.40) and (6.43) 

is replaced with the simple tri-bar object given by 

(W) + (oIT) + (W) ' 

where T  is the base period of the object. The inclusion of the pattern structure 

changes the statistics in the image plane significantly. Most importantly, the statisti

cal values af = aflx) and I = /(x), which are calculated using Eqs. (6.40) and (6.43) 

respectively, now explicitly dependent on position. 

A plot of RMS image variation ai{x) as a function of lateral position for the 

center feature of the tri-bar object is shown in Figures 6.9(A) and 6.9(B) for small 

correlation length and a large correlation length, respectively. Notice that, in the 
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FIGURE 6.9. An plot of the image variance as a function of position and incoherence 
factor, calculated using Eqs. (6.40) and (6.43). The mask is a line space pattern with 
a period of T = 220nm. (A) Correlation length = 25 nm. (B) Correlation length 
iij) = 125nm. 

areas where there is a significant amount of light, there is also a larger amount of 

irradiance variation, and in areas where the image is dark, the irradiance variation 

is also extremely small. Furthermore, notice that the magnitude of ar{x) decreases 

much more rapidly for the large correlation length as incoherence is increased. 

Figure 6.10 shows a diagram of the image irradiance and how it varies when the 

object surface is slightly rough. The shaded area around the mean image represents 

the variation in image irradiance caused by the rough object. 

Many imaging systems, such as those used in microlithography, do not record the 

actual image irradiance, but instead record the effects of the irradiance in photoresist 

material. The simplest representation of a photo-resist is a basic threshold model. 

When the image irradiance at a specific point exceeds the photoresist threshold, the 

photoresist is considered exposed; otherwise it is not. Implementing this photo-resist 

model is identical to taking a contour map of the irradiance at a specific value. 
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I(Xth) 

FIGURE 6.10. A schematic representation of how variation in irradiance relates to a 
width variations in a printed image. 

For example, a contour of the irradiance shown in Fig. 6.8(A) is shown in Fig. 

6.8(B). This contour map is representative of the pattern that is recorded in a photo

resist. Notice that the random irradiance variations caused by the speckle correspond 

to random width variations in the photoresist pattern. The relationship between the 

width variations and the irradiance variations is shown systematically in Fig. 6.10. 

Quantitatively, this relationship between width variation and irradiance variation is 

given by 

(Tw{xTh) = (6-53) 

dx 
XTh 

where aw{xTh) is the rms edge variation, or line edge roughness (LER) in the image 

printed in a threshold photoresist. The numerator on the right hand side aj{xTh) is 

the RMS variation in irradiance. xrh is the lateral position at which the irradiance 

is equal to the threshold value Ixh- The denominator is the slope of the mean image 

irradiance at the location XTH- It is this slope that relates the change in irradiance to 
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a position change in the edge of the printed image. 

Equation (6.53) demonstrates that there are two factors affecting the width vari

ation in a printed image. The first is the rms irradiance variation at the threshold 

location. This value decreases with an increase in the incoherence factor ac- How

ever, it has been shown that this rate of decrease depends on the correlation of the 

surface roughness. The second factor that determines the LER is the slope of the 

mean image at the threshold location. This value also generally decreases with an 

increase in ac, as shown in Fig. 6.11. However, because this factor is in the denomi

nator, it tends to cause an increase in the width variations for a more incoherent 

system. Consequently, there are two competing factors that determine the magnitude 

of width variations in a printed image. Due to the fact that the dependence of the 

numerator on incoherence is directly related to the correlation length, and that, for a 

very short correlation length the numerator responds rather slowly to an increase in 

the incoherence factor CTc, it is possible for the line edge roughness crwi^Th) caused 

by a rough surface to increase for a more incoherent system! All that is required 

for this effect to occur is for the slope of the mean image at the threshold position, 

which is in the denominator, to decrease faster than the RMS irradiance in the nu

merator decreases, with respect to an increased CTc- This situation happens when the 

surface roughness has a very short correlation length or, rather, when there is a 

large amount of high-frequency roughness in the scattering surface. The fact that the 

width variations in the printed image can increase for a more incoherent system is an 

extremely surprising result, since these width variations are actually an effect caused 

by speckle. 

A plot of Eq. (6.53) is shown in Fig. 6.12. The two curves shown in Fig. 6.12 

represent correlation lengths of i^j, = 20 nm and = 125 nm. The width of the PSF 

of the imaging system is lOOnm in both cases. Notice that for the large correlation 

length, aw falls off quite rapidly with incoherence factor. However, aw is shows a 

significant increase as the illuminating electric field becomes more incoherent. 



199 

CJ =0.01 

- c =0.5 

... <T_=1.0 

150 

position (nm) 

FIGURE 6.11. Mean images of the line space pattern given in Eq. (6.52) for three 
different values of incoherence CTc. 
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FIGURE 6.12. Line edge roughness (LER) predicted for a one-dimensional case for 
two different values of correlation length. 
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This increase in hne edge roughness with an increase in (Tc is a potential problem 

for EUV systems, since it has been shown (D.G. Stearns, D.P. Gaines and D.W. 

Sweeney 1998) that the multilayer deposition process used to fabricate EUV optics 

significantly increases the amount of high frequency roughness in the surfaces of the 

coated elements. 

At this point, one might question what happens when <Tc —> oo. This is a vahd 

concern, since, when CTc = oo, the mutual intensity function is a delta function. That 

is 

J(ri,r2) = K l { r i ) S { r 2  -  ri). 

When this mutual intensity is substituted into Eq. (6.24) and the integration over 

the variable r2 is carried out, the random phase terms cancel. Consequently, for a 

perfectly incoherent illuminating field (that is cTc = oo, not cTg = 1), the roughness has 

no effect on the final image. Therefore, the increase in width variation with an increase 

in (Tc obviously does not continue indefinitely. This issue is easily resolved by noting 

that for (Tc > I the functional form of an ideal image does not change appreciably, 

apart from a DC offset. This effect is shown in Fig. 6.13, which illustrates images 

produced with <Tc = 0, (Tc = 1 and ac — oo- This DC offset presents two scenarios, 

the first occurs when the threshold value ITH is held constant and CTC increases above 

unity. The threshold position moves toward a minimum in the irradiance pattern, 

which has a slope of zero, but likewise, the image variance in that area also approaches 

zero. This is really a non-issue, since no pattern is printed when the threshold is set 

at a minimum value of the image function. The second scenario occurs when the 

threshold is changed to keep the same printed image as cr^ is increased from one 

to infinity. In this situation, the functional form of the image remains the same, 

and, likewise, the slope at the threshold position remains constant. However, the 

numerator in Eq. (6.53) continues to decrease as CTC approaches infinity. In either 

case, when the illuminating electric field is perfectly incoherent, there is no line edge 
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FIGURE 6.13. How a partially coherent image changes when CTc > 1 

roughness in the printed image. 

6.3 Two-dimensional simulations 

The preceding sections describe a theoretical analysis of one-dimensional imaging 

of a rough surface. This theoretical analysis requires the numerical integration of 

the four-dimensional convolution integral given in Eq. (6.43). An extension of this 

theoretical analysis to a two-dimensional imaging system is extremely difficult and 

time consuming, requiring an integration over eight spatial dimensions. While this 

theoretical solution might be possible using a state-of-the-art supercomputer, it lends 

little additional insight into the problem at hand. 

The only significant difference in the two situations is the relationship between 

the correlation function, the PSF and mutual intensity function. In describing the 

behavior of the image speckle with respect to surface correlation for a one-dimensional 
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system, Section 6.2 makes a comparison between the number of scattering features 

that encompassed by the mutual intensity function and width of PSF. For the one-

dimensional case, the number of scattering features is determined by a ratio of the 

correlation length to the width of either the PSF or the mutual intensity function. 

The number of scattering features contained within the mutual intensity and the PSF 

gives some indication as to how that surface responds to a change of incoherence. 

In the case of a two-dimensional system, the number of relevant scattering fea

tures is determined by a ratio of the correlation area to the area encompassed by the 

PSF or mutual intensity function. This discrepancy disallows a direct quantitative 

comparison between the one-dimensional theoretic results of Section 6.2 and the two-

dimensional simulation results produced in this section. However, it is shown in this 

section that the general behavior is the same in both cases, and the understanding ob

tained from the one-dimensional analysis is directly appUcable to the two-dimensional 

problem. 

To begin, a rough surface with no pattern structure is considered, and the contrast 

of the speckle irradiance is computed as a function incoherence factor. Two surface 

structures are used in this analysis. The first structure represents the small correlation 

length situation and is a surface whose roughness is statistically identical to the top 

surface of a multilayer mirror structure (the method used to simulate this top surface 

of a multilayer structure is reviewed in Section 7.1). The second structure represents 

the large correlation length situation and is a surface whose PSD is a fractal. The 

surface height distribution of these two structures are shown in Fig. 6.14, along with 

a plot of the cross section of the point spread function of the imaging system used in 

the simulation. This width of this PSF (related to the NA of the imaging system) 

is chosen, such that the speckle contrast for a perfectly coherent system is identical 

for both surfaces. In the simulations at hand, the NA is 0.28. Furthermore, the 

surfaces are chosen such that the surface height variance is the same for each surface. 

This choice is a bit artificial because, for a real multilayer system, the substrate 
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FIGURE 6.14. Surface maps of two simulated rough surfaces. The surface on the left 
represents the top surface of a multilayer coating. The surface on the right represents 
a basic fractal with K = 3 x 10~® and n = 2.4. The plot on the far right shows the 
PSF profile for a 0.3 NA imaging system used at A = 13.4nm. 

surface roughness (which is a fractal) is usually significantly smaller than the surface 

roughness of the top of the multilayer structure. However, for this analysis, the RMS 

surface roughness 

a(j, — = 0.23 

is chosen to be equal for both surfaces. Notice that the width of the PSF in Fig. 6.14 

is roughly midway between the size of the scattering features in each situation. 

Figure 6.15 shows the speckle contrast as a function of incoherence factor CTC-

Notice that, as CTC increases, the decrease in contrast is significantly slower for the 

surface with the smaller scattering features. A comparison of the results shown in Fig. 

6.15 with those shown in Fig. 6.6 for the one-dimensional calculation demonstrates 

that the behavior of speckle contrast as a function of incoherence factor with respect 

to surface correlation is the same as that predicted in the one-dimensional calculation. 
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FIGURE 6.15. Speckle contrast plotted as a function of incoherence factor for the two 
surfaces show in figure 6.14. The NA of the imaging system is 13.4 nm and cr^ ~ A/30 

6.3.1 Patterned structure 

Next, a pattern structure is included in conjunction with the rough surface. The 

mask pattern is a simple line-space pattern given by 

where the period T  i s  T  =  335 nm. The imaging system assumes a de-magnification 

of 4x, so the period of the pattern printed in the photo-resist is T" = 84 nm (fsi 40nm 

lines). A ideal image (no roughness at all) of this mask structure is shown in Fig. 

6.16 for five different values of CTc. Notice that at the irradiance value 0.5, the width 

of each of the images is roughly the same. Therefore, the threshold value used for the 

LER calculations is chosen to be ITH = 0.5. 

Figures 6.17(A) and 6.17(B) show plots of the RMS image variation cr/(x) for each 

(6.54) 
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FIGURE 6.16. Ideal image irradiance for five partially coherent images NA=0.28. 
Pattern period T = 335nm, Magnification =4x, image period =84nm (~ 40nm lines) 
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FIGURE 6.17. Image variation uj plotted as a function of position for four different 
values of cr^ (A) Top layer of a multilayer structure. (B) Basic fractal surface 
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rough surface for four different values of OTC- For this calculation, the averaging is 

accomplished by integrating the resultant images along a vector parallel to the mask 

pattern lines. This calculation assumes that the speckle patterns are spatially ergotic 

along this dimension. That is, a spatial average along the vector parallel to the mask 

pattern lines is equivalent to an ensemble average over a collection of images produced 

by different, but statistically identical, rough surfaces. (Simulations were carried out 

to verify this property, and this assumption is used from time to time throughout the 

rest of this dissertation.) 

Notice that, in Fig. 6.17(A), the magnitude of the function < J i { x )  drops off rather 

slowly as the incoherence factor increases for the surface with small scattering features. 

However, notice that the function cr/(x) in Fig. 6.17(B) features, drops more quickly 

as incoherence factor is increased for the surface with larger scattering. Notice that 

the behavior of the data in Fig. 6.17(A) is very similar to the behavior shown in Fig. 

6.9 calculated for the one-dimensional situation. 

Finally, Fig. 6.18(A) shows the RMS line edge roughness aw calculated by aver

aging the variation of a contour line of the final image taken at threshold I-rh = 0.5. 

Also shown in Fig. 6.18(B) is the peak-to-valley width variations in the printed im

age. Notice that, for the surface representing the top surface of a multilayer structure 

(the one with small scattering features), the line edge roughness increases with an 

increase in <Tc! Whereas, the LER decreases with CTC for the fractal surface structure. 

The effect demonstrated in these results is extremely interesting. However, for the 

phase roughness cr^ = 0.23 the results given in Figures 6.18 (A) and (B) demonstrate 

that the total amount of LER produced in a printed image is not a terribly significant 

effect. The rms width variation aw reaches a maximum of 0.14nm (0.33% of the image 

width of 40nm) on either side of the printed image. Likewise, the peak-to-valley width 

variation is about 0.7nm (1.7% of the image width of 40nm). A phase roughness of 

a^ — 0.23 corresponds to an rms height roughness an = 0.25 nm. This value for an 

is a reasonable value given current mirror fabrication technology. (J.S. Taylor, et.al. 
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6.4 Behavior through focus 

Thus far, the image analysis of a rough surface consists of an examination of only 

the case of perfect focus through an aberration free optical system. What follows is an 

investigation of the statistical behaviour of the partially developed speckle pattern as 

the image plane is moved through focus. Surprisingly, the through focus behavior of 

a perfectly coherent imaging system can be studied analytically. Goodman (Dainty 

1975) presents the solution for the statistical behaviour of a simple rough surface 

imaged in perfect focus through an aberration free optical system. The analytical 

solution presented in Section 6.4.1 is a generalization of that development to account 

for aberrations (notably defocus). Section 6.4.2 extends the theory to further account 

for a pattern structure printed on the rough surface. Following this development, the 
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investigation of through-focus behavior is extended to the partially coherent system. 

6.4.1 Coherent speckle through focus 

Consider the electric field generated by a rough surface in the vicinity of the 

focal plane of a fully coherent imaging system. Assuming normally incident plane 

wave illumination, this electric field is calculated using a simple shift invariant linear 

mapping given by 

where kt is the complex defocused point spread function of the imaging system, and 

0(x) is the phase roughness function defined in Eq. (6.6). The electric field amplitude 

in the image plane is first divided into real 'u^(r) and imaginary Ui{r) parts given by 

The point spread functions k r { r  —  x) and k i { r  —  x) are the real and imaginary parts 

of the total point spread function kt{r — x), respectively. 

Generally, the quantity of interest in an imaging system is the irradiance in the 

image plane given by 

If the natural assumption is made that the statistics of the rough surface are stationary 

in space, the Ur{r), Ur{r) and likewise /(r) are also stationary random variables and, 

thus, the statistical quantities based on these random variables are independent of 

position. However, if there is some object, such as a pattern structure that modulates 

the statistics of the rough surface, this assumption does not hold. This situation 

is dealt with in the next section, but for now, it is assumed that the statistical 

(6.55) 

/(r) = Ur{rf + Ui{rf. (6.58) 
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parameters of the electric field and irradiance in the image plane are independent of 

position. 

The quantity of primary interest is the variance of the irradiance in the image 

plane given by 

aj = {!') - {I)\ (6.59) 

The mean squared term in Eq. (6.59) is easily calculated in terms of and Ui as 

{ I f  = [ { u l )  +  { u ^ i ) f  

= [{<^1 + (Ur)^) + ^ (6-60) 

where and a? are the variances of the real and imaginary components of the image 

plane electric field, respectively. 

The second moment of the irradiance is given generally by 

{ ! ' )  =  { { U ' r + U i r )  

= (Wr) + («i) + (6-61) 

Without some statement as to the probability distribution of the random variables 

Ur and Ui, the forth moments given in Eq. (6.61) are extremely difficult to evaluate. 

A completely general solution to these fourth moments can be calculated using one 

of two methods. The first is to form an integral solution by taking the fourth power 

of Eqs. (6.56) and (6.57) and then taking an ensemble average of the result. This 

formulation results in a multi-dimensional integral of the same order as the one given 

in Eq. (6.43), requiring numerical integration. A second method that is used to 

calculate a general solution to the fourth moments given in Eq. (6.61) is to use a 

method similar to that given by Uozumi and Asakura (1980) to formulate a general 

characteristic function for the real and imaginary parts of the electric field in the image 

plane. However, their formulation must be reworked to account for the correlation of 

the phase height 0(x) at the location of the rough surface. 
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If it can be assumed that the correlation length of the rough surface is sufficiently 

smaller than the width of the point spread function of the imaging system being used 

{i.e. high spatial frequency roughness), then Eq. 6.61 is simplified considerably. The 

result of the correlation length being sufficiently less than the PSF is that it can be 

assumed that the electric field at any given point in the image plane is comprised 

of contributions from several statistically independent scattering points on the rough 

surface, which are each weighted by the PSF of the imaging system. Under this 

restriction, the central limit theorem (B.R. Frieden 1991) is applied to reahze that 

the statistics of the real and imaginary parts of the electric field are Gaussian in 

nature. A particularly useful property of Gaussian random variables is that any 

moments of order greater than two can be expressed in terms of the first-order and 

second-order statistics of the random variable, i.e. a^, {u) and Rui,u2- Assuming 

the real and imaginary components of the electric field in image space obey Gaussian 

statistics, (u^), {uf) and {u^uf) are found by differentiating the characteristic function 

for a  Gaussian random variable and evaluating at  a;  = 0. Therefore,  {u^) and {uf) 

are given by 

(6.62) 

and 

(«i) = {UIY -VQA1{UI)  +  ZAF (6.63) 

respectively. Likewise, is given by 

{UWI)  exp i{uji{ur) + (jJi{ui)) 
alu? 4- alu? -t- RriOrCriUJx'^i 

du)\duJ\ 2 

= {URF{UIY + (TL{URY -h 0-L{UI) '^  DIAL 

(6.64) 
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The notation represents the statistical quantity-

Substitution of Eqs. (6.62), (6.63) and (6.64) into Eq. (6.61), using this result in 

conjunction with Eq. (6.60), and a considerable amount of algebra yields the following 

equation for the variance in the image plane produced by a rough surface 

In order to evaluate aj, expressions for the the five statistical quantities that 

comprise the right hand side of Eq. (6.65) are obtained. 

The mean values of the real and imaginary components are calculated by averaging 

the integrals given in equations (6.56) and (6.57). Upon evaluating these averages, 

{ur) and (ui) are given by 

where P(0,0) is the central ordinate of the complex pupil function (which is a real 

value chosen to be unity). It is assumed that the phase 0(x) is a stationary zero-mean 

Gaussian random process, and the following properties are utilized to arrive at Eqs. 

AJ = 4:AL{URF + 4(Ti + 8[RRICRR(7I]{UR) (UI)  

+ 2(7^ + 2(7^ + (6.65) 

(6.66) 

(6.67) 

(6.66) and (6.67): 

(cos0(x)) = (cos0) 

(sin(/)(x)) = (sin0)=O, 

and 

ki{x)d-x — Pi{0,0) = 0. 
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As long as there is no piston in the pupil, Pi(0,0) is zero due to the symmetry 

properties of the Fouier transform operation. Note that the random variable (cos 0) 

can be expressed in terms of the characteristic function of the random variable 0. 

(cos(/)) = ^(exp[i0]) + i(exp[-i0]) 

= = 1) + = -1), 

(6.68) 

(6.69) 

where M(j, {u>) is the characteristic function of the random variable (f) .  Given that (j)  is 

a zero-mean Gaussian random variable, the term (cos 0) is given by 

(6.70) (cos 0) = exp 

The variance of Ur{r) is defined as 

2 

= {Urirf) - {Ur)\ (6.71) 

The first term on the right hand side of Eq. (6.71) is found by squaring Eq. (6.56) 

and averaging the result. The second term on the RHS of Eq. (6.71) is simply the 

squared result of Eq. (6.66). Combination of these expressions results in the following 

equation for the variance of Wr(r) 

AL = (cos</)(xi) cos0(x2))A:^(xi)/i;r(x2) + (sin(?!)(xi) sin0(x2))A:i(xi)A:i(x2) 

(cos (/!))/jr(xi)(^Xi / {cOS(j))kr{x2)dx2. 

cixidx2 

(6.72) 

Collection of terms and combining the integration results in the following simplified 

expression, 

Cr, 

where 

jj Fc(xi - X2)A;^(XI)/c^(X2) + - X2)/i:i(xi)A;i(x2)(ixicix2, (6.73) 

Fc(xi - X2) = (cos0(xi) COS0(X2)) - (cos0)^ 

exp(-^ . (6.74) 
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Using the characteristic function for two correlated Gaussian variables given in Eq. 

(6.38) the function Fc(xi — X2) is expressed as 

Fc(xi - X2) = i exp [-al] exp[c75i?<^(xi - Xa)] + ^ exp [-CTJ] exp[-alR^{xi - xs)] 

- exp [-al] 

= exp [-o-J] {cosh[cr5i?0(xi - X2)] - 1}. (6.75) 

Likewise, Fs(xi — X2) is given by 

FS(XI-X2) = (sin(/)(xi) sin(/:)(x2)) 

= exp [-(tJ] sinh[(Tji?<^(xi - X2)]. (6.76) 

Substitution of equations (6.75),(6.76) and (6.70) into Eq. (6.73) results in 

c r ^  =  J  J  { c o s h [ a l R ^ { x i  -  X 2 ) ]  -  l } k r { x i ) k r . { x 2 )  d x i  d x 2  

+ e~'^^yy" sinh[cr|i?^(xi-X2)]A;i(xi)A:i(x2)cixi(ix2. (6.77) 

Finally, a change of variables yields 

^{cosh[cr^i?<^(Ax)] — l}/Cr(Ax) + J  sinh[cr^i?(Ax)]/Ci(Ax) d^Ax , 

(6.78) 

= e""' 

where 

and 

/ C t . ( A x )  =  J  k r{'X . ) k r { A 'X — x) dx, (6.79) 

/ C i ( A x )  =  J  k i { - x ) k i { A x  —  X.) d x .  (6.80) 

Using a similar method, the variance of the imaginary part of the image plane 

electric field is given by 

{cosh[(T^i?0(Ax)] - l}/Ci(Ax) d ^ A x  +  J  sinh[cr^i?0(Ax)]/Cr(Ax) d ' ^ A x  

(6.81) 

af = e "<>' 
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where the only change that has been made is that the functions /Cr(Ax) and /Ci(Ax) 

are interchanged between the two terms. 

Also of interest is the correlation coefficient between the real and imaginary parts 

of the electric field in the image plane, which is given by 

[Rriarai] = (^{Ur- {ur)){ui - {ui})^ (6.82) 

I {cosh[cr0jR0(Ax)] — 1 — sinh[cr|i?<^(Ax)]}/Cr.i(Ax) cfAx , = e 

where 

/Crt(Ax) =  J  k r { ' x ) k i { A - x .  —  x )  d x .  (6.83) 

Notice that, when the imaging system is in focus, fcj(x) = 0, and, consequently, the 

correlation between the real and imaginary parts of the electric field is zero. 

Given that (ui) = 0, the equation for the variance in irradiance given in Eq. (6.65) 

is expressed in the much simpler form 

aj = Aal{urY + 2(7^ + 2a1 + 2(i?riO"rO'i)^- (6.84) 

Each term in Eq. (6.84) is now calculated using the relationships given in Eqs. (6.66), 

(6.78), (6.81) and (6.82). Given the assumption of high spatial frequency roughness, 

the integral relationships for cr^, and OrOiRri are further simplified. Within the 

area of integration in Eqs. (6.78), (6.81) and (6.82), the functions /Cr(Ax), /Ci(Ax) 

and JCrilAx) are approximated as 

/Cr(Ax) /Cr(0,0) = J  k l { x ) d x ,  (6.85) 

/Ci(Ax) /Ci(0,0) = J  k f { x ) d x ,  (6.86) 

/Cri(Ax) /Cri(0,0) =  J  k r { x ) k i { x ) d x ,  (6.87) 

because the correlation function of the surface roughness is much narrower than the 

point spread function of the imaging system. Using these approximations, Eqs. (6.78), 
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(6.81) and (6.82) are rewritten in the much simpler form given by 

af = e-''l[lCrMrc(al,R^) + }Cii0,0)rs(al,R^)] (6.88) 

[/Ci(0,0)Tc(a5,i?^) + /C,(0,0)T5(aJ,i?^)] (6.89) 

[Rnarai]  = [}Cri{0,0) {Tcial  R^) -  Tsicrl ,  '  (6-90) 

where 

T c { ( t I , R 4 , )  =  J { c o s h { a l R ^ { A x ) ] ~  1 } C P A X  

Ts{crl,R^) = j sinh[cr5i?0(Ax)](i^A2:. 

(6.91) 

(6.92) 

The commonly used statistical parameter that describes speckle in the image plane 

is the contrast defined in Eq. (6.50) 

A plot of V as a function of focus, calculated using Eqs. (6.88), (6.89) and (6.90) 

in conjunction with Eq. (6.84), is shown in Fig. 6.19. For this calculation — 0.2 

waves and R^{AX) is of the form 

The correlation length £ = 2.68 waves. The object-space numerical aperture of the 

imaging system is NA = 0.25/4, and the magnification is 4x. Also shown in Fig. 

6.19 is a through-focus imaging simulation of a Gaussian rough surface with identical 

parameters to those used for the analytical solution. The most striking aspect of this 

result is that the speckle contrast increases dramatically as the image of the rough 

surface is moved out of focus. Figure 6.20 shows a plot of the speckle contrast as 

a function of surface roughness for perfect focus and a defocus of 0.35 waves. This 

figure demonstrates that the increase in speckle contrast is primarily an effect that is 

present in weak diffusers, that is for low cr^. For highly rough diffusers (larger a^), 

the speckle is independent of focus position. 

(6.50) 

R4,{Ax) = exp (6.93) 
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FIGURE 6.19. Change in speckle contrast as image plane is moved out of focus. The 
surface roughness at the object plane is cr,^ = 0.2 and the correlation length is £ = 2.68 
waves. The numerical aperture of the imaging system is NAimg — 0.25. 
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FIGURE 6.20. Change in speckle contrast as a function of object surface roughness 
for perfect focus as well as a defocus of VF020 = 0.35A, 
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In order to obtain a more physically insightful description of the change in speckle 

contrast as a function of focus, one final approximation is made. Assuming that the 

roughness is small, the cosh and sinh terms in Eqs. (6.91) and (6.92) are approximated 

as 

cosh[cT^i?<^(Ax)] - 1 Ri ic7j/?J(Ax) (6.94) 

and 

sinh[cr^i?^(Ax)] Ri cr^i?^(Ax). (6.95) 

Using these approximations, integrating over the Gaussian correlation functions, and 

noting the fact that 

{ur)lCr{0,0) » {/C2(0,0),/C2(0,0),/C2.(0,0)}, 

the image variance is found to be (neglecting terms higher than order 4 in sigma) 

aj = [al [A•K^^] /Ci(0,0) + /Cr.(0,0)} . (6.96) 

The only two variables in Eq. (6.96) that depend on focus are /Cr(0, 0) and /Ci(0, 0). 

