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ABSTRACT 

1bis dissertation investigates imaging phenomena by lenses of high relative 

numerical aperture (NA) in the fIrst layer of a homogeneous thin film stack. The imaging 

is described by a high NA model that combines elements of vector imaging theory with 

traditional thin-fIlm optics. Various examples are studied with an emphasis on analyzing 

the polarization effects of the illumination. Experiments are shown that verify aspects of 

the model. 

A brief review of the development of high NA imaging theory is given. The use of 

the Debye approximation dominates most of the previous work. Investigation of imaging 

in thin films has been limited to the area of micro-photolithography, where verifIcation 

studies are done in photoresist. 

High NA imaging in films is described in terms of matrix formalism. The image is 

based on the Debye approach in which the vector field is characterized as a plane wave 

decomposition for each Cartesian component of the electric fIeld, E. This is used to 

describe propagation from object to entrance pupil, from entrance pupil to exit pupil, and 

from exit pupil to thin-fIlm stack. If the fIrst film of the stack is located at or near focus, 

the amplitude and phase of each plane wave, weighted by factors due to polarization, 

aberration and object diffraction, are used as input into thin-fIlm equations to calculate the 

local field volume. The image distribution within the film is described by the absorbed 

electric energy distribution, which is proportional to IEI2. 
The overall effect of th~ film is shown to significantly reduce vector effects and 

asymmetries in the image. This is mainly due to the reduction of NA in the film by 

refraction. The image of a tri-bar object with an extreme NA of 0.95 is simulated. The 
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differences between two. orthogonal polarizations are shown to be small. This is attributed 

to the large contribution due to the central zone of the pupil. The behavior is shown to be 

similar to three-beam interference. Modification of this simulation with a annular pupil 

results in image behavior that is very similar to two-beam interference with increased 

image differences between two polarizations. 

Two-beam and three-beam interference is shown to be derived from the general 

imaging equation, resulting in concise analytic vector equations. Experimental verification 

in photoresist film is shown using a cross-sectioning technique that highlights the image 

distribution. Structural artifacts within the simulated image are identified in experimental 

scanning electron microscope photographs. Large differences are seen between S and P 

polarized illumination. 
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Thus every body placed in the luminous air spreads out in 
circles and fills the surrounding space with infinite likeness 
of itself and appears all in all and all in every part. 

Leonardo Da Vinci, Codex Atlanticus 

CHAPTER I 

INTRODUCTION 

High numerical aperture (NA) imaging theory in homogeneous thin films can be 

seen as a combination of image formation, high NA vector diffraction, and thin film optics. 

They are linked by the Maxwell's equations, which provide a description of wave 

propagation through an optical system and into a thin film assembly. The NA is defmed 

by 

NA = n sin emax ' 

where emax is the marginal ray angle emerging from the exit pupil of an imaging lens 

within a medium of real refra.ctive index n. The term "high NA" is used to imply 

NA ;;:: 0.6, while the term "homogeneous" is used to identify isotropic, non-magnetic and 

source-free fllms. This leads to subsequent simplifications of Maxwell's equations. 

Chapter I presents the motivation for this dissertation. It also describes a historical 

overview of the relevant literature pertaining to high NA diffraction and imaging in 

photoresist. It concludes with a general outline of the dissertation. 

Motiyation for Dissertation 

In the field of microphotolithography, the demand for highly integrated electronic 

circuits has motivated investigation into better lens resolution. Since resolution improves 

as the NA increases, high NA systems are desired. Traditionally, images are recorded 
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using a highly corrected optical system into a thin photoresist layer, typically ::::1J.1m with 

n ::: 1. 7, that is coated over electronic thin-film layers and a substrate such as silicon (Si). 

The developed photoresist fonns a stencil pattern that is transferred into underlying films. 

Much of the modeling effort in this field has been based on scalar image formation theory 

under the Fresnel approximations (Goodman 1968) where spherical lens and pupil surfaces 

are treated as pure quadratic paraboloids and polarization is ignored. The image in the 

film is derived by propagating the scalar electric field image through the film stack as a 

normally incident plane wave. In a high NA system, there is significant variation of the 

electric field (E) vectors across a spherical exit pupil reference surface; therefore, the 

Cartesian components of E must be considered for an accurate description of imaging. 

One of the classic experiments by Wiener (1890) showed that at oblique angles, 

light polarized parallel to the plane of incidence (P) produces fringes with reduced contrast 

compared to light polarized perpendicular to the plane of incidence (S). Figure 1-1 shows 

his experimental setup, where a photographic plate is placed at an extremely small angle B 

to a silver mirror. A normally incident polarized plane wave passes through the plate, 

reflects off the mirror and interferes with the incident beam at the plate. The interference 

maxima (known also as the antinodes) of the resultant standing wave are given by the 

dotted lines. They produced blackened periodic bands in the developed photographic 

emulsion such that the distances are measurable on a macroscopic scale. Experiments 

with incident light at 45° with the normal showed that S polarization produced blackened 

bands comparable to the case of perpendicular incidence, except for a difference in the 

band periodicity. The bands were absent with P polarization, and the blackening was 

uniform over the plate. 
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Figure 1-1. Wiener's experimental setup. 
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Wiener's experiments provided the fIrst experimental evidence of standing waves. 

He also established the importance of the electric field in photochemical reactions. With P 

polarized light at 45°, the electric field vectors are at right angles to each other and cannot 

interfere, but the magnetic field vectors, being parallel to each other, can form a system of 

maxima and minima. Since the photographic emulsion recorded interference only with S 

polarized light, Weiner concluded that the electric field is responsible for the 

photochemical change. 

As in Wiener's experiments, standing wave effects between interfaces of a thin film 

assembly are different for S and P polarizations. Consider a plane wave incident in air on 

a photoresist film over silicon at 33°, 44°, 58°, and 72° (or 0.55, 0.7, 0.85, and 0.95 NA 

respectively). The total absorbed power in the photoresist film, which is proportional to 