When the rough surface is in perfect focus, /Ci(0, 0) = 0, and the well known quadratic 

relationship between image variance and the phase roughness variance results. How

ever, as the image is moved out of focus, /Ci(0,0) increases while /Cr(0,0) decreases. 

The change in each of these terms is roughly equal, except that the /Cj(0,0) term is 

multiphed by cr^, whereas the the /Cr(0,0) is multiphed by the much smaller which 

causes the change in /Ci(0,0) to predominate. A plot of the two terms in Eq. (6.96) 

as a function of focus is shown in Fig. 6.21. Notice that /Ci(0,0) is the predominate 

effect outside of perfect focus, while the A^r(0,0) term acts primarily as an offset that 

occurs when the defocus is zero. 

6.4.2 Patterned structure, coherent illumination 
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FIGURE 6.21. plots of the functions Term 1 = [47R£^]/Ci(0,0) and Term 2 = 
[ n i ^ ]  } C r { 0 , 0 )  

The statistical analysis of the previous section is now extended to include the 

effects of a pattern structure in conjunction with the rough surface. The primary-

effect of including a pattern structure in the previous analysis is that the statistics of 

the electric field and irradiance in the image plane are longer stationary, but change 

as function of spatial position. To include a pattern structure in the previous analysis, 

all that is required is to include a function representing the pattern structure in the 

object/image mapping relationship given in Eq. (6.55). Including this term results 

in the the electric field in the image plane given by 

where ^(x) represents the pattern structure function. The amplitude in the image 

(6.97) 
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plane is again divided into real and imaginary parts given by 

?/r.(r)  = J cos(f){x)t{x)kr{r,x) ~ sm(f){x)t{x)ki{r,x) dx (6.98) 

Ui{r) = J cos(t){x)t(x)ki{r,x) — sm(/)(x)t{x)kr{r,x) dx,  (6.99) 

where, for the sake of simplicity, it is assumed that the pattern function t{x) is a 

purely real function. This restriction is removed in Section 6.4.3. 

The mean value of each variable is given by the following spatially dependent 

functions 

(•Ur(r)) = (cos0) Jt{x)kr{T — x)dx (6.100) 

and 

(Mj(r)) = (cos(/)) J t{x)ki{r — x)dx.  (6.101) 

Notice that, in this situation, the spatially dependent mean value of Ui{r) is not 

necessarily equal to zero for all values of r. 

An examination of Eq. (6.65) for the variance in image irradiance, demonstrates 

that the primary quantity of interest is the square of the mean value of the real and 

imaginary components of the electric field. Squaring equations (6.100) and (6.101) 

results in 

2 

{ur(r))  — (cos0) J t{x)kr{r ~ x)dx 

= e-''^Crir) (6.102) 

{ui{r)f = (6.103) 

where Cr{r) and Ci(v) are coherent imsiges of the mask pattern t{x),  assuming coherent 

point spread functions given by KR(R — x) and KI{R — x), respectively. Also of interest 

is the product {ur{r)){ui{r)) given by 

{ur{r))  {ui{r))  = (cos(/))^y t{x)kr{r — x)dx J t{x)ki{r — x)dx 

= e-^'^Criir) (6.104) 
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Steps similar to the ones given given above between Eqs. (6.71) and (6.77) produce 

the spatially dependent variance of the real part of the electric field given by 

where Fc(xi — X2) and ^^(xi — X2) have been defined previously in Eqs. (6.75) and 

An examination of the form of Eq. (6.105) yields a remarkable similarity with the 

Hopkins' mapping integral for a partially coherent imaging system given in Eq. (4.5) 

from chapter 4 of this dissertation. Under the assumption of high frequency roughness, 

the correlation function -R(xi — X2), (and likewise Fc(xi — X2) and Fs(xi — X2)) are 

much narrower than the point spread functions KR{R — x) and KI{R — x). Therefore, 

the integrations in Eq. (6.105) are treated in a manner similar to a partially coherent 

mapping in which the incoherence factor cTj. > 1. Furthermore, it is well known (H.H. 

Hopkins 1951) that when the incoherence factor is greater than unity, the functional 

form of the image irradiance does not change appreciably, except for an overall DC 

shift. Consequently, the relationship in Eq. (6.105) is approximated as a properly 

scaled incoherent image where the Fc(xi—X2) and Fs(xi—X2) are treated as incoherent 

mutual intensity functions given by 

(r) = J J Fc{-xi - X2)t{-xi)t{-X2)kr{r - xi)kr{r - X2) dxi dx2 

+ jj Fs{-xi - x2)i(xi)t(x2)/ci(r - Xi)A:i(r - X2) dxi dx2 (6.105) 

(6.76). 

Fc(xi - X2) 3^c (5(xi - X2) 

Fs(xi - X2) fii 3^5 (^(xi - X2) 

(6.106) 

(6.107) 

where the scaling constants yc and 3^5 are given by 

(6.108) 

(6.109) 
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Using this approximation, cr̂ {r)  is given by 

Notice that the bracketed expressions in Eq. (6.110) are simply incoherent images 

of the pattern structure t(x) generated with the incoherent point spread functions of 

fc^(r—x) and (r—x), respectively. Note that the absolute value signs which normally 

occur in incoherent PSFs are unnecessary, because /c^(r —x) and /cf(r —x) are purely 

real functions. A comparison of crf{r) calculated using the exact Eq. (6.105) and the 

approximate Eq. (6.110) is shown in Fig. 6.22. For this comparison, the width of 

the correlation function R^{Ax), i, is chosen to be about half the width of the PSF 

kt{'x). Except for the slight DC offset that increases with defocus, the comparison in 

figure 6.22 shows quite good agreement. Eq. (6.110) physically demonstrates that the 

effect of adding a pattern structure to the rough surface is to modulate the statistical 

parameters of the image plane electric field with an incoherent image of the pattern 

structure. 

A similar technique is used to calculate cr?(r) and [Rriar(Ji\(v). The spatially 

dependent statistical parameters of the image plane electric field are given by 

<7j(r) = e-'3[I,{r)Tc(4,fi^)+I.(r)Ts{<7|.i?«)] (6.111) 

a?(r) = e-'5[I,(r)TcK,iij)+I,(r)Ts(trJ,fl^)] (6.112) 

[TJriO-rfil (r) = e""'[I'ri(i') {Tc(ff5, fl«) - Ts((TJ, R.j)}] , (6.113) 

where 

and 

(6.114) 

(6.115) 

(6.116) 
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FIGURE 6.22. Comparison of cr^(r) calculated using the exact expression given in Eq. 
(6.105) and the approximate expression given in Eq. (6.110). For this comparison, 
the width of the correlation function R^(Ax) is  half  the width of the PSF kt(x) .  

are the incoherent irradiance patterns produced at the image plane by the pattern 

structure. 

Given that the mean value of Ui{r) is not equal to zero, the slightly more complex 

relationship from Eq. (6.65) is required to express a| in terms of the first and second 

moments of the real and imaginary components of the electric field. Accounting for 

the spatial dependence caused by the pattern structure, aj is given by 

a j ( r )  =  4 [ a ' ^ ^ { r ) { u r { r ) ) ^  +  a f { r ) { u i { r ) f ] + 2 a f { T )  +  2 a f { r )  (6.117) 

+  A [ a r C r i R ] ^ { r )  +  8 [ a r a i { u r )  { u i )  R ] { r ) .  

Likewise, the spatially dependent mean irradiance is given by 

(/(r)) = (?x^(r)) + (URIR))  +  A^IR)  + ̂ ^(r). (6.118) 

A plot of crj{ r )  calculated using Eq. (6.117) is shown in Fig. 6.23, along with (7|(r) 

calculated using a Monte-Carlo simulation. The statistical parameters of the rough 
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FIGURE 6.23. Comparison of cr|(r) calculated using Eq. (6.117) and (T]{V) evaluated 
from the results of a Monte-Carlo simulation 

surface and the physical parameters of the imaging system are the same as those 

used in Section 6.4.1 for the case of no pattern. The included pattern structure is a 

simple binary line space pattern with a period of 335nm. As before, the parameters 

used for the simulation and the analytical solution are identical. The rather excellent 

agreement between the analytical solution and the simulation result suggests very 

strongly that the behavior predicted in this section is representative of a real physical 

system. 

Fig. 6.24 shows a comparison of the irradiance patterns produced by an imaging 

system that is in focus and out-of-focus. The images are presented such that the scale 

is the same for each, allowing a direct comparison. Notice that the width variation 

in the defocused image (Wo20 = 0.23A) is substantially increased, even though the 

defocused image is within an acceptable depth of focus. 

Assuming that the scattering is weak, the variance in the image plane is further 

— analytical 
— simulation 
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1 

FIGURE 6.24. Contour maps of line with a period of 335nm produced in focus and 
one with ^020 = 0.23 A. The 4x imaging system has a NA=0.25. 

approximated as 

= AKANI^)  [CR{R)II{R)  + CI{R)IR{R)  -  2CRI(R)IRI(R)]  
e <!> 

+ [Cr(r)Jj.(r) + Cr{r)Ii{r) + 2Cri{r)Jri{r)] (6.119) 

A straightforward physical interpretation of Eq. (6.119) is not obvious to the 

author, except that all of the terms dependent on are equal to zero when the 

object is in perfect focus, that is, when the PSF {kt{r — x)) of the imaging system is 

purely real. One can gain further physical insight of the effect of including a pattern 

structure by considering the case of perfect focus. In this situation the functions Jj, 

Iri and (tii(r)) are all zero and Eq. (6.119) reduces to the much more manageable 

= (jJ(7r£<^)C(r)J^(r), (6.120) 
e 

which is simply the same result obtained for an unpatterned rough surface except 

that the variance is modulated by a function that consists of a multiplication of the 

coherent and incoherent irradiance patterns produced by the mask pattern. 
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FIGURE 6.25. Comparison of analytical calculation of LER of a coherent system 
with the hne edge roughness determined through a simulation. The pattern period is 
335nm, resulting in image features of about 40 nm (assuming a 4x demagnification). 
The object-space NA=0.25/4. The roughness is characterized by UH = 0.2nm and 
^ = 30 nm. The imaging system wavelength is A = 13.4nm 

The quantity of interest in the analysis of the images produced by a patterned 

structure on a rough surface is the hne edge roughness. Eq. (6.53) gives a relationship 

between the variance in image irradiance and the line edge roughness that occurs in 

a binary photo-resist. The image variance calculated using Eq. (6.117) and the mean 

image calculated using Eq. (6.118) are substituted into Eq. (6.53). Figure 6.25 shows 

the analytical calculation for the hne edge roughness, as a function of focus position. 

Also shown on Fig. 6.25 is a plot of the LER produced by performing a Monte-Carlo 

simulation. The LER from the simulation is determined by calculating the RMS 

width variation of a contour hne at the chosen photoresist threshold. In both cases 

the binary photo-resist threshold is Ixh = 0.3. Apart from the slight departure for 

higher amounts of defocus, the analytical solution and the simulation agree quite well. 
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The plot in Fig. 6.25 suggests that out of focus LER can dominate the exposure 

in a hthographic system. This is because lithography systems are designed with a 

certain of depth focus tolerance, primarily to account for the photo-resist thickness. 

Notice that a defocus value of W020 = 0.2A produces an edge variation of about 

1.25nm.'^ For a hne width of 40 nm, this edge variation is about 3% of the full line 

width (on each side of the printed feature). 

6.4,3 Complex pattern structure 

An issue that is also of substantial interest is the effect caused by a mask structure 

that is not a purely real function, as was assumed in the previous section. In the 

interest of simplicity, only the case of perfect focus is investigated analytically. Again, 

consider the electric field produced in the image plane of a coherent imaging system. 

In contrast to Eq. (6.97), in this case the pattern structure tc(x) is a complex function, 

whereas the point spread function is assumed to be purely real (for the case of perfect 

focus). For this analysis, tc{x) is a phase shifting mask structure, or more interestingly 

the reflected electric field from a multilayer structure such as that given in Eq. (3.11). 

Again, separation into real and imaginary parts yields 

where tr{'x) and ti(x) are the real and imaginary components of the pattern structure. 

'^Assuming a wavelength of A = 13.4nm and an image-space NA=0.25, a defocus of W020 = 0.2A 
corresponds to a depth of focus about 86nm. 

(6.121) 

Ui{r) = / cos0(x)tr(x)/co(r,x) — sin0(x) t i(x)A: o(r,x)(ix, (6.123) 

cos0(x) t^(x)/co(r, x) — sin0(x) ij(x)A:o(r, x) dx (6.122) 



227 

Using procedures similar to those presented in Section 6.4.2, the squared mean 

values of equations (6.122) and (6.122) are given by 

{UR{R)Y = (cos0)^ 

= e-'^^a(r) 

{UI{R)F = e~''^Ci(r), 

J tr{x.)ko{r — x.)dy 

(6.124) 

(6.125) 

where, in this case C r ( r )  and C i ( r )  are c o h e r e n t  images of the mask patterns tr(x) and 

tj(x) respectively, assuming a coherent point spread function given by KO{R — x). The 

mean cross term {ur{r)){ui{r)) is given by 

{ur{r)){ui{r))  = {cos(j)y J  tr{'x)ko{r — x.)dyi  J  ti{x)ko(r — x)dx 

= e-^^Criir) (6.126) 

Likewise, the variance of the Ur{r) and Ui{r) are given by 

= J  J  FC{XI-X2)TR{XI)TR{X2)KO{R-XI)KO{R-X2)DXIDX2 

+ / / Fs(xi - X2)ti(xi)ti(x2)/Co(r - Xi)A;o(r - X2) dxi dx2, (6.127) 

and 

o-j^(r) = J J Fcixi -  X2)ti{xi)t i{x2)ko{r -  Xi)ko{r -  X2) dxi dx2 

+ J J Fs{xi -  X2)tr{xi)tr{x2)ko{r -  Xi)ko{r -  X2) dxi dx2, (6.128) 

respectfully, and the cross term [(TrCrii?ri] (r) is given by 

[ARAIRRI]{R)  =  {Fc(xi - X2) - F^(xi - X2)} TR{XI)TI{X2)KO{R-XI)KO{R-X2)  DXI DX2 

(6.129) 

As before, these equations are approximated by 

aUr) = e-'illAi)rc{ol,Ri,)+Xi(r)rs{al,Ri,)] (6.130) 

a?(r) = e~<[I,(v)rc{al,R^)+Ui)rs{crl.Rt)] (6.131) 

[RrtffrCTj] (r) = [Iri(r) {Tc(al,Rf,)-TslcliRt)}] , (6.132) 
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where, in this case, 

LRI{V)  

T r{ v )  / 
/ 
/ 

t l{x)kl{r - x) dx 

^iWA:o(r-x)a!x 

tr{'x.)ti{x.)kl{r — x) dx 

(6.133) 

(6.134) 

(6.135) 

are the incoherent irradiance patterns produced at the image plane by the pattern 

structure, which are produced by the pattern functions tf(x) and tr(x)ti(x), 

respectively. 

Substitution of (T^(r), cFf{r), [arO-rRri]{Y), {ur{r))'^, (ui(r))^ and [(ur)(«i)](r) into 

Eq. (6.117) is used to find the spatially dependent variance in the image plane. 

As an example, a comparison (the results of which are used later) is made between 

the two complex pattern structures given by 

Model 1: (Thin pattern, random phase) The reflected electric field is given by a thin 

pattern structure and a simple reflected phase. That is, the electric field is given 

where u(x) is a thin pattern structure representing a chrome pattern of thickness 

D and is given by 

. . J exp\i^{n — iK)D\ : x is within an area containing the material 
[1 : X is within an area NOT containing materia 

Because a leaky chrome mask is assumed, the pattern structure M(X) is multi

plied twice. 

Model 2: {thin pattern, l inear system, random phase,  thin pattern) In this model 

the multilayer structure is a simple hnear system (as described in Chapter 3). 

The roughness is modeled as a pure phase function and is included after the 

by 

Er^x.) = u(x) exp[z0(x)]'u(x) = exp[z0(x)]tc(x) 
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interaction with the multilayer structure. The reflected electric field, using this 

model, is given by 

A plot of the variance in irradiance crj{r)  for both models is shown in Fig. 6.26. 

Figure 6.26(A) shows an analytical solution calculated using the theory presented 

above, and Fig. 6.26(B) shows the results of a Monte Carlo simulation. For both 

calculations, the correlation length and the phase roughness are the same. 

Notice that a'j{r) is substantially higher for the structure that includes the multilayer 

structure. A somewhat heuristic explanation for this effect is obtained by examining 

the phase reflectivity of the Mo/Si multilayer structure used for this calculation, 

which is shown in Fig. 3.3. Notice that the angular dependent phase reflectivity 

of the multilayer structure has a somewhat quadratic dependency for low angles of 

incidence. This quadratic phase, which is in a mathematical space conjugate to the 

imaging system pupil, has an effect that is similar to defocus. That is, the inclusion of 

the multilayer structure increases the variance of the speckled field in the final image. 

6.4.4 Partially coherent systems 

The previous sections deal only with the simplest physical system, a single rough 

surface and a perfectly coherent illumination system. Extending this theory to ac

count for partially coherent illumination is possible, but it does not lead to a simple 

algebraic result such as the one given in Eq. (6.96). This section briefly outlines two 

methods in which the effects of a defocused image of a rough surface in a partially 

Eri'x) = u{r')m{-K — r')dr exp[z0(x)]w(x) = exp[i0(x)]tc(x). 

where 
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FIGURE 6.26. Spatially dependent image space variance in irradiance, calculate using 
the two separate complex mask patterns, one that includes the multilayer structure, 
and one which does not. (A) the analytical result (B) result of a Monte-Carlo Calcu
lation 

coherent imaging system can be theoretically examined. The first method is an ex

tension of the coherent theory presented in Sections 6.4.1 and 6.4.2 to account for a 

partially coherent source. The second method is an extension of the partially coher

ent integral approach given in Section 6.2 to include defocus. Although a theoretical 

outline for both methods is given, calculation results are presented for the second 

method only. 

Approach 1 

The irradiance produced by a partially coherent imaging system is treated as 

a sum of coherent image patterns generated by mutually incoherent point sources, 

which lie at different locations in the source plane. That is, 

N 
(6.136) 

n=l 
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Assuming the condenser system is Kohler, the electric field amphtude produced 

by each incoherent source point is given by 

Ut{r - ,n )  =  y exp[z0(x)] exp[z27rs„ • x]A;j(r — x)dx, (6.137) 

and, consequently, 

= \ut{r- ,n)f  .  (6.138) 

If two source points Si and S2 are reasonably close to each other, then it stands to 

reason that the irradiance patterns in the image plane, /(r; 1) and /(r;2), produced 

by each of these source points are likely to be highly correlated. 

Because many of the irradiance patterns summed in Eq. (6.136) are correlated, 

the total variance cannot be obtained simply by summing the variances of each in

dividual irradiance pattern and dividing by xHv, as would be the case if each image 

was uncorrelated. Therefore, in order to calculate the variance in image irradiance 

produced by a partially coherent imaging system, the following relationship is used. 

N M 

Ri{n,m),  (6.139) 
n=0 m=Q 

where 

Ri{n,m) = ([/(r;n) - (4)][/(r;m) - ((/„)]) (6.140) 

= {[ul{r;n) + uf{r-,n) - (/n)][u^(r; m) + «• (r; m) - (Im)])-

Multiplication of the terms in Eq. (6.140) results in 

Ri{n,m) = (w^(r;n)?x^(r;m)) + (u^(r;n)w^(r;m)) - ('u^(r;n))(/m) 

+ («i(r;n)ix,^(r;m)) + {uf{r]n)ul{r-,m)) - (w^(r; n))(/„) 

- {Im){ulir;m)) - {Im){Ui{r-,m)) + {In){Im)- (6.141) 

Each of the terms in Eq. (6.141) are calculated using a method similar to Eq. (6.64). 
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For example, the first term in Eq. (6.141) is calculated as follows: 

^4 
{ul{ r - ,n)ul{ r - ,m)) = (^1^2) 

= {ur{n)y{ur{m)y + al{n){ur{rn)y + a'^{rn){ur{n)y (6.142) 

+ AL{N)AL{M) + AR ( j r r[{N,M)F'  — arorr[{N,M)]{UR{N))(UR{RA))  

Ct^l =0^2=0 

Next, each term in Eq. (6.142) is calculated by separating Eq. (6.137) into real 

and imaginary components for different source points s„ and Sm- Using techniques 

similar to those presented in sections 6.4.1 and 6.4.2, all of the terms in Eq. (6.142) 

are calculated and substituted back into Eq. (6.141), which yields a solution for the 

correlation in irradiance Ri{n,m). If the rough surface does not contain a pattern 

structure, each value of Ri{n, m) is a single number. If a pattern structure is present, 

then each value of Ri{n,m) is a spatially dependent vector. 

Approach 2 

A somewhat more "brute force" method is employed to study the behavior of 

a system through focus. The integral expression for (/^(r)) given in Eq. (6.43) 

does not make any assumption as to the form of the point response function K (r' — 

r). Therefore, in order to study the image plane statistics through focus, all that 

is required is to substitute a defocused point spread function into Eq. (6.43) and 

evaluate the four-dimensional integral. The main drawback to this approach is that 

it limits the study to one-dimensional systems. However, because the main goal of 

this analysis is to gain a basic understanding of the physical effects present, this 

drawback is not overly restrictive. 

In order to substitute a defocused PSF into Eq. (6.43), an analytical form of 

this PSF is required. Recall from Reference (Goodman 1996) that the PSF for a 

defocused optical system is given by the Fourier transform of the pupil function with 

a quadratic phase factor. That is, in one dimension. 

, i2Trax exp i2nWo2o (6.143) 



p=0 

0.8 P=2 

0.6 

0.4 

0.2 

-0.2 

FIGURE 6.27. Plots of To{x),  Ti{x) and T2{x) 

Of course, the integral in Eq. (6.143) is rewritten as 

6/2 

k{x) = Y" |n- i2TrWQ2Q^da + [^^^^020] ^ | (6.144) 

-b/2 

Each of the terms in Eq. (6.144) is integrated analytically using integration by parts. 

Once accomplished, the PSF for a defocused imaging system is given by 

00 

k{x) = y^{i2iTWo2oyTp{x),  (6.145) 
p=0 

where 

P r)l ^ Til 
T (T\  = P»27ra:| i \a \2J  -i27rx| -t \a ^ '  \  2/  

^ (p — a)!(27ra;)"+^ (p — a)!(27rx)"+i 

(6.146) 

The first three terms To{x),  Ti{x),  T2{x) are shown in Fig. 6.27. Notice that the zero 

order function is simply sinc(x). Figure 6.28 shows the convergence of Eq. (6.145) 

for Wo20 = 0.32. 
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FIGURE 6.28. Plots of the absolute value of the PSF k{x) as the number of terms in 
Eq. (6.145) is increased 

No Pattern 

The first defocus calculation is performed assuming that no pattern is present with 

the rough surface. In evaluating the integrals in Eqs. (6.43) and (6.40), the functional 

form for all terms in the integration are the same as those given in Section 6.2 with 

the exception of the PSF, which is calculated using Eq. (6.145) with the expansion 

carried out to four terms. The physical parameters are km = 120nm, — 0.2, 

= {30 nm, 180 nm}, CTC = km/Lc — {0.01,0.3,0.6,1.0} and W020 = {0 —> 0.32}. 

Figure 6.29 shows the calculation result for the high spatial frequency roughness 

^ 30 nm. Notice that the the functional behavior for <Tc = 0.01 is similar to the 

analytical result obtained in Section 6.4.1 and shown in Fig. 6.19. The difference in 

the magnitude of the speckle contrast between the results of Figures 6.19 and 6.29 is 

due to the differences between a one-dimensional and two-dimensional simulation. 

As the incoherence factor cr^. is increased for <7^ = 0.3 and = 0.6, the primary 

change is that the increase in speckle contrast vs. defocus is somewhat slower. How-
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FIGURE 6.29. Plot of the speckle contrast versus defocus for a high frequency rough
ness surface. Data are shown of CR^ = 0.01,(7^ = 0.3,crc. = 0.6, and CTC = 1-0. 

ever, notice that when CTc = 1 there is a decrease in speckle contrast as the image 

plane is moved out of focus. 

Figure 6.30 shows the same calculation for a surface with correlation length that is 

too long for Gaussian assumption made in Section 6.4.1 to be valid. The calculation 

parameters are identical to those used to generate Fig. 6.29, except that the surface 

correlation length is = 180 nm. Notice, however, that the general behavior is 

similar to the high frequency roughness case except that the speckle contrast increases 

somewhat more rapidly with a change in defocus. 

Including a pattern 

The final theoretical calculation, performed studies the effect of defocus on the 

image performance of a rough surface, is to include a pattern structure. 

As done in Section 6.2.1, the function t{x) in Eqs. (6.40) and (6.43) is replaced 

with the simple tri-bar object given in Eq. (6.52). Next, the spatially dependent 
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FIGURE 6.30. Plot of the speckle contrast versus defocus for a low frequency rough
ness surface. Data are shown of CTC = 0.01,CTc = 0.3,crc = 0.6, and <Tc = 1.0. 

image variance is calculated for the same position, as shown in Fig. 6.11. Plots of LER 

calculated using Eq. (6.53) are given for defocus values WQ20 = {—0.32 —> +0.32} 

and incoherence values of (TC — {0.01, 0.6,1.0}. The correlation length chosen for this 

calculation is = 30 mn. The plots are given as a function of percentage of line 

width. 

In perfect focus at WQ^O = 0, the behavior is the same as that demonstrated in 

Section 6.2.1. That is, the LER is larger for cr^ = 0.6 and CTC = 1.0 than it is for 

<7(3 = 0.01. Recall that this effect was due to the fact that the slope of the image 

irradiance produced at photo-resist threshold value decreased faster than the drop in 

speckle variation as the incoherence was increased. 

The functional behavior of the LER for coherent illumination is similar to that 

given shown in Fig. 6.25. However, the functional form of the response to defocus 

changes substantially when the incoherence factor is changed. The reason for this 

change in functional form is that there are two effects that can change the LER 
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FIGURE 6.31. Plots of LER as a function of defocus, given as a percentage of 
linewidth. Data is given for (Tc = 0.01,(Tc = 0.6, and CTC — 1-0 

width defocus. These effects are the increase in ai{xth) with defocus and the change 

in slope of the mean image with defocus. When <7c ~ 0, the mean image slope does 

not change substantially with defocus, which is why, for coherent illumination, the 

functional form of LER is similar to the functional form for speckle contrast. However, 

the image form changes as a result of the less coherent illumination, and the image 

slope changes with respect to defocus. 

6.5 Discussion 

The purpose of this chapter is to first review some fundamental concepts associated 

with the imaging of a rough surface using partially coherent light. 

It is demonstrated that, for an imaging system, the random phase caused by the 

rough surface must be approximated to at least second order to make a significant 
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random contribution in the image irradiance. This requirement becomes significant 

in Chapter 6 with respect to the analysis of rough multilayer structures in the object 

plain of an imaging system, because many theoretical methods used to study rough 

multilayer structures only approximate the roughness to first order. This first-order 

approximation renders other theoretical methods inadequate for use in imaging rough 

multilayer structures. 

An analysis is also performed that studies the effects of the surface correlation 

on the imaging properties of a rough surface. It is demonstrated that the speckle

like irradiance variations caused by structures with small roughness features respond 

much more slowly to a change in coherence than does the irradiance variations caused 

by structures with more correlated, larger roughness features. 

Next, the imaging analysis is expanded to include the effects of a patterned rough 

surface. It is demonstrated that the irradiance variation caused by the rough surface 

leads directly to edge variations in an image of the pattern printed in a threshold 

type photoresist. It is determined that this edge variation is directly proportional to 

the image variation, but inversely proportional to the slope of the irradiance pattern 

at the threshold location. However, both of these values decrease with an increase 

in the incoherence factor CTC- The decrease in irradiance variation with increasing 

CTc causes the width variation to decrease, but decreasing the image slope causes the 

width variation to increase. It is further shown that for small roughness features, 

where the response to changes in coherence is reduced, the change in image slope is 

the dominant effect .  This causes the width variation to increase with an increase of 

(Jc between values of zero and one. 

A two-dimensional analysis is performed using a basic computer generated fractal 

surface and a surface that is statistically identical to the top surface of an EUV 

multilayer element. It is shown that the high spatial frequency features present in 

the top surface element cause an increase in LER with an increase in (Tc between zero 

and one. 
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Finally, a theoretical analysis is performed, investigating the effects of moving 

the image plane out of perfect  focus.  It  is  determined that for surfaces with a small  

to moderate amount of roughness,  that a significant increase in speckle contrast  or 

LER occurs as the image plane is  moved out of focus (as much as a factor of 10).  

This result is extremely significant, since the degradation occurs within an acceptable 

depth of focus for a ideal object structure. 

6.5.1 Comparison with (Beaudry, 2000) 

The results presented in Section 6.3.1 are somewhat surprising, since they disagree 

with the results reported in Reference (N.A. Beaudry and T.D. Milster 2000). In that 

publication, the author conducted an experiment in which a scattering surface was 

used in conjunction with a pattern structure to demonstrate the line edge variation 

effect discussed in Section 6.3.1. 

The scattering surface used in that experiment was measured with a WYKO 

NT2000 white light profilometer and was found to have a surface roughness of ap

proximately an = 25 nm. Using this surface, sandwiched with a hne space Ronchi 

ruling, in conjunction with a partially coherent imaging system operating at a mean 

wavelength of 548nm , an rms hne edge variation of roughly aw th 1.8% of the total 

line width was measured. 

At a wavelength of 548nm, surface roughness of approximately 25nm rms intro

duces a random phase of less than A/40 in transmission. That is, the random phase 

in transmission was given by 

27r , _ 27r 
= 77Z ~ 1) 25nm < —. 

^ 548nm 40 

The results of the experiment produced a hne width variation which is nearly 6 

times the magnitude of the of the width variation predicted in Section 6.3.1, using a 
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fractal surface with a random phase of approximately A/28 (which is nearly 1.5 times 

the height variation of the scattering surface used in the experiment). 

This significant discrepancy is understood by a closer examination of the physical 

properties of the rough surface used in the experiment. A re-examination of the 

statistical properties of the surface demonstrates that the rms height roughness is, as 

reported, approximately 25 nm. Furthermore, a histogram of the surface height values 

has a bell-shaped curve that appears to be approximately Gaussian. Finally, the the 

PSD of the surface appears to be a fractal. However, a physical examination of the 

rough surface revealed small 1 jim in size), but rather deep pits 400nm deep) 

located sporadically around the surface (about 1 every 10 to 20 microns). Apart 

from these pits, the surface behaved exactly like a fractal surface with seemingly 

Gaussian height statistics. Although the pits are quite deep, due to their small size 

and spread out nature, they do not make a significant change in a second order 

statistical analysis of the surface. However, a higher order statistical analysis of the 

rough surface determines that the fourth-order central moment of the surface being 

used, which is given by 

-  {H(r)) ) ' ) ,  (6.147) 

is found to be equal to 66.80^ nm'^, whereas the fourth-order central moment for a 

zero mean Gaussian surface, given by 3a|^, is 36.36^ nm'^. The clearly demonstrates 

that the surface height probabihty distribution, while "bell shaped" was clearly not 

Gaussian. It is this significant difference in the higher-order statistical parameters 

of the surface used for the experiment that is the primary cause of the discrepancy 

between the results produced in Reference (N.A. Beaudry and T.D. Milster 2000) and 

the predictions made in this chapter. Also, if the imaging system is slightly out of 

focus, a significant increase in observed LER would be measured. 

To verify that this higher order variance is indeed the source of the discrepancy, 

the measurement data from the surface of the experimental scattering structure, is 
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used directly in conjunction with the simulation software used to calculate the results 

presented in Section 6.3.1. The simulation using the measurement data reveals that 

it is the small pits that make the most significant contribution to the hne edge rough

ness measurements reported in Reference (N.A. Beaudry and T.D. Milster 2000). A 

simulation, using the measured data of the experimental surface (including the deep 

pits) as the random phase, produces simulated images with a line-edge variation on 

the order of 1% the total width of the hne being printed. This result is in reasonably 

good agreement with the experimental data. However, when the pits are artificially 

removed from the rough surface, the line width variation produced by the simulation 

software virtually disappears. Furthermore, since the pits are spaced sporadically 

around the surface, they behave much the same ways as low frequency roughness 

does with respect to a change in coherence. That is, the spatial extent of the mutual 

intensity function will likely only encompass a small number of pits for incoherence 

factors <Tc > 0.4. 
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Chapter 7 

MULTILAYER ROUGHNESS IN EUV LITHOGRAPHY 
SYSTEMS 

The problems encountered in imaging a rough surface are further complicated if 

the surface is part of an ensemble of rough surfaces comprising a reflective multilayer 

structure. This issue is of particular concern in EUV lithography, because nearly 

every component in the optical system includes a reflective multilayer structure. A 

significant body of work has been done to address the effects of the rough multilayer 

structures on optical elements that comprise the imaging optics in EUV Uthography 

systems (D.G. Stearns, D.P. Gaines and D.W. Sweeney 1998; E.M. Gullikson, et.al. 

1999; J.E. Harvey, K.L. Lewotsky and A. Kotha 1996; E.M. Gullikson 1999). How

ever, little work has been done to study the issues related to roughness inherent in the 

multilayer structures that comprise the patterned mask located in the object plane 

of an EUV optical system. 

Chapter 6 demonstrates that the phase introduced by a slightly rough surface 

(~ A/25) has a detrimental effect on imaging performance in the form of printed 

line edge variations (also known as line edge roughness LER). This effect is shown 

to become quite substantial if the surface is slightly out of focus. Furthermore, it 

is demonstrated that, for high frequency roughness, line edge variations in a printed 

image can increase as the incoherence factor CTC increased. 

This chapter addresses the fundamental question of whether an object structure 

that is comprised of an ensemble of slightly rough surfaces in a reflective multilayer 

element suppresses or enhances the detrimental image effects predicted by a single 

layer surface, as well as how that roughness affects line edge variations in the final 
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printed image. 

Section 7.1 gives a brief review on the multilayer deposition process and discusses 

how it affects the roughness characteristics of each layer in the structure. Section 7.2 

presents an iterative calculation developed for this dissertation that is used to calcu

late the reflected electric field from a rough multilayer structure. This method differs 

from other methods used to study rough multilayer structures, in that no first-order 

approximation of the reflected phase roughness is assumed. Section 7.3 incorporates 

the reflected field calculations into the mathematical description of coherence, which 

is first presented in Chapters 2 and 4. The section first investigates the image pro

duced by a multilayer with no pattern. Results are presented for both the in-focus 

and out-of-focus scenarios. Section 7.3.3 extends this investigation to include the 

beam propagation method (BPM), which is described in Chapter 3, to investigate 

the imaging properties of a patterned rough multilayer structure in a partially co

herent imaging system, both in and out of focus. For the purpose of comparison, 

Section 7.3.6 presents a somewhat more rigorous simulation in which the mask pat

tern is handled using rigorous coupled wave theory RCWT rather than BPM. Finally, 

Section 7.4 presents a brief discussion of the major issues and findings addressed in 

this chapter. 

7.1 multilayer deposition on a rough surface 

Section 6.1.1 describes the statistics of a single rough surface that is polished 

using conventional methods. However, the statistical parameters of a surface are 

dramatically changed by the deposition of a thin film structure. Furthermore, as dif

ferent materials are successively layered on top of a rough surface, it stands to reason 

that the boundary between each layer exhibits some form of statistical variation. In 

general, the variation between two materials consists of two separate random forms. 
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which are (1) a height roughness that is similar to the boundary between a rough 

surface and a vacuum and (2) a random diffusion between layers. For the sake of 

simplicity, only the random height variation is considered in this dissertation. 

When a material is deposited on a rough surface, the statistical parameters of 

the height variations are usually changed. A quick examination of the physical pro

cesses involved in fabricating a multilayer structure reveals that the statistical height 

variations are partially correlated between layers. 

The most widely used processes to deposit a material onto a multilayer structure 

are thermal evaporation or sputtering (E. Spiller 1995). In either case the atoms 

of the material that form the coating are deposited randomly on the surface of the 

slightly rough substrate. One can imagine that the low spatial frequency components 

of the surface are replicated from layer to layer, since the size of the atoms being 

deposited on the surface are extremely small. However, understanding the effect 

of the deposition on higher spatial frequencies requires further examination of the 

physical process involved. 

There are several theoretical models describing the deposition process, each with 

varying degrees of complexity (E. Spiller 1995; D.G. Stearns, D.P. Gaines and D.W. 

Sweeney 1998; D.G. Stearns, R.S. Rosen, and S.P. Vernon 1993). However, inherent 

to all of the models is the natural assumption that the random process describing 

the deposition is a shot noise process. That is, the statistics of the atomic deposition 

process are the same as the statistics describing photons hitting a detector, or hail 

stones hitting a tin roof. This statistical process is well understood (B.R. Frieden 

1991). Two inherent properties of the shot noise process are that the probability of 

the number of atoms hitting the substrate is described by a Poisson distribution and, 

more importantly, the shot noise is a "white noise" process, in that the PSD of the 

process is independent of spatial frequency. 

A second effect usually included in a deposition model is that of relaxation. As 

the atoms pile on top of one another, there is a tendency for the atoms to relax into a 
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stable configuration. These two effects are combined to calculate an analytical form 

of the PSD of a surface deposited on a perfectly smooth substrate(D.G. Stearns, D.P. 

Gaines and D.W. Sweeney 1998). This PSD is given by 

o r^'^-exp{2iy\2np\"'T) 

where r is the thickness of the deposited film, the constant is the volume of a 

single element deposited on the surface (atom, molecule, etc.), u is an independent 

growth parameter that characterizes the relaxation process, and the exponent m varies 

according to the relaxation mechanism (ie. m = I represents viscous flow, m = 2 

evaporation and condensation, m = 3 represents bulk diffusion and m = 4 represents 

surface diffusion.) A log-log plot of this PSD is shown in Fig. 7.1. Notice that for 

low spatial frequencies, the PSD is essentially flat, which is indicative of the shot 

noise that causes the deposition. Also notice that there is a sharp fall off for higher 

frequencies that is indicative of the relaxation process. 

The PSD given in Eq. (7.1) accounts only for the deposition process and rep

resents the surface height distribution if the multilayer structure is fabricated on a 

perfectly smooth substrate. However, to calculate the roughness characteristics of 

a film deposited on a real surface, the height distribution of the substrate must be 

included in the calculation. In order to include the substrate roughness and calculate 

the intrinsic roughness of each layer in the multilayer stack, an iterative method, 

presented by Stearns, (1998) is used. 

To begin, the roughness at each layer naturally separates into two distinct com

ponents: (1) the roughness that is due to the growth of the thin film, and (2) the 

roughness that is due to the substrate and is rephcated from layer to layer. The cal

culation starts with a simulated fractal rough substrate calculated using the method 

described in Section 6.1.1. i/o(r), the Fourier transform of this surface, is given by 

Ho(p)  = J^{ffo(r)} (7.2) 
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FIGURE 7.1. Plot of the function Sndip) representing the effect of multilayer depo
sition on a rough surface. For this plot m = 2 O = 0.05 nw? and u = 2.5 nvn? 

Using the Fourier spectrum of the substrate, the frequency spectrum of the first layer 

deposited is given by 

Hi{p) = \JSHd,i{p) + exp(-iyi|27rp|"Ti)^i_i(/o), (7.3) 

where the first term on the right hand side of Eq.(7.3) is the contribution from the 

deposition process and is calculated using Eq. (7.1). The second term represents the 

replication of the previous layer. The exponential function in the second term on the 

right hand side of Eq. (7.3) is a replication factor, derived in Reference (S. F. Edwards 

and D. R. Wilkenson 1981). The subscript i on each of the parameters indicates that 

their values are different depending on the material used for the specific layer. 

A simple inverse Fourier transform of the function Hi{p)  gives a functional rep

resentation of the height variations on the surface of layer i in the multilayer stack. 

An example of the top layer of a 40 bilayer moly/silicon multilayer, simulated using 

this method, is shown in Fig. 6.14. The parameters used in simulating the rough 
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^Si  0.020 nm^ 

^Mo 0.050 nm^ 
I'Si 2.5 nm^ 

^Mo 2.5 nm^ 
TSi 4.1 nm 

TSi 2.8 nm 
m 4.0 

TABLE 7.1. Physical parameters Used to model the deposition process for the 
Moly/Si multilayer coating. The values are take from reference (D.G. Stearns, D.P. 
Gaines and D.W. Sweeney, 1998) 

interfaces between each layer are shown in Table 7.1. A PSD of this simulated surface 

is shown in Fig. 7.2. This PSD is in excellent agreement with measured results given 

in References (D.G. Stearns, D.P. Gaines and D.W. Sweeney 1998; E.M. Gullikson, 

et.al. 1999). Notice that the PSD forms a characteristic "knee" in the mid spatial 

frequency regime, which is a result of the deposition process. This "knee" repre

sents an increase in mid-spatial frequency roughness. Finally, the increase in surface 

roughness GH as a function of layer number is shown in Fig. 7.3. 

7.2 Reflected electric field from a rough multilayer 

As a first attempt to calculate the reflected field from a rough multilayer coating, 

the thin film roughness calculation, given by Eastman in Chapter 3 of Reference (G. 

Hass and M. H. Francombe ed. 1978) is studied. This method uses a matrix calcu

lation to determine the reflected electric field from a multilayer structure composed 

of rough layers. Although it does not make a first order approximation of the phase, 

a significant limitation of this model is that it does not diffract the field from layer 

to layer. That is, the calculation method simply maps the phase from layer to layer 

in the calculation. Furthermore, because diffraction is not accounted for, the angu

lar dependence of the rough surface is only considered in the values of the reflection 
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coefRcients at each layer. Neglecting diffraction is generally not a problem for a film 

that has a maximum of ten thin layers. However, EUV optical elements consist of 

as many as 80 layers, which means the diffraction from the bottom layer to the top 

of the stack is approximately 20 waves and is potentially significant. Also, because 

diffraction is not included in the Eastman model, the shift in the field introduced by 

an non-normal incident wavefront as it traverses the structure is likewise not included. 

Unfortunately, the formulation of the matrix method developed by Eastman does not 

lend itself to a straightforward inclusion of the effects of diffraction. 

7.2.1 Interlayer diffraction 

In an attempt to address the issue of interlayer diffraction, an iterative method 

of calculating the reflected electric field from a multilayer structure using an angular 

spectrum propagation is developed. This method is based on an iterative application 

of the well known Airy summation method used to calculated the reflected electric 

field from a thin film deposited on a structure(Heavens 1965). This Airy summation 

is advantageous because it can easily be formulated to include the effects of diffraction 

inside of the layers. 

Consider, a plane wave, impinging on a single layer on a substrate, shown in Fig. 

7.4. Using an Airy summation method(Heavens 1965), the total reflected field is given 

by a sum of the multiply reflected electric flelds in the material. That is. 

where, for ideal interfaces, the first three terms in the summation in Eq. (7.4) are 

Er — Ea + Ef, + Ec + .. . (7.4) 

Ea — roiEo 

Eb = tQitiQri2& Eq 

Ec = EQ,  

(7.5) 

(7.6) 

(7.7) 
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Eo(r) E,(r) Eb(r) E,(r) 

FIGURE 7.4. Schematic illustration of the reflected field from a single rough layer on 
a rough substrate 

where r and t are the Fresnel reflection and transmission coefficients for either S ox P 

incident polarization. The exponential phase in each term represents the optical path 

diff^erence between each component of the summation an the incident electric field 

EQ. The general expression for the phase change of the optical field on propagation 

between the top an bottom layers is 5 = (27r/A^ac)'T'i-Di cos^i. It is well known that 

the above series converges to the following equation 

Er — TqiEQ + (7.8) 
1 + ' 

Often, the reflectivity of a layered structure is expressed in terms of a ratio. That is, 

Er 
i^tot — 

-C/Q 

The most basic model that is used for handling non-ideal interfaces is to simply 

include the reduction in amplitude of the specularly reflected electric field. Consider 
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a plane wave reflecting from a rough surface. The reflected electric field is given by 

•Sa(r) = roi exp[z(/)o(r)]£;o(r). (7.9) 

This reflected electric field is scattered into an angular spectrum given by 

A(p)  = J  Ea{r)exp{- i2Trr  • p )dr ,  

= J  roiEo{r)  exp[i0o(r)] exp(-i27rr • p)  dr  

Assuming that the incident plane wave is of the form 

Eo{r) = Eoexp{i2Tv PQ • r), (7.10) 

the reflected angular spectrum is of the form 

Ar{p)  — tq iE q  J  exp(z27rpo ' i") exp[i0o(r)] exp(—z27rr • p)  dr .  (7.11) 

The specular component of the reflected electric field is given by 

A{p  =  Po)  =  ro iEo  J  exp[z0o(r)]dr. (7.12) 

The integral relationship 

y exp[i0(r)] dr (7-13) 

physically represents a spatial average of the random variable exp[z0(r)]. It is assumed 

that the phase roughness function 0(r) represents an ergotic random process. Like

wise, it is assumed that the function exp[z(/)(r)] is also ergotic. As a consequence of 

this assumption, the spatial average given in Eq. (7.13) is equivalent to an ensemble 

average. That is, 

y exp[i(/)(r)] dr  = (exp[i0(r)]). (7.14) 

Given that the statistics of 0(r) are Gaussian, 

"l 
(exp[i(/)(r)]) = e~ 2 . (7.15) 
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Therefore, the specular component of the reflected electric field given in Eq. (7.12) 

is equivalently represented as 

"l 
A{p = Po) = '"oie" 2 EQ , (7.16) 

where the exponential term represents the reduction in amplitude of the specularly 

reflected electric field, caused by light being scattered in the non-specular directions. 

Likewise, when a plane wave transmits through an interface, the specular amplitude 

of the transmitted wave is reduced by 

^(p = Po) = toie-^ £^0, (7.17) 

where the transmitted phase (j)trans{^) is given by 

27r 
4^transij^') (7.18) 

For the EUV optical elements being studied in this chapter, it is assumed that the 

electric field does not scatter on transmission between rough layers, only on reflection 

from a rough layer. This approximation is justified only because of the physical 

properties of the materials used in the fabrication of EUV optical elements. The 

multilayer structures used to fabricate EUV elements are composed of materials such 

as molybdenum and silicon. The indices of refraction of these two materials (at 

A = ISAnm) are rtm = 0.9221+ 0.0063z and = 0.9997+.OOlSz respectively(website 

) (other materials used in EUV, such as beryllium, have similar properties). The 

phase roughness introduced on transmission (given in Eq.(7.18)) from a 0.2nm rms 

boundary is less than A/700, because indices of refraction are numerically very close 

to each other, and further they are also close to unity. It is because of this extremely 

small phase perturbation that the scattering on transmission can be safely neglected. 

Therefore, the specular component of the transmitted electric field is given by 

•^t{p — Po) — toiEo- (7.19) 
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The most basic model for incorporating the effects of roughness in a layered struc

ture is to assume that the reflected electric field is comprised of multiple reflections of 

only the specular components of the electric field, scattered at each interface. That 

is, the electric fields that comprise the summation in Eq. (7.4) are approximated as 

^2 

Ea{r) ^ roie-^Eo{r) (7.20) 

Eb{r)  ^  toi t iorue"  2 Eo{r)  (7.21) 

Ec{r) ^ to iho  ^-roie (r^e e Eo{r) ,  (7.22) 

where the amplitude reduction factor is included each time an electric field reflects 

from a surface. Including the reduced amplitude of the specular electric field the 

above series converges to 

"h 
IT f ^ ^ , ^oi^iori2e" 2 e^^'^'Eo{r) 
Er{r)=roie  ^ Eo{r)  +  y . (7.23) 

l+(roie-^j 

The electric field given in Eq. (7.23) assumes that the only effect caused by the 

non-ideal interfaces is a reduction in amplitude of the electric field. The reflected 

electric field is otherwise constant in both amplitude and phase. In an attempt to 

analyze the speckle-hke effects produced by a rough multilayer object, a somewhat 

more sophisticated model is required. 

The first step in producing this model is to replace the first term of the series in 

Eq. (7.4) with 

Ea{r) = £'o(r)roiexp[z0o(r)], (7.24) 

where the scattering function 0o(i") is given in Eq. (6.3), and represents the rough 

surface at layer 0. 

As discussed previously, the scattering of the electric field on transmission through 

the interfaces being studied is negligible and consequently, after transmitting unscat-

tered through the top surface, the electric field immediately below the interface is 
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approximated with 

Et{x ,y)  =  toiexp , (7-25) 

where the exphcit dependence on the wavelength in the material (A„ = \vacl'n) and 

the propagation direction in the material is shown. The first interface is at location 

z = 0. The direction cosines of the wavefront in the media are found using Snell's 

law. That is, 
ot  B  

o l  =  -  and /?' = -. (7.26) 
n n  

The wavefront in Eq. (7.25) propagates in the positive 2 direction towards the second 

interface. The plane wave incident at the second interface is of the following form 

E2-  {x ,  y )  =  toi  exp (a'a; + P'y  + 7'D)^ , (7.27) 

where D is the thickness of the layer and 7' is given by 

7' = \/l - (a'2 + /?'2) = y 1 - + — J = cos  6 '  (7.28) 

The wavefront reflected from the second interface is of the form 

E2+{x,y)  =  toi ' ^ i2exp  +  p 'y  - - f 'D)^  exp[ i ( j )2{x ,y )] ,  (7.29) 

where the sign change in 7' reflects the change in propagation direction. 

The reflected wavefront in Eq. (7.29) is expressed in terms of the propagation 

direction and wavelength of the incident medium. That is, 

E2+{x,y)  =  toir  12 exp  ( i ^n{-x  +-y  - 'y 'D)]  exp{ i ( l )2{x ,y ) ) ,  
\  ̂vac  Ti  71  J  

= ^01^12exp (i^{ax + PyU exp exp{i(l)2{x,y)), 
\  ̂vac J  \  ̂ vac J  

= toi'^i2-Eo(a:,y)e""^^ exp(i(/)2(x,y)), (7.30) 

where the scattering function 0i(r) represents the rough surface at layer 1. This 

reflected fleld is then propagated through the homogeneous media of index n to the 

top surface of the structure. 

Eb-{x ,y)  =  V {Eo{x ,y) to ie ' ' ^Wi2ew[ ' i ' (p i{x ,y )]}  ,  (7.31) 
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where V indicates a propagation operator, which is calculated using an angular spec

trum operation. The terms ^oi, fn and are simply constants and are moved 

out of the operator brackets. Likewise, if the incident wavefront is of the form given 

in Eq. (7.10), the constant EQ is likewise moved out of the propagation operator. 

Therefore, E^{x,y) is expressed as 

Eb-{x ,y)  =  jexp ^z^[q;ox +/?oy]^ (exp[z0i(x, ?/)]| , (7.32) 

or equivalently 

I / 9'7r r 1 \ I 

(exp[z(/)i(x,?/)] L (7.33) Eb-{x,y) = toie '^Vi2£'oP |exp 
ao Po 
—X H y 
n n 

This electric field is then transmitted through the first interface, without additional 

scattering, resulting in the Eb{x,y) term from the series in Eq. (7.4), which has the 

following form 

Ebix, y) = V {ri2 exp • r) exp[z(?!>i(r)]} , (7.34) 

A quantity that is of particular use in this development is the specular component 

of the propagated wavefront given in Eq. (7.33). The angular spectrum of Eb-{x,y) 

is given by 

Ab-{a ,P)  =  I  Eb-{x , y )  e x p  ( —i-^^[ax  + py]\dx  d y  (7.35) 
J \  ^vac J 

= C (7.36) 

where, for the moment 

C = toie-'''n2Eo (7.37) 

The angular spectrum propagation operator can, of course, be expressed as a convo

lution, and Eq. (7.36) is expressed as 

Ab-{a ,  P)  =  C J (x  — u , y  —  v)  dwc/wj- d y ,  

(7.38) 
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where p{x  — u ,y  — v )  is the propagation kernel for a transfer through free space. A 

change in integration order results in 

Ah^{a , /3)  — C J p{x  — u ,y  — dudv .  

(7.39) 

Evaluation the Fourier transform of the free space propagation kernel results in 

Ab-{a ,P)  =  CT 0 J dudv ,  (7.40) 

where 

is the transfer function of the wavefront in the medium of index n. The minus sign 

indicates a propagation in the negative 2; direction. The specular component of the 

electric field is found by evaluating Ai)^{a,/3) at a = ao,/3 = /?o, resulting in 

Ab-{ao,Po) = CT j e''>"^'''''^dudv. (7.42) 

Noting that 

and 

/

^2 

dudv  = = e -^ ,  (7.44) 

the specular component of the propagated electric field is given by 

^b-{c^o-i Po) = toie 2 . (7.45) 

Next, the third term EC{t) is calculated. The field given in Eq. (7.31) reflects from 

the top interface and again propagates towards the bottom interface. In calculating 

the third term (and subsequently higher order terms) in the series, it is assumed that 

the electric field that is back scattered towards the bottom interface is replaced with 

a plane wave whose amplitude is that of the specular component of the back reflected 
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field. This assumption is justified primarily because the quantity of interest in this 

investigation is the reflectivity of the structure. The primary contributions to the 

amplitude and phase perturbations on the reflected field are made from the fields 

propagating towards the top of the structure. Furthermore, the refractive indices 

used to compose the multilayer structure have very close values and are likewise close 

in value to unity. Therefore, the Fresnel refiection coefficients at each interface are 

very small, and the scattered light in this back reflection is minimal. Therefore, the 

electric fleld that is back reflected towards the substrate is approximated as a plane 

wave whose amplitude calculated using Eq. (7.45) and is further reduced by the 

scattering at the first interface. That is, the field which propagates back towards the 

bottom interface given by 

Er2{x ,y)  =  Eo{x ,y) ,  (7.46) 

where the term 

is the Fresnel reflection coefficient of the first interface, whose amplitude has been 

reduced by the rough surface. The backscattered electric field in Eq. (7.46) is then 

treated in an identical manner to the first transmitted electric field from Eq. (7.25). 

That is, the plane wave in Eq. (7.46) propagates to the bottom surface, is scattered 

by that surface and the scattered field propagates to the top surface using an angular 

spectrum propagation operator. That field then transmits through the top interface, 

resulting in an electric field of the form 

Ec{x ,y)  =  

X ri2EoV{exp{i2'KpQ-r)exp[i(f)i{r)]}, (7.47) 

It might appear unusual that the field scattered at the bottom interface is included 

in the third term, given that the field scattered at the top interface is approximated 

with a plane wave. This treatment is included for two reasons: 
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1. Including the scattering from the bottom surface in the higher order terms 

results in an elegant compact solution for the wave reflected from the structure. 

2. A recursive approach is used to include the effects of subsequent layers, and the 

reflectivity of bottom interface becomes much greater as additional layers are 

introduced. This recursive approach is discussed in the next section. 

In Summary, the first three terms comprising the series in Eq. (7.4) are given by 

Ea{r) = £;o'^oiexp(z27rpo-r)exp[z0o(r)] (7.48) 

Eb{r) = toitioe~"^'-Bo7'{ri2exp(i27rpo •r)exp[i(/)i(r)]} , (7.49) 

Ec{r) = (^-roie~^^ 

X EQV {ri2 exp (z27rpo • r) exp[z0i (r)]} . (7.50) 

Notice that the wavefront that is propagated using angular spectrum, in the Eb{r) 

and Ec{r) terms, is the same function. This allows the summation to be factored as 

follows 

-E'r(r) = -Ea(r) + £^a(r) + £'a(r) + • • • (7-51) 

= Eoroi exp {i2TrpQ • r) exp[z(/!)o(r)] 

+ Eotoitioe~'^^V {ri2 exp (i2TTPo • r) exp[i0i(r)]} 

X (^1- + • • • ^ , (7.52) 

where the propagation operation need only be calculated once. Notice that the sum

mation that results after factoring in Eq. (7.52) converges, resulting in a reflectivity 

of the single layer structure, which is of the following form 

, , Er(r) 
M^lPo) = (7.53) 

hiQ 

en N r. , . ioiiioe~''^ip{ri2exp(i27rpo •r)exp[i0i(r)]} 
= roi exp (z27rpo • r) exp[z(/)o(r)] + ^ ^ 

1 -"-il -ox 
1 — roie 2 ri2e 2 
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Notice that the reflected electric field is simply a combination of the electric field 

scattered from the first surface and an electric field scattered from the second surface 

which has been propagated and scaled appropriately. Finally, notice that specular 

reflectivity from the single layered structure is 

f spec 

, ^01^10^26 ^ e 

-  ̂ 7 ±S~~̂   ̂  ̂1 + ( roie" 2 1 ( r^e- 2 j 

where Eqs. (7.43) and (7.44) are used. Notice that the specular reflectivity is the 

same result as that predicted in Eq. (7.23). 

7.2.2 Multilayer calculation 

Extending the relationship given in Eq. (7.53), for the reflectivity for a single 

rough layer on an rough substrate, to a method for calculating the reflected field 

from a multilayer structure is straightforward. 

Consider a plane wave incident on a two layer structure. Again the reflected 

electric field is composed of a sum of electric fields, as shown in Eq. (7.4). The 

first term (£'a(r)) in this equation is the same as that in Eq. (7.24), except that the 

roughness function 4>{r) is changed, thus representing the interface between the top 

layer and incident media. The second term Eb{v) is calculated in the same manner 

as was used for a single layer calculation, except that the function representing the 

electric field reflected from the bottom interface, 

ri2 exp (i27rpo • r) exp[i0i(r)] (7.55) 

is replaced with the spatially dependent reflectivity function for the entire first layer 

calculated previously in Eq. (7.53). Therefore, the Eiiy) term for the two layer 
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system is given by 

Eb{v) — toitioe {RlayerliT^'i PO)} , (7,56) 

where Riayerii^', Po) is the spatially dependent reflectivity of single layer system, cal

culated using Eq. (7.53). The Fresnel coefficients used in Eq. (7.56) now represent 

the boundary between the incidnet media and the top layer of the two layer system. 

There is a subtle detail that requires mention at this point. When calculating the 

reflectivity of the single layer system, which is to be substituted into Eq. (7.56), 

the Fresnel reflection coefficients used to calculate the Riayerii^] Po) must represent 

the boundary between the first and second layers, and not the boundary between 

the first layer and a vacuum. Note that the x and y dependence on the wavefront 

are unchanged by the medium that the wavefront is in and are the same as that of a 

wavefront in a vacuum. The 2; component of the electric field is only dependent on the 

medium through which the field propagates, and not the incident media. Therefore, 

without loss of generality, the spatially dependent, and specular reflectivity given in 

Eqs. (7.53) and (7.54) are equally valid an arbitrary incident media, requiring only 

that the Fresnel coefficients of the interface be chosen appropriately. 

The third term in the series is found by first calculating the specular reflectivity of 

the backscattered wavefront, which is given by Eq. (7.54) and repeating the process 

used to calculate Ec{r) for a single layer. That is. 

Again the terms are summed, and the reflectivity for the two layer system is given by 

X EQ 'P {Rlayerli,^ 1 PO ) }  (7.67) 

•Rsiaj/er (l") Po) TTI 
•C/0 

= roi exp (z27rpo • r) exp[i0o(r)] + 
^oi^ioe {Riayeriir-, Po)} 

_!lo 
1 '"OlG 2 ('"/ayerl) ^ 

(7.58) 
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The specular reflectivity for the two layer system is given by 

i^Ol^lO {flayerl) G ^ _„ n 
r2layer = Toit 2 + ^ . (7.59) 

1 + ^r-oie ^ ̂ (rlayer 1) 

This process is subsequently reapplied for each additional layer added to the structure. 

Therefore, the reflectivity for a j layered structure is given by 

Rjiayer{r]  Pq ) = tq i  exp { i2ivpQ • r) exp[i0o(r)] 

0̂1̂ 106 {-̂ (j-l)iayer(̂ "i Po)} 

1 - roie""^ {ru-i)iayer) 

where i?(j_i)iayer(r; Po) is the spatially dependent reflectivity and r(^j_i)iayer is the 

specular reflectivity of the j — 1 structure, both of which are calculated in the previous 

iteration of the algorithm. An iterative approach to calculating the reflectivity of a 

multilayer structure was first used by Rouard (1937) for ideal interfaces, by iterative 

application of Eq. (7.8). When the interfaces are ideal, this recursive method yields an 

exact agreement with the more commonly used admittance matrix technique(Macleod 

2001) for calculating multilayer reflectivity. 

Non-ideal interfaces have been incorporated into this method only insofar as they 

apply to the reduction in specular reflectivity. This is done by an iterative application 

of the relationship given in Eq. (7.23). This method has been used quite extensively 

since for handling x-ray reflectivity (L.G Parratt 1954; J.H. Underwood and T.W. 

Barbee Jr. 1954; E. Spiller 1995). The development in this section has further 

generahzed the iterative Airy summation model to account for difl'raction of the first 

and second order scattered electric field within the structure. 

Calculating the reflected field from a multilayer structure becomes a matter of 

starting with Eq. (7.53) to calculate the reflected field from the bottom layer and the 

substrate. That value is then substituted into Eq. (7.60) to calculate the reflected 
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electric field from the resultant two layer system. Equation (7.60) is subsequently 

re-apphed for each additional layer until the top of the structure is reached. 

The fundamental approximation made in deriving the algorithm presented above 

is that all downward propagating waves in the material are replaced with plane waves. 

The amplitudes of each downward propagating wave is assumed to be equal to the 

specular component of true scattered downward propagating wavefront. Inherent in 

this treatment is the assumption that multiple scattering of the electric field within 

the structure is ignored. 

Stearns points out (1992) that multiple scattering in the structure can become 

significant when light is scattered in a direction such that a resonance condition 

occurs within the structure. When this resonance occurs, the scattered radiation 

constructively interferes within the structure and affects on the total reflected electric 

field. Stearns further points out that effects which occur due to these resonance 

conditions are maximized when the roughness between layers is fully correlated. 

The Bragg resonance condition is satisfied when the Bragg angle, given by 

s in06=-±^ ,  (7 .61)  

9b is equal to 90 — where 9s is the propagation angle of a wavefront in the media. 

A is the period of the multilayer structure which is given by 

A = Ti + r2, 

where r, is the thickness of layer and n is an integer. For the Moly/Si multilayer 

structure, used in EUV lithography systems, A = 6.94nm, and the first Bragg in

terference condition is satisfied for a propagation angle of 9s ~ 14°. The primary 

imaging system configurations studied in this chapter have an object space numerical 

aperture of less than 0.075 {NAimg < 0.3) and will subtend an angle no greater than 

5 degrees. Therefore, this discrepancy is unlikely to have a large effect on the final 

image produced by the rough multilayer mask. 
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FIGURE 7.5. illustration of the multilayered grating structure used for the comparison 
of RCWT calculation with the iterative Airy summation model 

It must be stressed that the calculation method described above is not generally 

valid for any multilayer structure, because it requires the indices of refraction of 

the materials comprising the structure to be nearly equal in value and also close to 

unity. At first this might seem extremely limiting. However, most materials used in 

the EUV and x-ray spectrum have index values that conform to these restrictions. 

Furthermore, any multilayer structures fabricated for use with longer wavelengths 

can be easily fabricated in such a way that any effect of roughness can either be 

neglected or described using a first order approximation, and thus not require a 

detailed description such as the one provided above. 

7.2.3 Verification of algorithm 

In order to insure that the algorithm presented above yields a suitable approx



264 

imation to the reflected electric field from a rough multilayer structure, results are 

compared with a RCWT analysis. RCWT assumes a periodic structure, and can not 

readily be used to calculate the reflected field from a boundary with a random height 

variation. However, the algorithm presented, in Section 7.2.2 makes no assumptions 

as to the form the height distribution that makes up the boundary between lay

ers. Therefore, the electric field calculated using the algorithm is compared with a 

RCWT calculation for the regular structure shown in Fig. 7.5. This structure is 

non-symmetric grating pattern at each interface within the multilayer structure. The 

height of this grating interface is 0.20 nm, which is roughly the same as the variance 

of the rough surface that is on the ML structures being studied. The structure is 

perfectly replicated between layers, so that any discrepancies that occur because the 

multiple reflections of the scattered field are maximized in this comparison. 

Figure 7.6 shows a comparison of the refiected amplitude and phase calculated 

using an incident wavefront at normal incidence. The calculation is performed for 

three diflierent structure periods (A) 125nm ,(B) 250nm and (C)500nm . Notice that 

the internal phase variations of the structure result in both a phase variation as well 

as a substantial amplitude variation in the reflected electric field. These amplitude 

fluctuations suggest that when a random multilayer structure is illuminated some 

speckle-like amplitude variations occur in the near fleld vicinity of the structure. 

Figure 7.7 shows a more quantitative comparison between the results of the Airy 

summation model and the RCWT calculation. Shown in this figure is the fractional 

root mean square (rms) difl'erence between the electric fields given by 

(Je 1 1  ̂
^ ^ •£'Airy(^i)| • (7.62) 

N 
i= l  

where |A£^^ax| is the maximum variation in the electric field given by 

= max{\E{x) -  (£^)|}. (7.63) 
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FIGURE 7.6. Algorithm comparison with RCWT calculation for normal incidence 
9i = 0°. Left hand figures show the magnitude of the reflected electric field, Right 
hand figures show the reflected phase. (A) base period = 125nm, (B) base period = 
250nm (C) base period=500nm. 
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FIGURE 7.7. Fractional rms difference between electric field calculated using RCWT 
and that using the iterative Airy summation. Data are plotted as a function of the 
base period of the grating structure. 

Notice that for normal incidence the discrepancy is maximized for a period of approx

imately 280nm. 

Figure 7.8 shows a plot of the amplitude an phase of the reflected electric field 

from a structure with a 280nm period, for normal incidence. The discrepancy between 

the results is caused because the light diffracted by the fine structure in the grating 

propagates at an angle which resonates within the structure. 

Figure 7.9 shows a comparison of the computed electric fields and the results from 

a RCWT calculation for incidence angles of 7°, 13° and 19°. The base period of 

the structure is 280nm. The linear phase component of the electric field is removed 

from the phase plots to allow a much easier comparison. Notice that as the incident 

angle is changed to 7° the agreement between the RCWT calculation and the Airy 

summation method is substantially improved. However, as the angle is increased 

further to 13°, the incident angle is equal to the Bragg angle and there is a resonance 

within the structure. As the incident angle is further increased to 19 degrees, there 

is no resonance and the reflected electric fields are again in good agreement. 
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FIGURE 7.8. Algorithm comparison with RCWT calculation for normal incidence. 
Base Period=280nm (A) Amplitude (B) Phase 

Figure 7.10 shows the fractional rms difference between the RCWT and Airy sum

mation models as a function of incidence angle for a structure with a period of 200nm, 

280nm, 350 nm and 400nm. Notice that in each case there is a substantial disagree

ment when the incident angle is equal to approximately 15°. This disagreement, 

caused by neglecting multilple reflections of the scattered Ught within the structure, 

is a severe drawback to the iterative algorithm presented in Section 7.2. However, 

this disagreement is not a serious concern for the problem of imaging, provided that 

two constraints are met. 

1. The object space numerical aperture subtends an angle no greater than 12° with 

respect to a vector normal to the mask structure. 

2. Light diffracted by a pattern structure into the rough multilayer coating is also 

less than 12°. 

Clearly, the second of these two constraints is the more difficult to satisfy. How

ever, if the analysis is limited to pattern structures with reasonably large spatial pe

riods, greater than 300nm, then a diffracted angle of 12° represents the 5th diffracted 
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order from the pattern structure. Only about 12% of the energy diffracted from 

330nm period, 90nm thick chrome hne space pattern is diffracted into a range of an

gles between 12° and 20°. Furthermore, the reflectivity of the multilayer structure is 

substantially reduced for any angle greater than 11°. Finally, the interlayer roughness 

in a real multilayer reflector is not completely correlated and therefore, the resonance 

effects observed in Fig. 7.10 are further reduced. 

Therefore, if the analysis is limited to pattern structures of reasonably large pe

riods, the breakdown of the Airy summation algorithm for angles between 12° and 

20°, caused by neglecting multiple reflections of the scattered field, is not a significant 

concern. 

Despite the discrepancy caused by neglecting multiple scattering within the mul

tilayer structure, as well as the numerous assumptions made in deriving the Airy 

summation algorithm, the agreement with the RCWT calculations is surprisingly 

good. 

With respect to calculation time, an RCWT calculation for the 1-D multilayer 

grating structure shown in Fig. 7.9 takes several minutes to calculate, while the Airy 

summation method, using a 100 x 100 2-D multilayer array for the calculation took 

less than 30 seconds to perform. ^ 

Note that the rest of the results presented in this chapter use an earlier version 

of the algorithm presented in Eq. (7.60). A comparison of this earlier algorithm and 

the algorithm given in Eq. (7.60) is presented in Appendix B. 

7.3 Imaging 

The algorithm described in Section 7.2.2 is used to calculate the reflected field 

from the top of a rough multilayer structure, assuming a plane wave incident on 

^Calculations for this comparison were performed on a somewhat antiquated, desktop computer 
(A 300 MHz Pentium II with 128M of RAM) 
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FIGURE 7.10. Fractional rms difference between electric fields calculated using 
RCWT and those calculated using the iterative Airy summation method, plotted 
as a function of incidence angle. Data are shown for base period values of 200nm, 
280nm, 350nm and 400nm 

the structure at an arbitrary angle. Using this reflected field as a function of angle 

in conjunction with the coherence theory described in Chapters 2 and 4, one can 

determine what effect a rough multilayer structure has on imaging performance. 

Assuming that the electric field reflected from a multilayer structure is a linear 

process, the field is expressed as a mapping integral of the following form 

where -S'(r',r) is the point response function representing the multilayer structure. 

This function is the shift-variant version of the ideal shift-invariant multilayer point 

spread function introduced in Eq. (3.9). 

Equivalently, the function 5'(r',r) is expressed in terms of an angular response 

function. Using a procedure similar to the one outlined in appendix A for a RCWT 

(7.64) 
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calculation of the pattern structure, the mapping function S(r ' , r )  is written as 

^(r',r) = J e-'^''P'S{r',p)d^p, (7.65) 

where S(r ' ,  p )  for each value of of the angular spectrum vector p  is calculated using 

the iterative Airy summation given in Section 7.2.2. The function 5(r',p) physically 

represents the the electric field reflected from the rough multilayer structure that 

results from a plane wave incident on the structure with an angle determined by the 

d i rec t ion  cos ine  vec to r  p .  

7.3.1 No pattern 

The imaging relationship for a rough multilayer coating with no pattern is devel

oped first. Recall that the mapping of a mutual intensity through a linear system is 

given by 

= jj J-{ri,r2)S{Y\,ri)S*{v'^,r2)dYidr2, (7.66) 

where the mapping function ^(r'^, ri) represents the linear mapping from the incident 

electric field to the speckled reflected electric field from the rough multilayer, given 

in Eq. (7.64). 

Equation (7.66) could be used in conjunction with the development of Chapter 

4 to determine the image plane irradiance for an arbitrary system configuration and 

source coherence. However, a completely general analysis is extremely cumbersome 

computationally. Rather than perform a completely general coherence analysis, a 

specific optical system configuration is chosen to determine the ramification of a 

rough multilayer mask on imaging performance. The optical system chosen for this 

study uses Kohler illumination and a perfectly incoherent source in conjunction with 

a telecentric imaging system, which similar to the system studied in Section 5.1.2. 

The mutual intensity of the source is given by Eq. (2.40), and the point response 
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function of the condenser system is given by Eq. (2.53). Used in conjunction with the 

mapping Eq. (2.41), the mutual intensity of the electric field incident on the rough 

multilayer surface is 

J_(ri,r2) = J J ^(s)exp -jys • (ri - ra) ( f s ,  (7.67) 

where the condenser aperture is significantly larger than the field of view of the 

projection camera. Combination of Eqs. (7.66) and (7.65) with Eq. (7.67), and a fair 

amount of manipulation, results in 

J M y 2 )  =  j  J  - p 3 * { r ' „  j ) d h ,  (7.68) 

which is a linear superposition of the outer product of the electric fields reflected from 

the rough multilayer, with the angle determined by the source point position. 

Using Eq. (4.5) to propagate this mutual intensity through a shift invariant imag

ing system, the irradiance in the image plane is given by 

h{r,) = jj /(s) ,S(r', - ''O dr' 
2 

'2 c f s ,  (7.69) 

which is just an integration of the irradiance in the image plane produced by the 

rough multilayer structure over the spatial extent of the source. 

As done in Chapter 4, the integration in Eq. (7.67) is assumed to be a discrete 

sum over the source. The computational method used to calculate the final image is 

summarized as follows. 

1. A discrete source point at location s produces a plane wave incident on the 

rough multilayer structure with the angle s//. 

2. The algorithm presented in Section 7.2.2 is used to calculate the reflected electric 

field 5(r', |) 

3. This reflected electric field is then convolved with the point response function 

of the imaging system K{vi — r'), using Fourier methods. 
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4. The magnitude of the convolution is squared to calculate the irradiance caused 

by a single source point at location s. 

5. This process is repeated for each discrete source point making up the incoherent 

source. 

6. The results of each calculation are incoherently summed to produce the total 

irradiance in the image plane. 

7.3.2 Perfect focus results 

A computational study is performed to study several of the effects of the irradiance 

variations produced using the multilayer theory presented in this chapter. It is known 

from Section 7.2.3 that the near-field amplitude and phase, when reflected from a 

rough multilayer structure, changes with respect to incidence angle. In this section the 

angular dependence is examined for both coherent an partially coherent illumination 

sources. Next, the dependence of the speckle pattern in the image plane with respect 

to a change in coherence for two different average angles of incidence is examined. 

Finally, the speckle behaviour is studied as the focus of the imaging optics are changed. 

The computational models used in this study are 

Bottom Surface: The reflected electric field is calculated assuming no thin film 

structure. That is, the rough surface is a simple fractal model representing the 

substrate. 

Top Surface 1: The phase roughness imparted on the electric field is caused by the 

top layer of the multilayer structure. This top surface structure is simulated 

using the deposition process described in Section 7.1. The angularly dependent 

thin film effects are introduced before the random phase is introduced. That is. 



274 

the reflected electric field is approximated as 

= ̂^exp 
27r , 

i j s - v  exp[i0Top(r')], (7.70) 

where tq is the ideal thin film refiectivity for a plane wave incident at an angle 

9 = \s\/f. The first exponential term is the plane wave produced by a source 

point at location s. The last exponential term is the phase roughness produced 

by the top layer of the multi-layer structure. 

Top Surface 2: The phase roughness used is the same as that used in model Top 

Surface 1, except in this case the thin film effects are introduced after the 

phase roughness is introduced. The method used is similar to the linear system 

model presented in Section 3.3. The reflected field is given by 

.2tt 
exp ,-s.r exp[i.^rop(r)]m(r' - r )dr .  (7.71) 

The major difference in this "top surface" model is that some of the high fre

quency components of the phase roughness are filtered by the angular response 

of the thin film, whereas in the Top Surface 1 model they are not. 

Average surface: The thin film effects are calculated using the same method as the 

Top Surface 2 model, presented above. However, in this situation, the phase 

roughness is calculated by averaging the surface roughness that is present in 

each layer of the multilayer structure. That is, the refiected electric field is 

given by 
^ B /" r 97r 

(7.72) exp 
27r 
,-s.r exp[i0(r)]m(r' — r ) d r ,  

where 
1 M 

(7.73) 

0j(r) is the random phase at each layer, and M is the number of layers in the 

structure. 
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incoherence factor (CTc) variable 
incidence angle (^o) variable 
illumination type Kohler 
camera NA (img) 0.25 
magnification 4x 
wavelength (A) 13.4 nm 
substrate roughness an,sub 0.08 nm 
Top Surface roughness an,sub 0.22 nm 

TABLE 7.2. Physical parameters of optical system used to model imaging properties 
of a rough multilayer structure 

Eastman model: The calculation of the reflected electric field is performed using 

the matrix model presented by Eastman in Chapter 3 of Reference (G. Hass 

and M. H. Francombe ed. 1978). Note that this model neglects any inter-

layer diffraction, and only accounts for angular dependence through the Fresnel 

reflection coefficients at each layer. 

Airy summation model; The reflected electric field from the multilayer structure 

is calculated using the Airy summation model presented in Section 7.2.2. 

Because no pattern structure being considered in this analysis, a suitable charac

terization of the image irradiance variation is the contrast of the partially developed 

speckle pattern that is produced. Recall from Chapter 6 that this contrast is given 

by 

V = ̂ . 
( /> 

Angular dependence 

The algorithm verification presented in Section 7.2.3 suggests that the reflected 

electric field from a multilayer structure with imperfect boundaries changes rather 

substantially with respect to incident angle. Figure 7.11 shows the behavior of the 

image plane contrast as the incidence angle of the illuminating electric field is varied 
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between 0 and 15°. For this simulation, the imaging system parameters are given 

in Table 7.2 with the incoherence factor cTc = 0. Results are shown for the Airy 

summation model (both S and P polarization), the Eastman model (S polarization) 

and the Top Surface 2 model (S polarization). The angular effects from the other 

models are negligible. Notice that, when interlayer diffraction is included, by using 

the Airy summation model, there is a significant quadratic increase in the speckle 

contrast as the illumination angle increases. Notice that the contrast predicted by 

the Eastman model shows almost no change until the incident angle is approximately 

11°. The result predicted by the Top Surface 2 model are similar to those predicted 

using the Eastman model, in that there is almost no change for incident angles less 

than 11°. All the simulation methods predict a substantial increase in speckle contrast 

for angles greater than 11°. Finally, notice that the speckle contrast predicted using 

the Airy summation model is very similar for both S-type and P-type polarization, 

especially for low incidence angles. This result suggests simulations using scalar 

approximations will yield results that are an adequate approximation for a full-vector 

analysis. 

Figure 7.11(B) shows a similar calculation of image contrast versus incidence angle 

done using RCWT, for the ML grating pattern of Section 7.2.3. Notice that the 

behavior of the RCWT calculation is similar to that predicted by the Airy summation 

model. 

Finally, Fig. 7.12 shows the image plane speckle contrast as a function of mean 

incident angle for a system with an incoherence factor of (Tc = 0.5. 

The data are plotted as a function of mean incidence angle, because, as discussed 

in Chapter 4, an extended source is comprised of a collection of independent source 

points, each of which is incident on the surface at a different angle. This angular sub

tense is centered around a mean angle used to characterize the off-axis illumination. 

The axis on the graph are chosen so that an easy comparison can be made with the 

data in Figure 7.11. Notice that the behavior of each model is similar to the case 
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FIGURE 7.11. (A)The behavior of image speckle contrast plotted as a function of 
incidence angle 6i calculated using the Airy summation model, the Eastman model, 
and the Top Surface 1 model. (B) A similar calculation done using RCWT with the 
ML grating structure shown in figure 7.5. The data in both figures uses an incoherence 
factor of <Tc = 0 
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FIGURE 7.12. The behavior of image speckle contrast plotted as a function of inci
dence angle 6i calculated using the Airy summation model, the Eastman model, and 
the Top Surface 1 model. For the data in this figure cTc = 0.5. 

where <7^ = 0, except that the overall contrast has decreased for all 6i. 

Partial coherence behavior 

Figure 7.13(A) shows a plot of the in-focus speckle contrast as a function of inco

herence factor, calculated using each of the models. For each of these calculations, the 

mean incidence angle of the extended source is zero. Notice that both " Top Surface" 

models produce the highest value of speckle contrast for all values of cTc- The Bottom 

Surface model understandably shows the lowest value of speckle contrast for all values 

of CTc- This is mainly due to the fact that the RMS phase roughness is significantly 

smaller for the substrate than it is for the top surface of the structure, as discussed 

in Section 7.1 

The three most realistic models, the Average Surface, the Eastman model, and 

the Airy Summation model, each produce results that are somewhere between the 
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FIGURE 7.13. Shown is a plot of the in-focus speckle contrast c r i / { I )  plotted as a 
function of incoherence factor for each of the models given in Section 7.3.2. (A) Shows 
the actual contrast calculated. (B) Shows the normalized contrast. 

two extremes of the top and bottom surface models. Surprisingly, both the Easman 

model and the Average Surface model will underestimate the speckle contrast for all 

values of ac-

Figure 7.13(B) shows a normahzed plot of the speckle contrast versus incoherence 

factor. The normalization removes the mean difference in each plot, allowing a more 

direct comparison. Notice that the normalized contrast change with respect to in

coherence factor is similar for all of the calculation models examined, except for the 

bottom surface model. Notice that the models that use the top surface or incorporate 

the the entire structure behave roughly the same as the top surface model in that they 

behave like a high frequency roughness surface, whereas the bottom surface behaves 

like a low frequency roughness surface. 

Out of focus results (No pattern) 

A computational study is performed using the Airy summation method to asses 
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FIGURE 7.14. Plotted is the speckle contrast plotted as a function of defocus position 
for (Jc = {0,0.25,0.5,0.8,1.0}. For these data, the iterative Airy summation method 
is used to simulate the rough multilayered structure 

the change in speckle contrast as the image of the rough multilayer structure is moved 

out of focus. Figure 7.14 shows the behavior of speckle contrast as a function of focus 

position for five different values of incoherence factor «Tc = {0,0.25,0.5,0.8,1.0}. 

Notice that the behavior is similar to the analytical results predicted for a single 

surface in sections 6.4.1 and 6.4.4. 

Notice that the behavior of the image degradation caused by the rough surfaces 

within a complex multilayer structure, both as a function of coherence and defocus 

is so similar to behavior predicted by a single rough surface. 

Apart from a variation in the overall magnitude of the speckle contrast, the only 

additional effect predicted by including a full multilayer calculations is that the speckle 

contrast, as a function of angle, increases in a quadratic manner, unlike the behavior 

predicted by the Eastman and Top-surface models. 
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7.3.3 Rough multilayer structure with a pattern 

Inclusion of pattern structure effects on the development presented in Section 7.3.2 

is similar to the theoretical development presented in Chapter 4. As in Chapter 4, 

the pattern structure/multilayer combination is modeled as a linear system, except in 

this case the mathematical treatment of the multilayer structure is not shift invariant, 

due to the roughness of the ML structure. However, because the system is still hnear, 

the mapping relationship between incident and reflected electric fields is written 

E +{r ' , t )  = J E ^{r , t ) L s {r ' , r )dr ,  (7.74) 

where the the mapping operator L s {r ' , r )  is given by 

Ls(r',r) = JJ G{ri,r)S{r2,ri)G{r',r2)dridr2. (7.75) 

A comparison of Eq. (7.75) with the mapping relationship for a perfect multilayer 

structure, given in Eq. (4.16), reveals that the shift invariant mapping function 

m ( r 2  —  r i )  i s  r e p l a c e d  w i t h  t h e  m o r e  g e n e r a l  s h i f t  v a r i a n t  m a p p i n g  f u n c t i o n  5 ( r 2 ,  r j )  

from Eq. (7.65). Again, the mapping function is expressed in terms of an angular 

response function given by 

Ls{r', ̂ ) = J L s {r ' ,  p )  d^p ,  (7.76) 

where Ls{r ' ,  p ) ,  for each incident angle is calculated as follows. 

1. A plane wave with incident angle given by p  is incident on the pattern structure. 

2. The plane wave is propagated through the pattern structure, using either the 

thin mask approximation, BMP or a rigorous approach. 

3. The resultant field is decomposed into a spectrum of plane waves. 
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4. The interaction of each of these plane waves with the rough multilayer structure 

is then calculated using the Airy summation method of Section 7.2.2, resulting 

in a separate electric field for each calculation. 

5. These separate electric fields are then added together coherently to determine 

the upward propagating field below the pattern structure. 

6. This field is then propagated through the pattern structure to determine the 

field reflected from the entire structure. 

Knowing the angular response function, the reflected mutual intensity is calculated 

in a manner identical to that used in Section 7.3.1. That is, for an optical system with 

an incoherent source and a Kohler illumination system, the reflected mutual intensity 

is given by 

7.3.4 Computational results (with pattern) 

For the analysis of a patterned structure, the statistical parameter of interest is 

the edge variation of the image printed in a photoresist. 

A full simulation of a thick patterned, rough multilayer structure is significantly 

more complex than the simple calculation for a patterned rough surface given in 

Chapter 6. The complexity of the modeling method is increased in three distinct 

ways. Firstly, the base reflectivity of the multilayer structure is considered. Secondly 

the effects of a thick pattern structure are accounted for. Finally, the multilayer 

roughness model given in Section 7.2.2 is included. By including some, or all of 

(7.77) 

And the irradiance in the image plane is given by 

(7.78) 
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these additional factors, several different calculation methods can be examined. An 

analysis of successively more complex calculation methods allow the examination of 

each component of the patterned multilayer structure independently. For example, 

the results from a calculation using a thin pattern structure in conjunction with a full 

ML roughness calculation is compared to the results calculated using a thin pattern 

in conjunction with a simple top surface approximation of the rough surface. The 

comparison allows considerable insight into how the full ML roughness calculation 

affects the LER in the final image, independently of any additional effect caused by a 

thick pattern, for example. Several different calculation methods for determining the 

electric field reflected from a patterned rough multilayer structure, are given below. 

Model 1: {Thin pattern, random phase) This is the model used for the analysis in 

Chapter 6. The reflected electric field is given by a thin pattern structure and 

a simple reflected phase. That is, the electric field is given by 

where t{r )  is a thin pattern structure representing a chrome pattern of thickness 

D and is given by 

. , J e x p  [ i ^ i n  —  i K ) D ]  :  r is within an area containing the material 
[1 : r is within an area NOT containing material 

Because a leaky chrome mask is assumed, the pattern structure is multiplied 

twice. 

Model 2: { t h i n  p a t t e r n ,  l i n e a r  s y s t e m ,  r a n d o m  p h a s e ,  t h i n  p a t t e r n )  In this model 

the the multilayer structure is a simple hnear system (as described in Chapter 

3). The roughness is still modeled as a pure phase function and is included after 

the interaction with the multilayer structure. The reflected electric field, using 

this model, is given by 

Er{r )  =  t{r )  exp[i0(r)]i(r) 

(7.79) 
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Model 3: {thin pattern, random phase, linear system, thin pattern) This model is 

similar to Model 2, except that in this case the rough phase function is included 

before the interaction with the multilayer structure. Therefore, the reflected 

electric field is given by 

Model 4: (Thin pattern, full rough ML, thin pattern) This model uses a full sim

ulation of the rough multilayer coating, with a thin pattern structure. The 

reflected electric field is given by 

where S{r ' ,  r) is the mapping function describing the full rough multilayer struc

ture, given in Eq. (7.65). 

Model 5: { B P M ,  L i n e a r  s y s t e m .  R a n d o m  p h a s e ,  B P M )  A simple phase roughness 

function (hke the one used in Models 1 thru 3) is used in conjunction with a 

thick pattern. The interaction with the pattern is calculated using the BPM 

method, the field then interacts with the hnear system representing the mul

tilayer structure, the roughness is added using the function exp[i0(r')], finally 

the field propagates through the pattern using BPM. This method is similar to 

Model 2, except that the BPM is used to simulate a thick pattern. 

Model 6: { B P M ,  R a n d o m  p h a s e .  L i n e a r  s y s t e m ,  B P M )  This model is the same as 

Model 5, except that the roughness is included before interacting with the 

linear system. 

Model 7: { B M P ,  F u l l  r o u g h  M L ,  B P M )  This model uses the beam propagation 

method in conjunction with the full simulation of the rough multilayer coat

ing, described in Section 7.3.3 

(7.80) 

(7.81) 
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The most rigorous simulation method is Model 7 described above, and the final 

results of this chapter are calculated using this method. However, by comparing the 

images and the line edge roughness calculated using the other simulation models de

scribed above, one gains an understanding of the how the different physical structures 

affect the image degradation produced by the roughness in the mask structure. The 

examination of the different mathematical descriptions of the rough mask structure 

is performed by a comparison of the fully coherent images (<Tc = 0) produced us

ing each model. The pattern used is a line-space pattern with a period of 335 nm. 

The imaging system is a 4x reduction system with a numerical aperture of NA=0.25. 

This imaging system produces a line-space pattern in the image plane with a period 

of 84nm. The individual features printed in the photoresist are 33nm wide, because 

the lines printed are actually somewhat narrower than half the period for coherent 

imaging. In cases where a phase roughness calculation (rather than a full ML rough

ness calculation) is used, the phase roughness is assumed to be that of the top surface 

of the ML structure. The photoresist threshold is chosen such that the mean printed 

line width for each simulation is the same (nominally Ith — 0.3). The results of this 

comparison are given in Tables 7.3, 7.4 and 7.5. For each data point given in these 

tables, numerous independent calculations (N=50 for models 1,2,3,5 & 6, and N=30 

for models 4 & 7) are performed using independent simulated rough surfaces. The 

data given in the tables are mean values calculated over all independent simulations. 

The statistical uncertainty given for each data point is calculated by dividing the 

rms variation between values for each data point by \/]V. Both the rms line edge 

roughness and peak-to-valley line edge roughness are given in terms of a percentage 

of the total line width. 

Table 7.3 shows the hne edge roughness of coherent images calculated for an 

incident angle of = 0°. The first effect to notice is that the line edge roughness shows 

a substantial increase when the pattern structure includes the multilayer system, 

either as a linear system (models 2,3,5 and 6) or using the full ML roughness (models 
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LER-> (RMS) % (PV)% linewidth (nm) slope 

Model 1 
(TP,RP) 

0.1271±0.0022 0.652±0.012 33.900± 0.0028 0.0801 

Model 2 
(TP,LS,RP,TP) 

0.1781±0.0026 0.927±0.016 33.876±0.0040 0.0792 

Model 3 
(TP,RP,LS,TP) 

0.1859±0.0028 0.954±0.021 33.87±0.0034 0.0792 

Model 4 
(TP,MLR,TP) 

0.1714±0.0027 0.864d=0.0256 33.926±0.0043 0.0785 

Model 5 
(BMP,LS,RP,BPM) 

0.4012±0.0062 2.015±0.042 33.92±0.0061 0.0757 

Model 6 
(BMP,RP,LS,BPM) 

0.4226±0.0055 2.137±0.044 33.91±0.0087 0.0759 

Model 7 
(BMP,MLR,BPM) 

0.3971±0.0077 L924±0.049 33.915±0.0103 0.0753 

TABLE 7.3. Line edge roughness values for a coherent ( a c  = 0) image using seven 
different models to describe the mask system. (TP=thin pattern, RP=random phase, 
LS=linear system, MLR=multilayer roughness, BPM= beam propagation method) 
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4 and 7). That is, there is a substantial increase between the LER predicted using 

Model 1 (which assumes no ML structure whatsoever) and models 2-7 which do. 

The increase in LER between the ideal thin mask and the thin mask that includes 

the multilayer effect is attributed to the increase in irradiance variance CT/ caused 

by the complex multilayer mask, as predicted in Section 6.4.3. The model that uses 

the thin mask in conjunction with the full ML roughness (Model 4) has a somewhat 

lower LER as opposed to the models that use the linear system approximation in 

conjunction with a simple random phase. This shght decrease is easily understood, 

when examined with the results of Section 7.3.2, which demonstrated that when no 

pattern is present the image plane speckle predicted by the full ML roughness model is 

slightly lower than the top surface approximation. Finally, notice that all the results 

calculated using the BPM predict a substantially higher LER than do those using the 

thin mask approximation, due to a the thick pattern further enhancing the effects 

predicted in Section 6.4.3. 

Table 7.4 lists the line edge roughness of coherent images calculated for incident 

angle of 9^ = Q°, where 9x represents the angles in a plane perpendicular to the grating 

lines. When the angle is perpendicular to the grating lines, there is, not unexpectedly, 

an asymmetry in the roughness of the lines printed due to the dramatic asymmetry 

in the electric field at the top of the structure, as shown in Figures 3.7 and 3.8. 

Somewhat surprisingly, the LER asymmetry predicted in the models that use 

the random phase approximation is reversed, depending on whether the roughness 

interacts before the ML structure (models 3 and 6) or after the ML structure (models 

2 and 5). The models using the full ML roughness calculation (models 4 and 7) agree 

with those in which the roughness is included before the ML structure (models 3 

and 6). This result suggests very strongly that, when using the top surface random 

phase approximation, the interaction with the rough surface must occur before the 

interaction with the ML structure. 

Another surprising result shown in Table 7.4 is that the results of using the BPM 
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(A) Ox = 6° 

LER-> (RMS) % (PV)% linewidth (nm) % slope 

Model 1 
(TP,RP) 

0.1271±0.0022 0.652±0.012 33.900± 0.0028 0.0801 

Model 2 
(TP,LS,RP,TP) 

0.1571±0.0029(L) 
0.1877±0.0044(R) 

0.906±0.019 33.881±0.0042 0.0779 

Model 3 
(TP,RP,LS,TP) 

0.1867±0.0036(L) 
0.1725±0.0032(R) 

0.934±0.022 33.88±0.0035 0.0779 

Model 4 
(TP,MLR,TP) 

0.2108±0.0050(L) 
0.1605±0.0042(R) 

0.99±0.025 33.876±0.0054 0.781 

Model 5 
(BMP,LS,RP,BPM) 

0.3115±0.0061(L) 
0.3812±0.0072(R) 

1.685±0.041 33.86±0.0089 0.0710 

Model 6 
(BMP,RP,LS,BPM) 

0.3711±0.0076(L) 
0.2670±0.0050(R) 

1.717±0.043 33.83±0.007 0.0708 

Model 7 
(BMP,MLR,BPM) 

0.2900±0067(L) 
0.2323±0.0052(R) 

1.320±0.030 33.906±0.0095 0.0711 

TABLE 7.4. Line edge roughness values for a coherent (ctc — 0) image using seven 
different models to describe the mask system. (TP=thin pattern, RP=random phase, 
LS=linear system, MLR=multilayer roughness, BPM= beam propagation method) 
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FIGURE 7.15. LER plotted as a function of angle 9^, perpendicular to the grating 
lines, for a coherent imaging system (<7c = 0). For this calculation the grating period 
is 330nm, and NAi^g = 0.24 

predict a decrease in LER for 6^ = 6° as compared to 6 = 0°. A plot of the LER as 

a function of incidence angle using model 7 (BPM/Full MLR/BPM) in conjunction 

with a coherent imaging system is shown in Fig. 7.15. Notice that the LER on the left 

hand side of the printed features does not change appreciably with angle, however, the 

LER on the right hand side of the printed images decreases dramatically for angles up 

to about 6°, then begins to increase for higher angles. This effect is rather surprising, 

because Fig. 7.11 clearly demonstrates that the speckle contrast for a surface with 

no pattern is shown to increase, or hold constant, with an increase in incidence angle. 

The decrease in LER on the RHS of the printed images is primarily due to the slope 

on the right hand side of the near field amplitude is very steep. This steepness in 

the near field amplitude affects the image by substantially decreasing the LER on the 

RHS of the printed image. This effect is further verified later, in Section 7.3.6, when 

a RCWT calculation of the pattern is used in conjunction with the full ML roughness 
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(B) dy = 6° 

LER-> (RMS) % (PV)% linewidth (nm) % slope 

Model 1 
(TP,RP) 

0.1271±0.0022 0.652±0.012 33.900± 0.0028 0.0801 

Model 2 
(TP,LS,RP,TP) 

0.1763±0.0031 0.899±0.020 33.890±0.0041 0.0793 

Model 3 
(TP,RP,LS,TP) 

0.1882±0.0035 0.986±0.020 33.87±0.0037 0.0794 

Model 4 
(TP,MLR,TP) 

0.2112±0.0049 L006±0.024 33.92±0.0059 0.07828 

Model 5 
(BMP,LS,RP,BPM) 

0.4135 ±0.0046 2.091±0.042 33.92±0.0098 0.0768 

Model 6 
(BMP,RP,LS,BPM) 

0.4213±0.0065 2.113±0.039 33.94±0.0091 0.0763 

Model 7 
(BMP,MLR,BPM) 

0.4070±0.0075 2.0314±0.050 33.903±0.0110 0.0752 

TABLE 7.5. Line edge roughness values for a coherent ((Tc = 0) image using seven 
different models to describe the mask system. (TP=thin pattern, RP=random phase, 
LS=linear system, MLR=multilayer roughness, BPM= beam propagation method) 

calculation. Section 7.3.6 also shows that the decrease in LER on the LHS of the 

printed image is an incorrect prediction and represents a shortcoming of the use of 

BMP in modeling the pattern. 

The results predicted in Table 7.5(B), in which the incident angle is parallel to the 

grating lines, behave as expected. The results are similar to those for 6 = 0, except 

that there is a shght increase due to the higher incidence angle on the ML structure. 

Coherence effects 

Chapter 6 demonstrates that a single surface structure, with a short correlation 

length, produces line edge roughness that can, under certain circumstances, increase 

as the imaging system becomes more incoherent. This behavior is a result of speckle 

produced by high frequency roughness responding much slower to a change in coher-
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FIGURE 7.16. LER calculated as a function of incoherence factor CTC. The pattern 
structure period is 330nm and the numerical aperture is NAi^g = 0.24. 

ence as opposed to the speckle produced by a surface with a much longer correlation 

length. Figure 7.16 shows how the hne edge roughness varies with respect to an in

crease in incoherence factor (CTC) when the roughness produced by the entire rough 

multilayer structure is considered. Notice that for incoherence factors less than about 

(Tc < 0.37 the LER decreases as incoherence factor increases. This decrease is due 

entirely to the irradiance variance cr/(r) decreasing for a more incoherent system. 

However, notice that when the incoherence factor is greater than 0.37 the LER shows 

a dramatic increase. This increase is due to the decrease in slope of the image irra

diance at the photoresist threshold location. 

Figure 7.17 shows the variation in LER as a function of incoherence factor for 

normal incidence and 9 = 5.74° oriented perpendicular and parallel to the line pattern 

direction. Apart from the overall change in the magnitude of LER with respect to 
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FIGURE 7.17. LER calculated as a function of incoherence factor for three different 
incidence angles Q — 0, Qx = 5.74°, and 9y = 5.74° 

angle and orientation, discussed previously, the behavior with respect to incoherence 

factor is basically the same for each configuration. 

Figure 7.18 shows the change in LER plotted as a function of incoherence factor for 

three different values of numerical aperture NAjj^^g = {0.2,0.24,0.29}. In each case, 

the period of the pattern structure is held constant. Notice that the LER, calculated 

for the coherent images <7^ = 0, increases as the numerical aperture increases. This 

increase is due to high frequency roughness causing an an increase in cr/(r) with 

increasing numerical aperture, as discussed in Section 6.2. The increase in cr/(r) with 

NA is entirely expected, since the change in LER with respect to an increase in <Tc 

behaves like a surface with high frequency roughness. 

Another noticeable feature of the three plots shown in Fig. 7.18 is that the increase 

with respect to CTc begins at different positions along the <Tc axis. For the NA=0.2, 

simulation the LER begins increasing when <7^ ~ 0.25, whereas with the NA=0.29 

simulation, the LER begins increasing when cr,, 0.45. This behavior is a result 
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FIGURE 7.18. LER calculated as a function of incoherence factor <Jc for three different 
Values of numerical aperture NA^j^^g = {0.2,0.24,0.29} 

of the pattern structure being the same for each simulation. The increase in LER 

begins when the slope of the image plane irradiance begins to decrease at the threshold 

location. The slope of the image irradiance begins to decrease when the image of the 

source produced in the pupil plane by the first diffracted order of the mask pattern 

begins to be partially obscured by the pupil. This obscuration occurs when 

^ " TNAobj-

where T is the period of the object pattern and NAq^J is the object space numerical 

aperture. 

7.3.5 Out of focus results (with pattern) 

Of particular concern, given the theoretical results from Section 6.4, is how a 

rough patterned multilayer structure behaves as the focus of the imaging system is 
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FIGURE 7.19. Printed feature line width plotted as a function of defocus position. For 
this calculation, pattern structure period is 330nm. Image space numerical aperture 
NAimg = 0.24 and cr^ = 0.5. 

varied. This is a particularly important concern with respect to lithography systems 

for two important reasons. Firstly, the photoresist coated on the silicon wafer in the 

image plane is of finite thickness, and consequently the image is not in perfect focus 

throughout the full thickness of the photoresist. Secondly, lithography processes are 

generally designed with a certain depth-of-focus tolerance. Thus far in the discussion, 

this tolerance is determined solely by the width of the ideal image printed in the 

photoresist. Figure 7.19 shows a depth-of-focus diagram for an arbitrary line space 

pattern, assuming an incoherence factor of CTc = 0.5. Shown in this diagram is the 

printed hne width as a function of focus for three different photoresist threshold 

values. Notice that, for a threshold value of I^h — 0.30, the printed feature size 

does not change appreciably with focus position values between -200 nm and -1-200 

nm. This constant feature size as a function of focus is used to determine the depth-

of-focus tolerance for a lithography system. However, given that the results of this 
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dissertation predict that the LER of a printed feature changes quite dramatically 

with respect to focus, LER must also be considered when determining the depth of 

focus tolerance for new EUV lithography systems. The change in printed feature 

width as a function of photoresist threshold is the same as the change in feature 

width as a function of source irradiance. This fact is pointed out, because in most 

lithography process development it is generally easier to vary the source irradiance 

than the photoresist threshold. 

Figure 7.20 shows the LER as a function of focus position for a mask pattern 

simulated using the BPM in conjunction with the full ML roughness model. The 

incoherence factor is CTc = 0.5, and the numerical aperture of the imaging system is 

NA=0.25. The results are calculated for a normal incidence configuration 9i = 0°. 

Also shown on this figure is a depth-of-focus diagram for the same pattern and imaging 

system. Notice that, even though the system is within a tolerable focus position as 

seen by the depth of focus diagram, the roughness in the ML structure produces as 

much as a three fold increase in LER within the same focus tolerances. Figure 7.21 

shows the LER as a function of focus for three different photoresist threshold values, 

showing that the change in LER with respect to focus is not strongly affected by the 

choice of photoresist threshold. This diagram clearly indicates that, while the LER 

produced by a image of a patterned rough multilayer structure might be tolerable 

(< 0.4% (rms)) for an imaging system in perfect focus, when a system is out of focus, 

but still within an accepted depth of focus limit, the LER produced can become quite 

substantial > l%(rms) of total line width, with a peak to valley LER as high as 

5-6%. 

Figure 7.22 shows the through-focus LER produced for a mask pattern simulated 

using the BPM in conjunction with the full ML roughness model for three different 

values of incoherence factor <7^ = {0,0.6,L0} and two different numerical aperture 

values NA={0.20, 0.25}. Notice that the behaviors demonstrated by the simulation 

using the BMP and the full ML roughness models behave in a similar manner to 
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FIGURE 7.20. LER plotted as a function of focus position. Also shown in the line 
width change as a function of focus, used to determine focus tolerance 

3.5 
Th=0.27 

- - • Th=0.30 
Th=0.33 

2.5 

o 

cc 
LU 
-J 

0.5 

:00 -150 -100 -50 0 50 
Focus position (nm) 

100 150 200 

FIGURE 7.21. LER plotted as a function of focus position for three different values 
of photo-resist threshold. 
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FIGURE 7.22. LER plotted as a function of defocus for three different values of 
incoherence factor CTC = {0,0.5,1.0} (A) calculations performed with imaging system 
NA=0.20 (B) calculations performed with imaging system NA=0.25 

the analytical calculation presented in Section 6.4.4. The only substantial difference 

is a slight focus position offset that is due to the thickness of the pattern structure 

contributing to the defocus. 

7.3.6 Rigorous pattern model 

There are several situations in which the use of BPM to simulate the pattern struc

ture on a rough multilayer structure yields unexpected results, such as the substantial 

decrease in LER with respect to angle perpendicular to the grating structure, or is 

not valid, such as in cases where the pattern period is smaller than what is allowed 

by the BMP approximation. It is for these reasons that a more rigorous simulation 

of the pattern structure, using RCWT, is examined. Use of a RCWT calculation 

to simulate the interaction of a thick pattern structure with a rough multilayer is a 
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simple generalization of the method presented in Section 3.3.3 for an ideal multilayer 

structure. The procedure for calculating the reflected electric field using RCWT to 

simulate the pattern structure is as follows: 

1. A plane wave with incident angle given by p is incident on the pattern structure. 

2. The electric field at the bottom of the pattern structure is calculated using 

RCWT. 

3. The resultant field is decomposed into a spectrum of plane waves. 

4. The interaction of each of these plane waves with the rough multilayer structure 

is then calculated using the Airy summation method of Section 7.2.2, resulting 

in a separate electric field for each calculation. 

5. These separate electric fields are then added together coherently to determine 

the upward propagating field below the pattern structure. 

6. This field is then decomposed into a spectrum of plane waves, each with a 

different angle. 

7. RCWT is used to calculate the electric field transmitted through the pattern 

structure by each of these plane waves. 

8. The electric fields resulting from each of the previous RCWT calculations are 

added coherently to produce the total electric field reflected from the patterned 

ML structure. 

In general, the spectrum of plane waves calculated in steps 3 and 6 are polar

ization dependent, and should be treated vectorally. However, for the purpose of 

this investigation, all electric fields are assumed to have s-polarization, and they are 

treated using a scalar approximation. 
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FIGURE 7.23. Comparison of electric field magnitudes from a patterned rough mul
tilayer structure calculated using and RCWT simulation of the pattern structure and 
a BMP simulation of the pattern structure. The angle of incidence is chosen to be 
6x = 6.8° (A) shows an inverted colormap (B) shows a contour map 

Figure 7.23 shows a comparison of the magnitude of the reflected electric field 

calculated using RCWT to simulate the pattern structure and a reflected electric 

field that uses the BPM to simulate the pattern structure. In both cases, the full 

ML roughness model is used to simulate the rough ML structure, and the physical 

properties of the structure are the same as those used in Section 7.3.3. Notice that 

there is a remarkable similarity in the results. 

In an effort to verify the unusual behavior of the image-space LER with respect 

to a change in perpendicular incidence angle observed in Table 7.4 and Fig. 7.15, an 

identical calculation is performed using RCWT to simulate the pattern structure of 

the mask. The results of this calculation are shown in Fig. 7.24, which is analogous to 

the data given in Fig. 7.15. Notice that both the RCWT pattern simulation and the 

BPM pattern simulation predict a substantial decrease in LER on the right side of 

the printed image. However, the RCWT simulation predicts a shght increase in LER 
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FIGURE 7.24. Plot of the LER as a function of angle predicted using an RCWT 
simulation of the pattern structure on top of the rough multilayer, CTC = 0 

with respect to angle, whereas the BPM simulation predicts a shght decrease with 

respect to angle. Both methods predict a decrease in the average LER as a function of 

angle, but understandably, the amount of decrease predicted using the RCWT method 

is somewhat smaller than that predicted by the BPM. This discrepancy obviously 

demonstrates a slight hmitation of using the BPM to simulate a patterned rough ML 

structure. However, the speed and ease of implementing of the BPM approximation 

clearly demonstrates it's usefulness. 

Most of the optical systems examined thus far in this dissertation assume some

what large pattern structures, with periods greater than 200nm and image space 

numerical apertures of less 0.25. These parameters represent a potential second gen

eration EUV lithography system. The first generation system, which is currently 

in the testing phases, has object-space pattern periods of approximately 800nm and 

numerical apertures of about 0.1. It is widely believed that EUV technology will 

dominate computer chip manufacturing for the next 15 to 20 years, and it will po-
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NA Object 
Period (nm) 

Line 
Width (nm) 

LER (%) PV (%) 

Test 1 0.36 167 17.1 0.43% 1.5% 
Test 2 0.4 167 17.1 0.79% 2.63% 
Test 3 0.48 167 17.1 1.00% 3.57% 
Test 4 0.48 112 11.8 0.58% 2.28% 

TABLE 7.6. Line edge roughness calculated for possible Generation 3 and Gener
ation 4 EUV hthography systems. These results assume normal incidence and an 
incoherence factor of <Tc = 1 

tentially lead to 3rd and 4th generation systems with higher numerical apertures and 

smaller mask pattern structures. However, the results of this chapter and Chapter 

6, show that, due to the high frequency roughness of the ML structure, an increase 

in NA can further increase the LER in these systems. For this reason, an examina

tion of the LER produced by higher NA systems is presented. For this analysis, the 

RCWT method is used to simulate the pattern structure, and the rough ML struc

ture is simulated using the Airy summation method presented in Section 7.2.2. Mask 

periods of 167 nm and 112 nm are examined with imaging systems using numerical 

apertures of NA={0.35,0.4,0.45}. The images simulated assume a coherent optical 

system cr,, = 0 in perfect focus. The LER values calculated for this analysis are given 

in Table 7.6. It has been shown that any defocus increases the LER, and that in 

increase in incoherence factor can also increase the LER. These results are considered 

minimum values for the optical systems being examined. 

The results shown in Table 7.6 clearly represent an engineering challenge that will 

face EUV lithography as the technology is pushed to it's extreme. 

7.4 Discussion 

The imaging properties of a patterned rough multilayer structure are analyzed in 



302 

this chapter. A review of how the multilayer deposition process affects the roughness 

statistics of each layer in the structure was presented in section 7.1. 

Section 7.2 presents a method to calculate the reflected electric field from a rough 

multilayer structure, which accounted for the angle of the incident field as well as the 

diffraction of the scattered field within each layer. Two approximations are made in 

this theoretical development. The first approximation is that multiple reflections of 

the scattered field within the structure are ignored. This approximation is justified, 

because the Fresnel reflection coefficients at each interface are reasonably small. The 

second approximation is that the electric field does not scatter on transmission, only 

on reflection. This approximation is justified because the value of the index of refrac

tion of the material used to construct the multilayer structure are both very close to 

each other as well as very close to unity. This approximation limits the applicability 

of the theory somewhat. However, the theory is extremely useful in EUV lithography 

systems. 

The theoretical method used to calculate the reflected electric fleld is compared 

with results calculated using RCWT. This calculation uses a multilayer diffraction 

grating in the comparison, because RCWT can only be used to calculate a determin

istic structure. The results from the Airy summation algorithm and RCWT, are in 

good agreement. 

Section 7.3 applies the multilayer roughness calculation method derived in Section 

7.2 to the analysis of and image forming system. The first analysis carried out is to in

vestigate the image plane speckle contrast caused by an unpatterned rough multilayer 

structure. The simulations investigate the change in speckle contrast with respect to 

angle, incoherence and defocus. It is demonstrated that an increase in incidence angle 

produces a quadratic increase in speckle contrast. An increase in incoherence factor 

produces a decrease in speckle contrast. The behavior of speckle contrast with respect 

to incoherence factor is similar to the behavior of a single surface with high frequency 

roughness. Finally, it is demonstrated that a change in focus position produces a 
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substantial increase in speckle contrast. Perhaps the most interesting aspect of this 

analysis is that, apart from the change in speckle contrast with respect to angle, the 

behavior of the rough multilayer structure is remarkably similar to the behavior of a 

high frequency single rough surface. 

Next, the multilayer roughness calculation is combined with the BPM of Chapter 

3, to perform a thorough study of the hne edge roughness produced by a slightly rough 

patterned, multilayer mask structure. Apart from a few interesting observations, 

the LER produced by a patterned rough ML structure behaves in much the same 

way as the simple structures which are analyzed in Chapter 6. For example, it 

is shown that, under certain circomstances, the LER increases with an increase in 

incoherence factor CTC. AS predicted in Section 6.4.3, including the ML structure 

causes an increase in LER. However, it is further demonstrated that a thick pattern 

structure substantially increased this effect. An asymmetry in the LER is observed 

when the incident wavefront interacted with the patterned ML structure at an angle 

perpendicular to the pattern lines. Finally, the analysis through focus demonstrates 

that the LER must be accounted for when developing the focus tolerance of an EUV 

optical system. 

The last analysis performed in this chapter uses RCWT, rather than BPM, to 

simulate the pattern on the mask structure. Using RCWT allows for the analysis 

of mask patterns with substantially smaller features than those allowed with BPM. 

This analysis is used to investigate the LER that could potentially occur in 3rd and 

4th generation EUV optical systems. It is demonstrated that, for lines printed on the 

order of 17nm, an inherent minimum RMS LER of > 1% occurs. 
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Chapter 8 

CONCLUSIONS AND FUTURE WORK 

As the field of imaging science continues to become more advanced, the mathe

matical analysis of complex imaging systems must become more sophisticated. The 

research in this dissertation reformulates the commonly used mathematical treatment 

of basic optical systems to account for the imaging properties of patterned, angularly 

and spectrally depended structures. The primary motivation for this research is the 

development of advanced EUV lithography systems, which utilize all reflective multi

layer optical elements, including patterned multilayer mask structures. The multilayer 

reflective mask structure used in EUV systems exhibits a rather dramatic angular and 

spectral dependence. These mask elements have a profound effect on the imaging and 

coherence properties of these advanced optical systems. Therefore, there is a signif

icant need for a general theoretical reformulation that incorporates this angular and 

spectral dependence into the current understanding of partial coherence. The theo

retical development in this dissertation provides this reformulation. Mutual intensity 

and cross spectral density mapping relationships are presented that account for both 

a thick pattern structure and an angularly and spectrally dependent multilayer reflec

tor. These relationships are used to investigate several optical system conflgurations 

and are further used to determine when the general coherence relationships, devel

oped in this disseration, are required to accurately model the imaging properties of 

the optical system. 

The design parameters of EUV lithography systems are a second major research 

topic in this dissertation. The roughness inherent in EUV optical elements is a signif

icant concern, because the most well-polished surfaces have a surface height variation 
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that is a significant fraction of the 13nm wavelength being used. These roughness 

characteristics are further compounded by the multilayer reflecting structures de

posited on the optical elements used in EUV systems. Prior to this dissertation, a 

detailed analysis has not been preformed that investigates the image degradation that 

occurs when the effects multilayer roughness are included into imaging simulations 

of a patterned EUV mask structure. The analysis of rough mutlilayered structures, 

performed in this dissertation, also includes the effects of a thick pattern structure, 

the angular dependence of the multilayer reflector, the effects of partial coherence 

and the effects of defocus. 

The following paragraphs outline the major research contributions presented in 

this dissertation. Following this outline, a discussion is presented suggesting some 

ways in which the results of this dissertation can be expanded. 

Chapter 3 presents a novel method for calculating the reflected electric field from a 

patterned multilayer structure. A split-step beam propagation method (BPM) is used 

to simulate the thick pattern structure and a linear system analysis is used to model 

the multilayer reflector. The reflected electric fields calculated using this procedure 

are in good agreement with a separate RCWT simulation of the same EUV mask. 

It is further demonstrated that, for the patterned multilayer masks used in EUV 

lithography, s-type and p-type polarizations produced very similar results for the 

reflected electric field, demonstrating that a scalar treatment of the optical system 

is justified. The computational efficiency of using the BPM to simulate the pat

tern structure on an EUV mask, in conjunction with using a linear system to model 

the multilayer reflector, allows the angularly dependent electric field refiected from a 

full three-dimensional structure to be accurately calculated in a matter of minutes. 

A significant improvement is realized when compared to the hours required to per

form the same calculation using an FDTD simulation of the pattern structure with 

Fourier boundary conditions developed by Pistor (1998) to simulate the multilayer 

reflector. The substantial increase in computational efficiency gained when using the 
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BPM/linear system calculation technique allows for more reaUstic, patterned non-

ideal multilayer structures to be analyzed using a coherence treatment that includes 

the angular dependence of the structure. 

A thorough theoretical formulation is presented in Chapter 4 that accounts for 

the effects of spectrally and angularly dependent object elements on the coherence 

of an imaging system. This formulation represents a significant improvement from 

other coherence work done on angularly dependent media, in that the formulation is 

quite general. That is, it is not constrained to a specific illumination system, camera 

system or source type. The generality of this theoretical formulation allows for a 

much larger collection of optical system and source configurations, including quasi-

homogeneous sources and both scanning and non-telectentric critical illumination 

systems to be analyzed in this dissertation. This advancement is necessary, because 

EUV optical system configurations use extremely exotic illumination systems that 

cannot always be analyzed by assuming simple Kohler illumination. Furthermore, 

the effects of temporal coherence are also included in the theoretical development of 

coherence. It is necessary to investigate these effects, because the angular reflectivity 

of the multilayer structure changes rather dramatically over a very short range of 

wavelengths. 

The computational study of the coherence and imaging properties of a patterned 

multilayered reflective mask is performed in Chapter 5. The results of this study 

produce several unexpected phenomena. First, it is demonstrated that, for pattern 

structures with very small spatial periods, the angular dependence is intimately re

lated to the interaction between the properties of the thick absorber pattern, as well 

as the properties of the multilayer structure. It is shown that the angular response of 

a patterned multilayer structure is signiflcantly narrowed as the spatial period of the 

pattern is decreased. The width of the angular response determines whether the full 

coherence theory developed in Chapter 4 is required to analyze the imaging properties 

of the mask structure, or whether an approximate method, such as the eff'ective mask 
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approximation, is valid. 

It is shown that when the angular effects of the multilayer structure are considered 

in the coherence analysis, the discrepancy with the effective mask approximation re

sults in two effects. The first effect is that a contrast enhancement can occur when the 

full coherence model is used. This effect occurs because of a widening of the mutual 

intensity as a result of the angular dependence of the structure. The understanding 

of this effect requires full coherence mapping through the optical system, as described 

in Chapter 4, and cannot readily be explained using a "summation over incoherent 

source points" partial coherence model. 

A second effect that occurs when the full coherence model is used is a perturbation 

to the shift in image position when the illumination of the structure is not at normal 

incidence. This shift is due to an asymmetric distribution of the energy in the pupil, 

which occurs because of the angular response of the pattern structure. 

Chapter 5 also presents the first complete analysis of non-telecentric critical illu

mination systems used in conjunction with an angularly dependent mask structure. 

It is shown that, for an incoherent source, the illuminating field resulting from each 

source point is comprised of a different collection of angles. This results in a spatially 

dependent variation of the image irradiance over the field of view of the optical sys

tem. This spatially dependent variation is significant if the maximum chief ray angle 

between the source and the object plane is above a certain value. It is shown that 

the tolerance on this chief ray angle is approximately 3° for a 400nm period pattern 

structure but can be as low a 0.75° for a lOOnm period structure. 

Finally, an investigation is performed that analyzes how the spectral dependence 

of the patterned multilayer structure affects the temporal coherence properties of 

a short wavelength imaging system. It is shown that a source with a finite spectral 

bandwidth causes a decrease in the peak image irradiance. The peak irradiance in the 

image is shown to decrease as the spectral bandwidth of the source is increased over a 

range of AA < Inm. This decrease in image irradiance is independent of the pattern 
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period. It occurs in images produced using a 400nm mask period, as well as images 

produced using a lOOnm mask period. It is also shown that if the illumination is not 

normal to the structure, there is a shght image shift which occurs as the bandwidth 

of the source is increased. This spectrally dependent shift is much more pronounced 

in a lOOnm period structure than a 400nm period structure. 

Chapters 6 and 7 of this dissertation extend the analysis performed in Chapters 

3, 4 and 5 to include the effects of roughness in the mask structures. The analysis in 

Chapter 6 deals with a single rough surface and an ideal pattern structure. Chapter 

7 extends the analysis to deal with the case of a multilayer structure with a thick 

pattern. 

In Chapter 6, the theoretical understanding of partially coherent speckle is ex

panded to include the effects of a pattern structure as well as optical system aberra

tions (primarily defocus). It is demonstrated that the speckle-like irradiance varia

tions caused by structures with small roughness features respond much more slowly 

to an increase in the incoherence factor cTC than the irradiance variations caused 

by structures with more correlated, larger roughness features. This effect is shown 

to have surprising implications when a pattern structure is included with the rough 

surface being imaged. 

When a pattern structure is included in the analysis, the results of Chapter 6 

demonstrate that the irradiance variation caused by the rough surface leads directly 

to edge variations in an image printed in a threshold type photoresist. It is shown 

that this edge variation is directly proportional to the image variation caused by the 

speckle phenomenon, but inversely proportional to the slope of the irradiance pattern 

at the threshold location. However, both of these values decrease with an increase 

in (Tc- The decrease in irradiance variation with increasing cTC causes the width 

variation to decrease, but decreasing the image slope causes the width variation to 

increase. When the roughness features are small (where the response to changes in 

CTc is reduced), the change in image slope is the dominant effect. This dominance 
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causes the hne edge roughness to increase with an increase of (TC between values of 

zero and one. This discovery is extremely surprising, since the LER is a phenomenon 

caused by speckle, which is well-known to decrease with OTc for an unpatterned rough 

surface. 

Chapter 6 also presents a theoretical analysis investigating the effects of moving 

the image plane out of perfect focus. It is shown that for surfaces with a small 

to moderate amount of roughness, a significant increase in speckle contrast or LER 

occurs as the image plane is moved out of focus (as much as a factor of 10). This result 

is extremely significant, since the degradation occurs within what was previously 

considered and acceptable depth of focus for a ideal object structure. 

Chapter 7 extends the analysis of imaging rough surfaces to include the multilayer 

effects inherent in EUV mask structures. 

Section 7.2 presents a method to calculate the reflected electric field from a rough 

multilayer structure, which accounts for the angle of the incident field, as well as the 

diffraction of the scattered field within each layer. Two approximations are made in 

this theoretical development. The first approximation is that the electric field does 

not scatter on transmission, only on reflection. The second approximation is that 

multiple reflections of the scattered field within the structure are ignored. These 

approximations limit the apphcabihty of this theory somewhat. However the theory 

is extremely useful in analyzing the imaging properties of a patterned multilayer EUV 

mask structure. 

The theoretical method used to calculate the reflected electric field from a rough 

multilayer structure is compared with results calculated using RCWT. This compari

son uses a multilayer diffraction grating, because RCWT can only be used to calculate 

the reflected field from a deterministic periodic structure. Apart from some discrep

ancies that occur because multiple scattering within the structure is ignored, the 

agreement between the iterative Airy summation model and the RCWT calculation 

is surprisingly good. 
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Section 7.3 applies the multilayer roughness calculation method derived in section 

7.2 to the analysis of an image forming system. The first analysis carried out is to in

vestigate the image plane speckle contrast caused by an unpatterned rough multilayer 

structure. The simulations investigate the change in speckle contrast with respect to 

incident angle, partial coherence and defocus. The behavior of speckle contrast with 

respect to incoherence factor and defocus is similar to the behavior of a single surface 

with high frequency roughness. 

Next, the multilayer roughness calculation is combined with the BPM of Chapter 

3 to perform a thorough study of the line edge roughness produced by a shghtly rough 

patterned, multilayer mask structure. 

The computational efficiency of both the spht-step beam propagation method and 

the iterative multilayer algorithm allows for a full coherence analysis, accounting for 

the angular dependence, of a patterned rough multilayer mask structure. 

Most of the image degradation caused by a rough multilayer structure included 

with the mask is understood with the theoretical techniques developed for a single 

surface. However, several additional effects are observed that require the inclusion 

of the multilayer structure and the thick pattern into the calculation. Firstly, there 

is a significant increase in LER that is caused by the multilayer structure, as well as 

an increase that is due to the thickness of the pattern. In addition to this increase, 

there is a slight shift in the focus location that minimizes the LER. An asymmetry 

in the LER is observed when the incident wavefront interacts with the patterned ML 

structure at an angle perpendicular to the pattern hnes. All of these effects require a 

full analysis of the patterned rough multilayer structure to observe. 

The results of the computational analysis presented in Chapter 7 use the inferior 

BPM algorithm. The data in Chapter 3 demonstrates that, for the larger mask peri

ods studied in Chapter 7, the inferior BPM results in an adequate representation of 

the behavior of a patterned multilayered structure. Therefore, the overall conclusions 

presented in Chapter 7 remain largely unchanged. However, the quantitative values 
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need to be recalculated using the improved BPM, which correctly calculates the prop

agation through the absorber. Only the results of Chapter 7 rely on the accuracy 

of the BPM. All of the simulations performed in Chapter 5 use RCWT, rather than 

BPM, to calculate the properties of the pattern structure, and therefore require no 

refinement. 

The last analysis performed in Chapter 7 uses RCWT, rather than BPM, to 

simulate the pattern on the mask structure. Using RCWT allows for the analysis of 

mask patterns with substantially smaller features than those allowed with BPM. This 

analysis allows for the investigation of the LER that could potentially occur in 3rd 

and 4th generation EUV optical systems. It is demonstrated that for lines printed on 

the order of 17nm an inherent minimum rms LER of > 1% will occur. 

8.1 Future work 

While this dissertation presents a rather thorough analysis of the imaging, coher

ence and roughness properties of a patterned angularly dependent object structure, 

the ground work is laid for several areas of future research. 

The most important area of future work is to utilize the improved BPM algorithm 

in Section 3.5 to recalculate the quantitative values given in Chapter 7. 

The beam propagation method/ linear system calculation method presented in 

Chapter 3 can be improved further in several ways. Firstly, the beam propagation 

method relies on Fourier transforms. However, Scarmozzino and Osgood (1991), 

demonstrate the finite difference beam propagation method is generally superior to 

the Fourier transform based methods. Furthermore, the finite difference beam prop

agation method can easily be modified to handle a vector propagation through the 

pattern structure in a very straight forward manner (R. Clauberg and P. Von Allmen 

1991). 
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Once the x,y^ and 2; components of the electric field are calculated using a vector 

based BPM, the vector representation of the reflected electric field is calculated using 

the method developed by Flagello et. al (1996). To begin, each component of the 

reflected electric field is transformed into an angular spectrum. 

Em-{x,y)-=^ J Am_(a,/3;7)exp • r| dp, (8.1) 

where each component of A„_(Q;, /?; 7) is obviously given by the Fourier transform of 

each component of the the electric field E(a:,y). 

Commonly, the refiectivity calculated for the multilayer structure is given in terms 

of S and P incident polarization vectors. Therefore, the resultant {x,y and z) vector 

fields must then be converted into S and P polarizations as a function of angle. This 

is given by a matrix transformation. That is, 

Asp(a, /?; 7) = A^_(a, /?; 7)M2(a, 7), (8.2) 

where the transformation matrix M2 is given by 

A— 0 
•\/ Q;2+/32 

(8.3) 
\/ 4-/32 ^ a2_|_/32 

Following the transformation given in Eq. (8.2), two angular spectrum fields have 

now been calculated. One represents the S'-polarized components of the resultant 

spectrum, and one represents the P-polarized components. Each of these components 

interacts with the respective S and P reflectivity of the multilayer structure. That 

is, 

As+{a,p]-i)  = As-{a,p- ,- f )Rs{a,p) (8.4) 

Ap+{a,p-,j) = Ap^{a,p-,-f)Rp{a,P), (8.5) 

where Rs{a,/3)  and Rp{a,P) represent the complex reflectivity of the multilayer 

structure for S and P polarizations, respectively. 
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The resultant S and P angular spectrum fields are converted back to x,y and i 

polarization components using an inverse of the operation used to convert the initial 

x,y and z components into S and P components. The inverse transformation is given 

by 

Am+{a,  f3] 7) = M3(q!, /3; 7) A5p+(O;, /?; 7), (8.6) 

where the inverse matrix M3 operator is given by 

M3(Q ; , / 3 ; 7 )  =  

(3 0:7 

—g 

^ 4-/32 

0 — ^/Q!^ + /32 

(8.7) 

Finally, the x,y and z components of the reflected angular spectrum can again be 

expressed in the form of an electric field by means of an inverse Fourier transform. 

These resulting electric field components are then propagated through the pattern 

structure to obtain the final electric field reflected from the structure. 

Another notable area of research, left open in this dissertation, is an analysis of 

the temporal coherence effects produced by the multilayered optical elements used 

in the condenser and imaging systems. These effects can likely be included in the 

theoretical development of Section 4.5, by replacing the imaging system and con

denser system point response functions with their spectrally dependent counterparts. 

That is, /iimg(r' — ri) is replaced with hi^g{r' — ri, z^) and /ieond(xi, Si) is replaced with 

^cond(xi, Si, i^). The spectral dependence of these functions is largely dependent on 

the multilayer reflective structure on each element of the optical system. A strategy 

that can likely be used to determine the functional form of the point response func

tions representing the condenser and projection camera is to calculate a spectrally 

dependent pupil function. Chen et. al developed a theoretical framework for model

ing the effects of the multilayer reflectors in an EUV imaging system as aberrations 

(C. Liang, M.R. Descour, J.M. Sasian and S.A. Lerner 2001). This technique can 

be used to determine a set of spectrally dependent aberrations that occur because of 
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the multilayered reflectors on the optical elements which comprise the condenser and 

projection camera. 
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Appendix A 

LINEAR MAPPING KERNELS 

This appendix presents some of the mathematical details involved in calculating 

the linear mapping kernels G{r', r) for an isolated pattern structure, and L(r', r) for a 

patterned multilayer reflective structure. This appendix begins by presenting a proof 

which demonstrates that the relationship between the electric field incident on an 

isolated pattern structure and the transmitted electric field is linear. Throughout the 

course of this proof, an algorithm is developed for calculating the mapping function 

G(r',r) using BPM. Once the mapping function G(r',r) is known, a method for 

calculating the mapping function L(r',r) is developed. 

Section A.2 presents a method for calculating the mapping kernel G(r',r) using 

A.l Beam propagation method as a linear system 

Consider the first step of the beam propagation method used for simulating a 

thick pattern structure. Expressed as an integral this first step is given by 

where t{r)  is the pattern function for a the propagation through a single step in the 

BPM algorithm, and p{ri — ro) is the free space propagation kernel, given by 

RCWT. 

Ei{ri)  = t{ri)  /  Eo{ro)p{ri  -  TQ)  dro (A.l) 

(A.2) 

where R — {xi  — xY + {yi  — yY + 
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Applying another step in the algorithm results in the following function. 

E2{v2) = t{v2) j t{ri)  j Eo{ro)p{ri-ro)drQp{r2-ri)dri. (A.3) 

Rearranging the order of integration results in 

E2{r2) = t{r2) J  Eo{ro) J  t{ri)p{ri  -  ro)p{r2 -  ri)  dridrQ. (A.4) 

Applying a third step, and rearranging the order of integration as before, results 

m 

J^3(r3) = ̂ (rs) J Eoiro) J  t(r2) J t{ri)p{ri-ro)p{r2-ri)  drip{r2-ri)dr2dro.  (A.5) 

Bringing the term ^(rs) inside the integral, and inserting some brackets, results in 

£3(1:3)= j B<,{ro) ((ra) j  t(r2) j i(ri)p{ri - ro)p{r2 - ri) £irip(r2 - ri)dr2 dio-

(A.6) 

Finally, by making the definition 

G(r3, ro) = t{rs) j t{r2) j[t(ri)p(ri - ro)]p(r2 - ri) dri p{r2 - ri)dr2 (A.7) 

The transmitted electric field, for three steps is written as the following linear (but 

not shift-invariant) system 

£^3(r3) = J Eoiro)G{r3,ro)dTo.  (A.8) 

Obviously, this rearrangement can continue for an arbitrary number of steps. Fur

thermore, a closer examination of the function equation (A.7) reveals that G(r3,ro) 

is simply the beam propagation algorithm, performed for two steps, on the initial 

function i(ri)p(ri — tq). That is 

G(r3, ro) = G {t{ri)p{ri -  ro); 2Az} , (A.9) 

where Q is an operator representing a propagation through the pattern structure in 

question. Equation (A.9) is an extremely useful result, because it allows a direct 
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calculation of the mapping function G(r',ro). One simply starts with the function 

t{ri)p{ri — ro) and propagates it through the pattern structure using BPM. This 

operation is reapphed for each value of TQ comprising the structure. 

This linear systems approach is further extended to include the effects of the 

multilayer coating, as well as the propagation back through the pattern structure 

after reflection. Consider an electric field that has propagated through the pattern 

using the beam propagation method. This electric field is given by 

E-{ri)  = J  Eo{rQ)G{ri ,ro)drQ, (A.IO) 

The multilayer structure is simulated by convolving this resultant electric field 

with the point spread function of the multilayer structure. That is 

^+(1-2) Eo(ro)G'(ri,ro)c?ro m{r2-ri)dri, (A.ll) 

where m(r2 — fi) is the point response function of the multilayer coating calculated 

using either a matrix or iterative technique. 

Accounting for the propagation back through the pattern structure, the electric 

field reflected from the entire system is given by 

Erirs)  = J  J  J  £'o(ro)G'(ri ,  ro)  drom(r2 -  ri)  dri  G{r3,r2)dr2, (A.12) 

Finally, rearranging the order of integration results in the following expression 

Erirs)  = / Eo{ro) dro. (A.13) J J G(ri ,ro)m(r2 -  ri)G(r3,r2)o!ri  drj  

Making the following definition 

-^(r3,ri)-- JJ G{ri ,rQ)m{r2-ri)G{r3,r2)dridr2,  (A.14) 

the reflected electric fleld is expressed as a linear transform of the form 

E^{rs) = j Eo{ro)L{r3,ro)dro. (A.15) 
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A.2 RCWT as a linear system 

A rigorous simulation of a pattern structure can also be modelled as a linear system. 

The form of the relationship between the incident electric field and the electric field 

transmitted by the pattern structure is identical to that given in the previous section 

for the beam propagation method. That is 

where G'j.ig(r', r) is the rigorous mapping relationship between incident and transmit

ted electric fields. For this development, we will concern ourselves with just the TE 

polarization case, which in one dimension, reduces to a scalar relationship. 

The primary question is, how can one use RCWT to determine the mapping 

function Gpig? 

The simplest way in which Gj.jg can be determined. One can simply scan a delta 

function through the system 

RCWT can be used to calculate the transmitted field for a delta function at position 

Xi. This process is then repeated for all positions Xi across the surface of the pattern 

structure. Obviously for the continuous case shown above this method results in 

an infinite number of calculations which obviously restricts us from being able to 

calculate a perfect solution. However, the nature of a computer simulation allows 

this method to be used in a discrete form to find an excellent approximation to the 

function G^g. 

If one uses a discrete method to find the mapping function, there is still one 

major drawback to using the scanning delta function method to determine Gj-jg using 

RCWT. That is, RCWT does not lend itself to easily propagating a delta function 

through a grating structure. This is because the RCWT algorithm is developed 

(A.16) 

(A.17) 
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assuming that the incident field is a plane wave. However, a simple substitution 

allows the delta function to be written as a linear sum of plane waves. Writing 

5{x — Xi) as a linear sum of plane waves, equation (A.17) becomes 

^rig(^ 1 ^i) - ,x)dx. (A.18) 

Next, a simple rearrangement of the integration order results in the following 

Grig(^ ,  Xi)  I  6 
-i2iTaxi  da (A. 19) 

Notice that the bracketed function is simply the angular response function of the 

pattern structure which we can define as 

Grig(x ' ,Q;)  = J  e'^ '" ' ' 'G,ig{x' ,x)dx.  (A.20) 

where Gj.jg(a:', a) is the inverse Fourier transform of the function Gj.jg(2;', x). However, 

more importantly CTj.jg(x', a) is the result of a plane wave mapped through a structure 

using Gj.jg(a:', x). Therefore, the function Gj.[g{x', a) is calculated by applying RCWT 

(or any other calculation method) to determine the transmitted through the structure, 

given an incident plane wave propagating with a direction cosine a. This process is 

repeated for all values of a which are required by the discretization of the electric 

field. 

Substituting Eq. (A.20) into Eq. (A. 19) gives the following equation that can be 

used to calculate the linear mapping function ^i)-

Grig(2;',xi) = (A.21) 

This is immediately recognized a Fourier transform along one dimension. This basi

cally says that if we calculate the angular dependence function of the pattern struc

ture, (that is, the reflected field, for each angle) then the linear mapping kernel is 

simply the Fourier transform of this function along the angular dimension. This 

Fourier relationship, in no way implies that a Fourier analysis can be used on the 
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linear mapping equation (A. 16) which is still shift variant. The Fourier analysis sim

ply serves as a convenient method to convert the angular dependence function to the 

linear mapping function. 

Using the scanning delta function approach to calculating Gj-jg given in equation 

(A.17) and the angular response approach given in equation (A.21) are completely 

general (for a scalar calculation) and can be used for practically any simulation 

method (including the BMP method) provided the mapping relationship is linear. 

In fact, the approach used to calculate Gbpm given in appendix B is simply one 

step removed from the scanning delta function approach given in this appendix. The 

choice of methods is simply one of convenience. Of course, when using the angular 

response method on a discrete system, one must be careful in choosing the angular 

sampling when calculating the function Fj.jg. Furthermore, it should be pointed out 

that the integration over angle (actually direction cosines) (ct) in equation (A.21) is 

from infty to +oo not just -1 to 1. If the integration is done only from —1 to 1 the 

evanescent fields within the pattern structure are not accounted for. For a pattern 

structure that is several wavelengths thick however, this should not be a problem. 
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Appendix B 

AIRY SUMMATION CORRECTION 

The quantitative results calculated in Section 7.3 use an earlier version of the 

iterative Airy summation algorithm. For a single layer the reflected electric field is 

calculated using the following equation 

^  ( B . i )  
£/0 

/ • o  N  r - ^  / M , ^oi^ioe~'^'7^{n2exp(z27rpo • r)exp[z0i(r)]} 
= roi exp (z27rpo • r) exp z0o(r + ^ . 

1 - foi ri2 e 

For subsequent layers, the following recursive relationship is used. 

Rjiayer{r- ,  Pq)  = Toi exp (i27rpo • r) exp[z0o(r)] 

_l_ ^01^10^ {R{j- l) layer{^ ' i  Po)} 2-1 

1  -  '^Ol {r ( j - l ) l a y e T )  

The only difference between Eqs (B.I) and (B.2) and Eqs. 7.53) and (7.60) are 

that the Gaussian exponentials in the numerator. That is the terms 

, t2 „2 
*^00 , '"<^1 

e 2 and e 2 

are not included in calculating the results presented in Section 7.3. Because the 

scattering is weak in the structure, these terms are very close in value to unity and do 

not appreciably change the reflected electric field from the structure. This is shown 

in Figure B.I, which shows a comparison of the electric fields calculated using Eqs 

(B.I) and (B.2) and Eqs. 7.53) and (7.60). The comparison is made for a structure 

with a base period of 280nm and is performed for incidence angles of 0°, 8° and 14°. 
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FIGURE B.l. Comparison of results calculated in which interlayer loss is corrected 
for and results in which it is not 
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The discrepancy is quite small in all cases. Nevertheless the algorithm given in Eqs. 

(7.53) and (7.60) is the correct one to use. 
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Appendix C 

LENS SYSTEM PSF USING ABCD MATRICES 

c.l Single thin lens 

Consider a simple optical system containing an object located a distance zi from 

a simple thin lens with a finite aperture given by P(x), and an observation plane is 

located a distance Z2 from the lens. It is well known that the relationship between 

the electric field at the object plane and the electric field at the image plane is given 

a the simple linear mapping given by 

E ,{r ' , t ) =  /  E o {r, t ) K {r ' ,r)dr (C.l) 

where K{r' ,r)  is the impulse response function of the linear system. 

Furthermore, it is well known (Section 5.3.1 of ref. (Goodman 1996)) that for a 

simple single lens system, the point response function for the simple lens system is 

given by 

Ks{ r ' , r )  
1 

• ^ 1 |2 • ^ 1 /|2 

2zi' ' 
exp ^7:— 

22:2 
(C.2) 

X F(x) exp 
. k f i  1  r  
^2 V2:i 2:2 /. 

27r 
exp < - i-—(r' — Mr) • x > dx,  

where P(x) is the pupil function of an aperture located at the position of a the lens 

(including any aberrations) and the magnification M = —z2lz\. At this point, there 

is no assumption that the object and image planes are conjugate, however, if the 

condition for Gaussian imaging, 

1 1 1 

2^1 2:2 / 

= 0, 
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is satisfied, then the integral in equation (C.2) becomes a simple fourier transform of 

the pupil function. When this occurs, Ks{r',r) is expressed as 

where ks = 1/(^2:12:2) and bo{r) and bi{r') represent the exponential phase terms on 

dependent on the object space (r) and image space (r') coordinates respectively. The 

function Ko{t' — Mr) is simply the Fourier transform of the pupil function P(x). 

It should be pointed out, that even when the system in "in focus" the point 

response function given in equation (C.2) does not actually represent a shift  invariant 

system. This is due two problems. Firstly there is the magnification factor M in the 

argument of Kq. This is handled by redefining the coordinate system for the object 

plane such the 

Then the hat is dropped, and the magnification is understood as a coordinate rescahng 

of the final image. The second reason the system is not shift invariant, is because of 

the two phase factors 5o(r) and fei(r'). The image space phase factor bi{r') can simply 

be moved out of the mapping integral since it is only dependent on the variable r'. 

However, the object plane phase function 5o(r) presents a more difficult problem, 

since it is dependent on the variable of integration in equation (C.l). 

There are generally three ways in which the problems presented by the function 

bo(r) are handled. The first is to simply neglect the phase function (see Section 5.3.2 

of Reference (Goodman 1996)). In many cases if the field of view of the object is 

sufficiently small, this is a perfectly reasonable approximation. However, throughout 

the discussion in this appendix, this term will be included by incorporating the phase 

into the object function, rather than the point response function. That is, the integral 

Ks(r ' ,r)  Ksbo(r)bi(r ' )Ko(r '  -  Mr) (C.3) 

r' = Mr' 

(C.4) 
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is replaced with 

E,{r',t) = k{r') J E'^{r,t)Ko{r'-r)dr (C.5) 

where 

= Eo{r,t)bo{r). (C.6) 

Therefore, the mapping is a LSIV system on the function E'g(r,t) and conventional 

Fourier techniques can be used to calculate the image space amplitude Ei{r',t). Of 

course this technique can also be used on the mutual intensity function, by making 

the following similar substitution 

Jo{'ri,r2) = Jo{rur2)boiri)bl{r2). (C.7) 

Finally, it will be demonstrated in the next section, that if the imaging system 

being used is not a single lens, but rather a system that is telecentric in object space, 

the phase function bo{r) is equal to unity, and is of no concern. 

C.2 General lens systems using ABCD 

The previous section, discussed calculating the point response function for a single 

thin lens in which the aperture stop was located in the plane of the lens. However, a 

more general Point response function for an arbitrary lens system is desired. 

The ABCD matrix is a widely known technique used for the first order analysis of 

optical lens systems. The ABCD matrix is used to calculate the paraxial ray height 

and angle on the output side of a lens system, given the the height and angle of a ray 

entering the system. That is 

• h' '  '  A B • h 
9' C D 9 

where h' and 6' are the paraxial ray height and angle on the output side of the lens 

system and h and 9 are the paraxial ray height and angle on the input side of the 
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system. There is no assumption that the output and input locations need to be 

conjugate to one another. The ABCD matrix is calculated by multiplying several 

matrix operators representing either optical interfaces (where the paraxial ray angle 

would change) or spatial translations (where the paraxial ray height would change). 

For example, the ABCD matrix for three operators consisting of a translation of 

distance zi, a thin lens of focal length / and a second translation Z2 is given by 

(C.9) 

It is shown in Chapter 20 of Reference (A.E. Siegman 1986) that as an electric 

field passes through an optical system described by an ABCD matrix the relationship 

between the input and output electric fields is given by 

'  A B'  

1 

to
 

" 1 0 " 1 Zi 

C D 0 1 [ - )  i j  0 1 

Eout{r)  = / £'i„(ro)exp 
/ A \ j 2 

£>|rp - 2r • r„) drn. (C.IO) 

However, the electric field mapping given in equation (C.IO) does not account for 

any finite aperture in the system. It is assumed that all elements and interfaces are 

essentially infinite in extent. To account for a finite aperture in the optical system, 

the mapping given in equation (C.IO) can be applied twice. First a propagation, 

using equation (C.IO) is performed through all the optical elements leading up to the 

system aperture stop is performed. The resulting electric field is then multiplied by 

by the aperture function. This resultant field is then propagated through the rest of 

the optical components, again using equation (C.IO) (with different values for A,B,C 

and D of course) to the plane of interest. When this operation is performed, the 

relationship between the input and output electric fields of an arbitrary lens system 

is given by 

Ei{r',t)= [ Eo{r,t)KABCD{r',r)dr (C.ll) 
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where 

-f^ABCD(r',r) = exp 

X / Pap(x) exp 

•  ^ ^ 1 1  

. k  f D i  
I— 
2 

exp 

^ 2 \  

Si ^^2 

71"  ̂ , 
Z-—— D2 r' 
. A52 " 

2 

/ | 2  

X exp 
. 27r 

(C.12) 

(r' - l^r) • x| dx. 

The variables Ai, Bi, Ci and Di represent the ABCD matrix elements for the optical 

system between the object plane and the physical aperture stop, and the variables 

yl2, B2, C2 and D2 represent the ABCD matrix elements for the optical system be

tween the aperture stop and the image plane. The function Pap(x) is the aperture 

function. Notice the distinct similarity between the general point response function 

shown in equation (C.12) and the point response function of a single thin lens given 

in equation (C.2). Both equations contain object and image plane phase factors bo{r) 

and bi{r') respectively, where the general relationships for these functions is given by 

TT 
60 (r) = exp 

biW) exp 

XBi 

. TT 

' 'm 

^i|r| 

D.lrf 

(C.13) 

(C.14) 

Furthermore, in equation (C.12), the general condition for the object plane and image 

plane to be conjugate is given by 

— 4. 

Bi B2 
0 (C.15) 

There are several important assumptions included in equation (C.12). The first is 

that the only limiting surface in the optical system is the aperture stop. Secondly it is 

assumed that all the optical interfaces are described by paraxial optics. It is assumed 

that all propagation distances are far enough that they can be suitably approximated 

by Fresnel diffraction. Finally, the effects of aberrations are not accounted for directly 

in this analysis. However, aberrations can be included by introducing a phase to the 

aperture function representing any optical aberrations. That is 

"•) = PvM exp lt'i'(x; r)] (C.16) 
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where any field dependent aberrations are accounted for by the dependence of Papi 'X] r) 

on the object plane variable r. 

C.2.1 Examples 

Single thin lens, aperture at the lens 

The first lens system that will be analyzed is the basic single then lens, with the 

aperture located at the lens. This is shown in figure ??. For this system, the ABCD 

matrix for the optical system between the object plane and the aperture stop is 

Ci 

1 0 

-7 1 
1 2;i 

0 1 
1 
_i 1 _ 11 

f  f  

(C.17) 

The ABCD matrix for the optical system between the aperture stop and the image 

plane is 

^2 ^2 1 _ r 1 ^2 1 (T 18^ 

_ C2 £>2 J [ 0 1 J •  ̂  ̂  ̂

Substitution of [Ai, Bi, Ci and Di] and [A2, B2, C2 and £>2] results in a point 

response function of 

K abcd y,r) = 
1 

X / P(x) exp 

• A: , , 
I—r 

22:1 
exp 

1 

k  ,  

t-—lr' 
22^2 

/ | 2  (C.19) 

X exp -  — r )  •  X 1  d x ,  
A2:2 2;i J 

which is identical to equation (C.2) 

Single Lens, aperture at back focal point (IX) 

The next system to be analyzed will be a single lens system that is telecentric 

in image space. This is accomplished by placing the aperture stop at the back focal 

plane of the lens. Furthermore, the distances zi and Z2 are chosen to be equal to 2/, 

thus insuring the object and image planes are conjugate. For this system, the ABCD 

matrix between the object and the aperture is given by 

Ai B, 
Ci D,  

1 / 
0 1 

1 0 

-7 1 

1 2/ 
0 1 

0 / 

-7 

(C.20) 
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The ABCD matrix for the optical system between the aperture stop and the image 

plane is 

Substitution of [Ai, Bi, Ci and Di] and [^2, B2, C2 and £>2] results in a point re

sponse function of 

1 

Wly 

X y"p(x)  exp | -z^( r ' -  r )  • x |  ( ix ,  

K ABCD y. r )  =  exp 
TT 

'-r 
/ | 2  (C.22) 

where the object plane phase function bo{r) has been ehminated because the coefficient 

= 0 .  

4f4^ system 

An optical system that is used frequently throughout this dissertation is a doubly 

telecentric system with a magnification of 4x. The optical system between the object 

plane and the aperture stop consists of a lens with focal length 4/, with the object 

plane and the aperture stop placed at the front and back focal planes respectively. 

The ABCD matrix for this optical system is given by 

1 0 1 4/ 
0 1 4/ ^ 

1 4/ 
0 1 

(C.23) 
0 4/ 

0 

The optical system that lies between the aperture stop and the image plane con

sists of a lens with focal length /, with the aperture stop and the image plane placed 

at the front and back focal planes respectively. The ABCD matrix for this system is 

given by 

- q j-A2 B2 
C2 D2 

1 / 
0 1 

1 0 

-7 1 

1 / 
0 1 -J 0 

(C.24) 

Substitution of [Ai, Bi, Ci and jDi] and [A2, B2, C2 and D2] into equation (C.12) 
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results in a point response function of 

Kabcd{y\v) = j ̂ ap(x)exp 

= -^ABCD(r '  — - I " ) ,  

which, apart from the scahng factor of 1/4 represents a completely LSIV system. 

That is, both phase factors bo{v) and bi{r') have been ehminated. 

dx (C.25) 
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Appendix D 

COMPUTER CODE 

D.l Multilayer calculation 

Rough mulitlayer structure is simulated using the code in Section D.1.2. The 

output of this function is an 300x300x81 pixel array, where each of the 80 layers in 

the cube is the surface height variation at each layer in the structure. For memory 

reasons, this cube is broken up into three 300x300x20 pixel arrays saved with the file 

name ML-Rgh^surf-chunkXX^ST.mat (where XX=1,2,3). The top 21 layers are save 

with the filename ML^Rghsurf-chunkAST.mat 

D.1.1 Reflected field from rough Multilayer 

function [yy.mm]=GetEfieldMLR_New4(NX,NY,xsamp,ysamp,alphain,betain,lambda) 

7oReal thing with the 300x300 data loading in 4 chunks 

y.put Nh and N1 into Scattering and see how the answer changes 
V V V V V V V V V V V V V V 
/o/o/o/o/o/«/o/o/o/o/o/o/o/o 

7oyy=is the output field 

°/,mm=is the mean reflected amplitude from the structure 

7,prelimenaries 

samp=xsamp; 

sigmain=sqrt (alphain''2+betain"2) ; 
theta=asin(sigmain) 

xvec=[-NX/2:NX/2-1]*samp; 

yvec=xvec; 

[XX,YY]=meshgrid(xvec,yvec); 

AlP=alphain; 

BlP=betain; 
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Nh=0.997-0.0018*i; "/.silicon 

N1=0.9221-0.0063*i; XMoly 

Ns=l,52; 7,glass substrate 

0/0/0/ 0/ 0/0/ 0/ 0/ 0/ 0/ 0/ 0/0/ f- r-

/o A /o /o /o /o /o /o /o /o /o A /o O O 

"/oThin film stuff 
0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 

/o/o/o/o/o/o/o/o/o/o/o/o 

thetah=asin((1/Nh)*sin(theta)); 

thetal=asin((1/Nl)*sin(theta)); 

thetas=asin((l/Ns)*sin(theta)); 

rhl=(Nh*cos(thetah)-Nl*cos(thetal))/(Nh*cos(thetah)+Nl*cos(thetal)) 

rlh=(Nl*cos(thetal)-Nh*cos(thetah))/(Nl*cos(thetal)+Nh*cos(thetah)) 

rls=(Nl*cos(thetal)-Ns*cos(thetas))/(Nl*cos(thetal)+Ns*cos(thetas)) 

rhs=(Nh*cos(thetah)-Ns*cos(thetas))/(Nh*cos(thetah)+Ns*cos(thetas)) 

rah=(l*cos(theta)-Nh*cos(thetah))/(l*cos(theta)+Nh*cos(thetah)); 

ral=(l*cos(theta)-Nl*cos(thetal))/(l*cos(theta)+Nl*cos(thetal)); 

tah=2*cos(theta)/(l*cos(theta)+Nh*cos(thetah)); 

tha=(2*Nh*cos(thetah))/(l*cos(theta)+Nh*cos(thetah)); 

tal=2*cos(theta)/(l*cos(theta)+Nl*cos(thetal)); 

tla=(2*Nl*cos(thetal))/(l*cos(theta)+Nl*cos(thetal)); 

tlh=(2*Nl*cos(thetal))/(Nl*cos(thetal)+Nh*cos(thetah)); 

thl=(2*Nh*cos(thetah))/(Nl*cos(thetal)+Mh*cos(thetah)); 

tls=2*Nl*cos(thetal)/(Nl*cos(thetal)+Ns*cos(thetas)); 

ths=2*Nh*cos(thetah)/(Nh*cos(thetah)+Ns*cos(thetas)); 

Rhl=rhl; 

Rlh=rlh; 

Rah=rah; 

Ral=ral; 

Rls=rls; 

Rhs=rhs; 

Thlup=thl; 

Tlhup=tlh; 

Tah=tah; 

Tha=tha; 

Tal=tal; 

Tla=tla; 

7oStart the loop 
R0THAN=0 

load ML_Rgh_surf_chunkl_ST.mat 
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BIG=BIG1(1:NX,1:NY, 

clear BIGl 

nuns 
7olambda/4 prop distances. . . 
0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ c 

/o/o/o/o/o/o/o/o/o/o/o/oO 

Dl=-l*cos(thetal)*(2.8*le-9); 

Dh=-l*cos(thetah)*(4.l*le-9); 

D12=-l*2.8*le-9; 

Dh2=-1*4.l*le-9; 

FFh=l; 

FF1=1; 

S_sub=cos(thetah)*Nh*((2*pi/laiiibda)*2*BIG(: , : ,l)*le-9); 

SO=cos(thetal)*Nl*((2*pi/lambda)*2*BIG(:,:,2)*le-9); 

Va=exp(-var(reshape(SO,NX"2,1))/2); 

Vb=exp(-var(reshape(S_sub,NX*2,1))/2); 

if R0THAN==1 

S_sub=((2*pi/lambda)*2*rot90(BIG(:,:,l))*le-9); 

S0=((2*pi/lambda)*2*rot90(BIG(:,:,2))*le-9); 

end 

Ei=exp(i*(2*pi/lambda)*(A1P*XX+B1P*YY)); 

A=Ei.*Rlh.*exp(i*SO); 

Kern=exp(i*(2*pi/lambda)*Nh*Dh)*exp(i*S_sub).*tlh.*Rhs.*Ei; 

B=FFh*ASprop((l)*Kern,Nh*Dh2/lambda,samp,lambda/Nh) .*Thlup; °/,new test 

total=A+B/(l+(Va*Vb)*rhs*rlh*exp(i*2*(2*pi/lambda)*Nh*Dh)); 

MR=rlh*Va+Vb*thl*tlh*rhs*exp(i*2*(2*pi/lambda)*Nh*Dh)/... 

(1+(Va+Vb)*rhs*rlh*exp(i*2*(2*pi/lambda)*Nh*Dh)); 

rho_0=total; 

loadcnt=2; 

LayerN=3; 

for iiun=l:38; 7,Begin mulitlayer loop 
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if LayerN==20 & loadciit<=4 

7, Loadstr= ['load ML_Rgh_surf_chunk',nuin2str(loadcnt).mat'] 

Loadstr=['load ML_Rgh_surf_chunk',num2str(loadcnt),'_ST.mat'] 

eval(Loadstr); 

BIG=1*BIG1( 1:NX, 1:NY, ;)*!;'/. 

clear BIGl 

LayerN=l; 

loadcnt=loadcnt+l; 

end 

Sml=cos(thetah)*Nh*((2*pi/lambda)*2*BIG(:,:,LayerN)*le-9); if 

R0THAN==1 Sml=((2*pi/lambda)*2*rot90(BIG(:,:,LayerN))*le-9); end 

Va=exp(-var (reshape(Sml ,NX'"2,1) )/2) ; 

A_ml=Ei.*Rhl.*exp(i*Sml); 

Kern=exp(i*(2*pi/lambda)*N1*D1).*thl.*rho_0; 

B_ml=FFl*ASprop((1)*Kern,(1)*D12*N1/(lambda),samp,lambda/Nl).*Tlhup; 

rho_ml=A_ml+B_ml/(l+Va*rhl*MR*exp(i*2*(2*pi/lambda)*N1*D1)); 

MR=rhl*Va+thl*tlh*MR*exp(i*2*(2*pi/lambda)*Nl*Dl)/... 

(l+Va*rhl*MR*exp(i*2*(2*pi/lambda)*Nl*Dl)); 

LayerN=LayerN+l; 

if LayerN==20 & loadcnt<=4 

% Loadstr=['load ML_Rgh_surf_chunk',num2str(loadcnt),'.mat'] 

Loadstr=['load ML_Rgh_surf_chunk',num2str(loadcnt),'_ST.mat'] 

eval(Loadstr); 

BIG=1*BIG1(1;NY,1:NX, :)*1;7, 

clear BIGl 

LayerN=l; 

loadcnt=loadcnt+l; 

end 

Sm2=cos(thetal)*N1*((2*pi/lainbda)*2*BIG(:,:,LayerN)*le-9); if 
R0THAN==1 Sm2=((2*pi/laiiibda)*2*rot90(BIG(: ,: ,LayerN))*le-9); end 

Va=exp(-var(reshape(Sm2,NX"2,1))/2); 

A_m2=Ei.*Rlh.*exp(i*Sm2); 

Kern=exp(i*(2*pi/lambda)*Nh*Dh).*tlh.*rho_ml; 

B_m2=FFh*ASprop((l)*Kern,(1)*Dh2*Nh/(lambda),samp,lambda/Nh).*Thlup; 



r]io_0=A_m2+B_iii2/(l+Va*rlh*MR*exp(i*2*(2*pi/lambda)*N]i*Dh)); 

MR=rlh*Va+thl*tlh*MR*exp(i*2*(2*pi/lambda)*Nh*Dh)/... 

(l+Va*rlh*MR*exp(i*2*(2*pi/lambda)*Nh*Dh)); 

LayerN=LayerN+l; 

end "/oEnd of multilayer loop 

Sf=cos(theta)*((2*pi/lambda)*2*BIG(:,:,LayerN-l)*le-9); if 

R0THAN==1 Sf=((2*pi/lambda)*2*rot90(BIG(:,:,LayerN-l))*le-9); end 

Va=exp(-var(reshape(Sf,NX"2,1))/2); 

A_ml=Ei.*Ral.*exp(i*Sf); 

Kern=tal.*rho_0*exp(i*(2*pi/lajnbda)*Nl*Dl); 

B_ml=FFl*ASprop((l)*Kern,(1)*D12*N1/(lambda),samp,lambda/Nl).*Tla 

rho_ml=A_ml+B_ml/(l+Va*ral*MR*exp(i*2*(2*pi/lambda)*N1*D1)); 

MR=Va*ral+tal*tla*MR*exp(i*2*(2*pi/lambda)*Nl*Dl)/... 

(l+Va*ral*MR*exp(i*2*(2*pi/lambda)*N1*D1)); 

rho_ml=(rho_ml*exp(-i*(2*pi/13.4)*0.175)); 
yy=rho_ml; 

mm=Ei; 

D.1.2 Multilayer deposition 

function [Big]=MLbig 

%YZ=topsurface 

7oYS=substrate 
yoPS=subtrate PSD 

%PZ=top surface PSD 

7oM=number of bilayers in structure 

y,amp=variable to determine substrate roughness (def =0.2) 

"/.multilayer surface generator 

7. NAB (5/6/99) 

global FZ N samp fsamp 
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warning off 
M=40; 

aiiip=0.04/. 5; 

ghand=0; 

N=200; 

y,saiiip=l. 57e-8; 

y,samp=(l .34e-8)/l 
samp=13.4*. 5;7o in nm 

fsamp=l/(N*samp); 

omegaS=0.02; y.nm'S 

omegaM=0.05; °/onin~3 

nu=2.5; 7,nni"3 

TM=2.1; %nm Mo thickness 

TS=4.75; 7,nin Si thickness 

b=2.5; "/.exponential for the fractal 
GF=1; 

fvec_x=[-N/2:N/2-1]*fsamp; 

fvec_y=fvec_x; 

[FX FY]=meshgrid(fvec_x,fvec_y); 

%FX=FX*le-9; 

7,FY=FY*le-9; 

FZ=sqrt(FX.-2+FY.-2); 

subs=amp*randn(N,N); 

subs_F=fftshift(fft2(fftshift(subs))); 

fractal=sqrt(omegaS)./(sqrt(2*nu)*((2*pi*FZ)."(b/2))); 

subs_F=subs_F.*fractal; 

indx=find(subs_F==Inf); 

indx2=find(subs_F==-Inf); 

subs_F(indx)=0; 

subs_F(indx2)=0; 

subs_F=0.8*subs_F; 

subs=real(fftshift(ifft2(fftshift(subs_F)))); 

SSUBS=subs; 

subs_F=fftshift(fft2(fftshift(subs))); 

Big=SSUBS; 

cnt=0; 

for ii=l:M 

cnt=cnt+l; 

A_F=exp(-nu*((2*pi*FZ).~(4))*TM); 

gainma=GM (omegaM, nu, TM, 4, GF, f ractal); 

layer l_F=gaimna+A_F. *subs_F; 



surf_Int=real(fftshift(ifft2(fftshift(layer1_F)))); 

°/oBig(: , : ,cnt)=surf_Int; 

Big=cat(3,Big,surf_Int); 

ciit=cnt+l; 

A_F=exp(-nu*((2*pi*FZ)."(4))*TS); 

gainma=GM(omegaS,nu,TS,4,GF) ; 

layer2_F=gamma+A_F.*layerl_F; 

subs_F=layer2_F; 

surf_Int=real(fftshift(ifft2(fftshift(layer2_F)))); 

yoBig(: , : , cnt)=surf _Int; 

Big=cat(3,Big,surf_Iiit); 

"/oimagesc (surf _Int) ;colormap(fliplr(bone)) ; 

%pause(.5); 

"/okeyboard; 

end 

surf2=real(fftshift(ifft2(fftshift(layer2_F)))); 

if ghand==l 

imagesc([subs,surf2]),title('top') 

axis('equal'); 

colormap(fliplr(bone)) 

end 

YZ=surf2; 

YS=SSUBS; 

function YY=GM(omega,nu,thick,pwr,FF,fractal) 

global FZ N samp fsamp; 

arry=(.125/.5)*randn(N,N); % 

white=real(fftshift(fft2(fftshift(arry)))); 

shp=sqrt(omega*(l-exp(-2*nu*thick*((2*pi*FZ)."(pwr))))./. 

(2*nu*((2*pi*FZ)."pwr))); 

shp(N/2+1,N/2+1)=shp(N/2,N/2); 

YY=FF.*shp.*white; 

D.2 Partial coherence calculation 
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D.2.1 Gmatrix Calculation 

y.7;/.7.y,7.7;/.y.%7,555 
7«Calculate Gmatrix using RCWT 
V V V V V V V V V V V V c; 
/o /«/o /o /o /o /o /o /o /o /o /oO 

CrN=(l-6.667e-2)-i*3.819e-2; 7»Chrome index 

CrT=.090;y,Chrome thickness microns 

7.7.7.7.7.7.7.7,7X/.5555 
7.RCWT Stuff 
0/  P/  0/  0/  0/0/  0/  0/  0/  0/  0/  0/  0/  0/  
/o /o /o /o /«/o /o /o A /o /o /o /o /o 

m =30; y.orders retained in calculation = (2*m+l) 

n l  = 1 ;  7. i n c i d e n t  m e d i u m  

n2 = 1.0-le-12*i; V.substrate refractive index glass 

ngl=1.0; 

ng2=CrN; 

cperd=0.5; 

d=0.201; 

h=CrT; 

lambda = 0.0134; 

NP=9; y,number of Grating periods 

xsamp=(d/(2*m+l))/lambda; 

asamp=l/(NP*(2*m+l)*xsamp); 

Avec=[-f ix(NP*(2*m+l)/2):fix(NP*(2*m+l)/2)].*asamp./I; 

thvec=90-acos(Avec)*180/pi; 

Gbig= [] ; 

Ghat=[] ; 

0 / 0 / 0 / 0 / 0 / 0 / 0 /  
/o/o/o/o/o/o/o 

y,Do RCWT calculation to get Ghat (x,alpha) 

for kk=l:NP*(2*m+l) 

thetain = thvec(kk) 

if abs(thetain)<=90 

y.This is the RCWT calculation f-unction te is found in (Boye,2000) 
[To, Ro]= te(m,nl ,n2,ngl ,ng2,thetain,h,d,lcLmbda, cperd) ; 

else 
To=zeros(2*m+l,1); 

end 

Ghat=[Ghat;transpose(To)]; 
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end 

TTB=ifftshift(ifft(ifftshift(Ghat),[],2)); 

y.BigT=TTB; 

%BigT=[TTB,TTB,TTB]; 

BigT=[TTB,TTB,TTB,TTB,TTB,TTB,TTB,TTB,TTB]; 

XX= [-fix(NP*(2*iii+l)/2) :fix(NP*(2*m+l)/2)]*(d/(2*m+l)) ;7.*1000; 

KM=exp(i*(2*pi/lambda)*real(sin(thvec'*pi/180))*1*(XX-1*(xsamp*lambda)))'; 

y,A 1 unit shift in phase to account for KxO term in 

TTB2=BigT.*KM; 

Gbig=(fftshift(ifft(fftshift(TTB2),[],l)))*(2*m+l); 

save Gmatrix9_rig_200.mat Gbig 

D.2.2 Mutual intensity mapping and image calculation 

load Gmatrix9_rig_200.mat 

m=30; y.number of orders used for RCWT calculations 
NP=9; Xnumber of periods used in making G matrices 

NXl=NP*(2*m+l); 

d=0.2; y.grating period (Will change with each simulation) 

lambda=0.0134; 

xsamp=(d/(2*m+l))/lambda; 

asamp=l/(NP*(2*m+l)*xsamp); 

Avec=[-f ix(NP*(2*m+l)/2):fix(NP*(2*m+l)/2)].*asamp./I: 

THin=0; 

thvec=90-acos(Avec)*180/pi; 

XX= [-fix(NP*(2*m+l)/2) :fix(NP*(2*m+l)/2)]*(d/(2*m+l)) ;y.*1000; 

[XI,X2] =meshgrid(XX,XX); 

SHdata= []; 

SHdatal= [] ; 

SHdata2= [] ; 



MI=[] ; 

M0= [] ; 

Nsh=00; 7oNvimber of angular spectrim samples to shift 

y.for Nsh=0;6 

Nsh=Nsh*l; 

Ashift=Nsh*asamp "/oangular shift in source 

%Ashift=0; 

[A1,A2]=meshgrid(Avec,Avec); 

MA=(Al+A2)/2; 

DA=(A1-A2); 

Ifin=zeros(size(XX)); 

IfinEM=zeros(size(XX)); 

ICorr=zeros(size(XX)); 

NT=(NXl/2)*Ashift/xsamp; 
y.NT=0; 

ScanVec=C-380:20:300]; 

y.for NT=ScanVec; 
NT=0 

Crl=[] ; 

Cel=[] ; 

y.for SrcS=2:8 
SrcS=3.25*4; 

SrcS=3; 

SrcS*asamp yosource subtense in direction cosines 

y,NT=0; 

y.a shifted quasihomogenous source 
yoJS=(abs (MA-Ashift)<(l*2)*asamp) . * ((abs(DA) <4*asainp) . *. . . 

y.exp(i*2*pi*(NT*xsainp)*DA)); 

y.pupil function for a shifted critial illumination system 
y.with an incoherent source 
y.JS=exp(i*2*pi*(NT*xsamp)*(DA)) .*sinc(DA./(2*asamp)).*... 
y.double(abs(Al)<SrcS*asainp) . 

yodouble(abs(A2)<SrcS*asamp) ; 
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7,a shifted incoherent source 
JS=(abs(MA-Ashift)<=(l*SrcS*asamp+.0000000001)).*(DA==0); 

Wi=lambda/(2*ASource); 

7otransform JS to get incident mutual intensity 

Jl=fftshift(fft(ifft(ifftshift(JS) ,[],!),• ,2)) ; 

if max(max(abs(Jl)))<le-9 

max(maxCabs(Jl))) 

keyboard 

end 

Jl=Jl./majc(max(abs(Jl))) ; 

ZnoTel=0.01 

ZNcons=ZnoTel; 

ZnoTel=0 

y.quadratic phase factor for non-telecentric illuminaiton 

Jl=Jl.*exp(-i*(2*pi/(lambda))*ZnoTel*((Xl).~2-(X2).-2)); 
J0=J1; 

%uncomment these for an infinitely thin mask 

yoTp=ones(1,61)*exp(-i*(2*pi/lambda)*((1-6.667e-2)-i*3.819e-2)*0.09); 

yoTp=zeros(l,61)*exp(-i*(2*pi/lambda)*((l-6.667e-2)-i*3.819e-2)*0.09); 

y.Tp(31-15:31+15)=l; 
y.Pat=[Tp,Tp,Tp,Tp,Tp,Tp,Tp,Tp,Tp] ; 
y,Gbig=diag(Pat); y.infinitely thin mask 

0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ 0/ «/ 0/ 0/ 

/o/o/o/o/o/o/o/o/o/o/o/o/«/o/o 

y,Calculate L matrix 
kk=51; 

M=(R_alph_Mac2_RCWT(Avec,kk)); 

y«M=ones (size(M)) ;y»*M(275); y.uncomment this for no thin film 

GT=fftshift(fft(fftshift(Gbig)));y,Fourier Transform along 1 dimension 
FT=(transpose(meshgrid(M,ones(1,length(M))))).*GT; 

GB=ifftshift(ifft(ifftshift(FT))); 

Ll=Gbig*GB; XCalculate L matrix 

NshO=Nsh; 



AshiftO=asamp*NshO; 

THin=asin(Ashifto)*180/pi; 
7,THin=0; 

KM=exp(i*(2*pi/lambda)*sin(THiii*pi/180)*1*(XX+(xsamp*lambda)))' 

U1=L1*KM; 7,calculate U function to use as effective mask 

U1=U1.*exp(i*(2*pi/lambda)*l*AshiftO*(XX')); 

J_EM=JO .* (transpose (U1*U1')); "/oEffective mask mapping 

J_pr=Ll' *J1*L1; 7oFull coherence mapping 

J_pr=J_pr.*exp(i*(2*pi/(lambda))*ZnoTel*((XI).~2-(X2)."2)); 

I_tot=[transpose(real(diag(J_pr)))]; 

I_em=[transpose(real(diag(J_EM)))]; 

PW=asamp*3*6*3.5; 7oPupil width 

PW=asamp*4*6.5*2; 

7.PW=0.25 

CohFac=(SrcS*asamp)/(PW/4) 

FF_em=fftshift(fft2(fftshift(J_EM))); 

FF=fftshift(fft2(fftshift(J_pr))); 

7.for 11=1: length (PW) 

11=1 

Pl=double(abs(Avec)<=(PW(ll)/4)); 

Pl=shiftld(Pl,-Nsh); 

pupil=fliplr((Pl))'*(P1); 

OU=ifftshift(ifft2(ifftshift(FF.*pupil))); 

0U2=ifftshift(ifft2(ifftshift(FF_em.*pupil))); 

I_tot=[real(transpose(diag(OU)))]; 

I_em=[real(transpose(diag(0U2)))]; 

7oend 

figure;plot(1000*XX/4,I_tot,'-k','linewidth',1.5) 

hold on;plot(1000*XX/4,I_em,'—k','linewidth',1.5) 
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D.3 Angular spectrum propagation 

function yy=ASprop(input,z,samp,lambda) 

7,function yy=ASpr op (input, z, samp, lambda) 

7oNeils code for angular spectrum propagation 

yoinput=input matrix 

°/,2=distance in units of waves 

y,samp=sample size 

°/olambda=duh 

[NX,NY]=size(input); 

yocoordinates 

xvec=[-NX/2:NX/2-1]*samp; 

yvec=xvec; 

[XX,YY]=meshgrid(xvec,yvec); 

RvecT=sqrt(XX.-2+YY.*2); 

zS=z.*lambda; Xconvert wave to physical distance 

APP=input; 

y,do the first Fourier transform 
U_vec=(fftshift(fft2(fftshift(APP)))); 

y,coordinates in frequency space 
xi_vec=[-NX/2;NX/2-1]*1/(NX*samp); 

eta_vec=[-NY/2:NY/2-1]*1/(NY*samp); 

[XI,ETA]=meshgrid(xi_vec,eta_vec); 

y.the transfer function of free space 
kernel=(2*pi/lambda)*sqrt(l-(lambda*XI).'2-(lambda*ETA).~2)*zS; 

HH=exp(i*kernel); 

y,Multiply by transfer function and take the inverse Fourier transform 

yy=ifftshift(ifft2(ifftshift(U_vec.*HH))); 



345 

REFERENCES 

A. Blanc-Lapierre and P. Dumontet. "La notion de coherence en optique." (French). 
Rev. D'Optique 34 (1955): 1-21. 

A. Taflove and S. Hagness. Computational Electrodynamics. 2 edition. Boston, 
Mass; Artech House, 2000. 

A.E. Siegman. Lasers. Mill Valley, CA: University Science Books, 1986. 

A.M. Hawryluk, N.M. Ceglio and D.A. Markle. "EUV Lithography." Microlithog-
raphy World 6 (1997): 17. 

Boye, R.R. Physical optics approach to guided mode resonance filters. PhD thesis, 
University of Arizona, 2000. 

B.R. Frieden. Probability, Statistical Optics, and Data Testing 2nd. ed. Berhn: 
Springer-Verlag, 1991. 

C. Amra. "Light scattering from multilayer optics. 1. Tools of investigation." J. 
Opt. Soc. Am. A 11 (1994): 197-210. 

C. Amra. "Light scattering from multilayer optics. 2. Application to experiment." 
J. Opt. Soc. Am. A 11 (1994): 211-226. 

C. Amra and S. Maure. "Mutual coherence and conical pattern of sources optimally 
excited within multilayer optics." J. Opt. Soc. Am. A 14 (1997): 3114-3124. 

C. Liang, M.R. Descour, J.M. Sasian and S.A. Lerner. "Multilayer-coating-
induced aberrations in extreme-ultraviolet lithography optics." Applied Optics 
40 (2001): 129-135. 

D. Maystre. "Rigorous vector theories of diffraction gratings." Progress in optics 
21 (1984): 37-43. 

Dainty, J.C., editor. Laser Speckle and Related Phenomena. Berlin: Springer-
Verlag, 1975. 

D.G. Flagello, T.D. Milster and A.E. Rosenbluth. "Theory of high-NA imaging in 
homogeneous thin films." J. Opt. Soc. Am. A 13 (1996): 53-64. 

D.G. Stearns. "The scattering of x rays from nonideal multilayer structures." Jour. 
ofApp. Phys. 65 (1989): 491-506. 

D.G. Stearns. "X-ray scattering from interfacial roughness in multilayer struc
tures." Jour, of App. Phys. 71 (1992): 4286-4298. 

D.G. Stearns, D.P. Gaines and D.W. Sweeney. "Nonspecular x-ray scattering in a 
multilayer-coated imaging system." Jour, of App. Phys. 84 (1998): 1003-1028. 



346 

D.G. Stearns, R.S. Rosen, and S.P. Vernon. "Multilayer mirror technology for soft-
x-ray projection lithography." Applied Optics 32 (1993): 6952-6960. 

D.W. Sweeney, R. Hudyma, H.N. Chapman and D. Shafer. "EUV Optical Design 
for a lOOnm CD Imaging system." proc. SPIE 3331 (1998): 2-10. 

E. Collett and E. Wolf. "Is complete spatial coherence necessary for the generation 
of highly directional light beams." Optics Letters 2 (1978): 27-29. 

E. Hecht. Optics. 2nd edition. Reading, Mass: Addison-Wesley Publishing, 1987. 

E. Spiller. Soft X-Ray Optics. Bellingham, Washington: SPIE Press, 1995. 

E. Spiller and A.E. Rosenbluth. "Determination of thickness errors and boundary 
roughness from the measured performance of a multilayer coating." Proc. SPIE 
563 (1985): 221-236. 

E. Wolf. "A macroscopic theory of interference and diffraction of light from finite 
sources: 1. Fields with a narrow spectral range." Proc. R. Soc. London Series 
A 225 (1954): 97-111. 

E. Wolf. "A macroscopic theory of interference and diffraction of light from finite 
sources: 2. Fields with a spectral range of arbitrary width." Proc. R. Soc. 
London Series A 230 (1955): 246-265. 

E. Wolf. "Angular distribution of radiant intensity from sources of different degrees 
of spatial coherence." Optics Communications 13 (1975): 205-209. 

E. Wolf. "Coherence and radiometry." J. Opt. Soc. Am. 68 (1978): 6-17. 

E. Wolf and W.H. Carter. "Coherence and radiant intensity in scalar wave fields 
generated by fluctuating primary planar sources." J. Opt. Soc. Am. 68 (1978): 
953-964. 

E.L. Church. "Fractal surface finish." Applied Optics 27 (1988): 1518-1526. 

E.L. Church, H.A. Jenkensen and J.M. Zavada,. "Relationship between surface 
scattering and microtopograpic features." Optical Engineering 18 (1979): 125-
125. 

E.M. Gullikson. "Scattering from normal incidence EUV optics." Proc SPIE 3331 
(1999): 72-80. 

E.M. Gullikson, et.al. "EUV scattering and flair of lOx projection cameras." Proc 
SPIE 3676 (1999): 000-000. 

F. Zernike. "The concept of degree of coherence and it's application to optical 
problems." Physica 5 (1938): 785-795. 

Flagello, D.G. High Numerical Aperture Imaging in Homogeneous Thin Films. PhD 
thesis, University of Arizona, 1993. 



347 

G. Chen and C. Tien. "Partial coherence theory of thin film radiative properties." 
Transations of the ASME 114 (1992): 636-643. 

G. Hass and M. H. Francombe ed., editor. Physics of thin films, Advances in Re
search and Developmemt. Volume 10 . New York: Academic Press, 1978. 

G. Parry. "Some effects of temporal coherence on the first order statistics of 
speckle." Optica Acta 21 (2000); 763-772. 

G.D. Kubiak and D.R. Kania, editor. Extreme Ultraviolet lithography, Trends in 
Optics and Photonics (TOPS), 1996, Volume 4 . 

Goodman, J.W. Statistical Optics. New York: John Wiley and Sons, 1985. 

Goodman, J.W. Introduction to Fourier Optics. 2nd edition. New York: McGraw-
Hill, 1996. 

H. Fujii and T. Asakura. "A contrast variation of image speckle intensity under 
illumination of partially coherent light." Optics Communications 12 (1974): 
32-38. 

Harvey, J.E. Light Scattering Characteristics of Optical Surfaces. PhD thesis. Uni
versity of Arizona, 1976. 

Heavens, O.S. Optical Properties of Thin Solid Films. New York: Dover Publica
tions, 1965. 

H.H. Hopkins. "The concept of partial coherence in optics." Proc. R. Soc. London 
Series A 208 (1951): 263-277. 

H.H. Hopkins. "On the diffraction theory of optical images." Proc. R. Soc. London 
Series A 217 (1953): 408-432. 

H.H. Solak, Y. Yang and F. Gerrina. "Observation of speckle patterns in extreme 
ultraviolet imaging." J. Vac. Sci. Technol. B 19 (2001): 2406-2411. 

H.M. Pedersen. "On the contrast of polychromatic speckle patterns and it's depen
dence of surface roughness." Optica Acta 22 (1975): 15-24. 

J. Ghandezon et. al. "Multicoated gratings: a differential formalism applicable in 
the entire optical region." J. Opt. Soc. Am. 72 (1982): 839-846. 

J. Ohtsubo. "Joint probability density function of partailly developed speckle pat
terns." Applied Optics 27 (1988): 1290-1292. 

J. Uozumi and T. Asakura. "Probability density functions of speckle intensity pro
duced by weak diffusers." Optica Acta 27 (1980): 1345-1360. 

J.E. Harvey, K.L. Lewotsky and A. Kotha. "Performance predictions of a 
Schwarzchild imaging microscope for soft x-ray applications." Optical Engi
neering 35 (1996): 2432-2436. 



348 

J.H. Underwood and T.W. Barbee Jr. "Layered synthetic microstructures as Bragg 
diffractors for X-rays and extreme ultraviolet." Appl Opt 20 (1954): 3027-3034. 

J.M. Elson and J.M. Bennett. "Calculation of the power spectral density from 
surface profile data." Applied Optics 34 (1995): 201-208. 

J.R. Sheats and B.W. Smith. Microlithography, Science and Technology. New York: 
Marcel Dekker, 1998. 

J.S. Taylor, et.al. "The Fabrication and testing of optics for EUV projection lithog
raphy" Proc SPIE 3331 (1998): 580-590. 

K. Kunz and R. Luebbers. The Finite Difference Time Domain Method for Elec
trodynamics. Boca Raton, FL: CRC Press, 1993. 

K. Richter, G. Chen and C. Tien. "Partial coherence theory of multilayer thin film 
optical properties." Optical Engineering 32 (1993): 1897-1903. 

Kirchauer, H. Photolithography simulation. PhD thesis, Institute for Microelectron
ics, TU Vienna, 1998. 

K.S. Yee. "Numerical solution of initial boundary value problems involving 
Maxwell's equations in isotropic media." IEEE Trans, on Ant. and Prop. AP-14 
(1966): 302-307. 

L.G Parratt. "Surface studies of solids by total reflection of X-rays." Physical Re
view 95 (1954): 359-368. 

M. Borne and E.Wolf. Principles of Optics. 6th edition. Cambridge, UK: Cambridge 
Univ. Press, 1980. 

Macleod, H. A. Thin film optical filters, third edition. UK: Bristol, 2001. 

M.G. Moharam and T.K. Gaylord. "Rigorous coupled-wave analysis of metalic 
surface-relief gratings." J. Opt. Soc. Am. A 3 (1986): 1780-1787. 

M.G. Moharam E.B. Grann, D.A. Pommet and T.K. Gaylord. "Formulation for 
stable and efficient implementation of the rigorous coupled-wave analysis of 
binary gratings." J. Opt. Soc. Am. A 12 (1995): 1068-1076. 

M.G. Moharam E.B. Grann, D.A. Pommet and T.K. Gaylord. "Stable implementa
tion of the rigorous coupled-wave analysis for surface- rehef gratings: enhanced 
transmission matrix approach." J. Opt. Soc. Am. A 12 (1995): 1077-1086. 

M.J. Beran and G.B. Parrent Jr. Theory of Partial Coherence. Englewood Chffs, 
N.J.: Prentice-Hall, 1964. 

N.A. Beaudry and T.D. Milster. "Effects of object roughness on partially coherent 
image formation." Optics Letters 25 (2000): 454-456. 

P. Bousquet, F. Flory and P.Roche. "Scattering from multilayer thin films: theory 
and experiment." J. Opt. Soc. Am. 71 (1981): 1115-1123. 



349 

P. De Santis, F.Gori, G.Guattari and C.Palma. "Synthesis of partially coherent 
fields." J. Opt. Soc. Am. A 3 (1986): 1258-1262. 

P. Lalanne and G.M. Morris. "Highly improved convergence of the coupled-wave 
method for TM polarization." J. Opt. Soc. Am. A 13 (1996): 779-784. 

P. Rouard. "Etudes des proprietes optiques des lames metalliques tres minces." 
Annates de Physique 7 (1937): 291-384. 

P.H. Van Cittert. "Die wahrscheinliche schwingungsverteilung in einer von einer 
lichtquelle direkt oder mittels einer linse beleuchteten ebene." (German). Phys-
ica 1 (1934): 201-210. 

P.H. Van Cittert. "Kohaerenz probleme." (German). Physica 6 (1939): 1129-1138. 

Pistor, T.V. Electromagnetic Simulation and Modeling with Applications in Lithog
raphy. PhD thesis, University of California, Berkeley, 2001. 

P.Schiavone G.Granet and J.Y. Robic. "Rigorous electromagnetic simulation of 
EUV masks:influence of the absorber properties." Microelectronic Engineering 
57 (2001): 479-503. 

R. Clauberg and P. Von Allmen. "Vectorial beam propagation method for inte
grated optics." Electron. Lett. 27 (1991): 654. 

R. Guerrieri, J. Gamehn and A. Neureuther. "Massively parallel algorithms for 
scattering in optical lithography." IEEE transactions on computer aided designs 
10 (1991): 1091-1100. 

R. Scarmozzino and R.M. Osgood, Jr. "Comparison of finite-difference on Fourier-
transform solutions of the parabolic wave equation with emphasis on integrated-
optics applications." J. Opt. Soc. Am. A 8 (1991): 724-731. 

R. Shannon and J.Wayant, editor. "3." Applied Optics and Optical Engineering. 
Volume 11 . New York: Academic Press inc. chapter author: G. Lawrence, 
1992. 

R. Simon and T. Tamir. "Nonspecular phenomena in partly coherent beams re
flected by multilayered structures." J. Opt. Soc. Am. A 6 (1989): 18-22. 

R.N. Bracewell. The Fourier Transform and It's Applications. 2nm edition. New 
York: McGraw-Hill, 1978. 

S. B. Bollepalli, M.Khan and F. Cerrina. "Imaging properties of the extreme ul
traviolet mask." J. Vac. Sci. Technol. B 16 (1998): 3444-3448. 

S. B. Bollepalli, M.Khan and F. Cerrina. "Image formation in extreme ultraviolet 
lithography and numerical aperture effects." J. Vac. Sci. Technol. B 17 (1999): 
2992-2997. 

S. F. Edwards and D. R. Wilkenson. "The surface statistics of a grandular aggre
gate." Proc. R. Soc. London A 381 (1981): 17-31. 



350 

T. Tamir. "Nonspecular phenomena in beamfields reflected by multilayered media." 
J. Opt. Soc. Am. A 3 (1986): 558-565. 

T. Young Phil. Trans. R. Soc. London [xcii] 12 (1802): 387. 

T.V. Pistor and A. Neureuther. "Extreme ultraviolet mask defect simulation." J. 
Vac. Sci. Technol. B 17 (1999); 3019-3023. 

T.V. Pistor, K. Adam and A. Neureuther. "Rigorous simulation of mask corner 
effects in extreme ultraviolet lithography." J. Vac. Sci. Technol. B 16 (1998): 
3449-3455. 

Vladimirsky, Y., editor. Emerging lithographic Technologies II, 1998, Volume 3331 

W.C. Sweatt and G.N. Lawrence. "Physical optics modeling in soft-x-ray projection 
lithography." Applied Optics 32 (1993): 6945-6951. 

website, CRXO. URL is http://www-cxro.lbl.gov/opticaLconstants/. 

W.H. Carter and E. Wolf. "Coherence and radiometry with quasihomogeneous 
planar sources." J. Opt. Soc. Am. 67 (1977): 785-796. 

http://www-cxro.lbl.gov/opticaLconstants/

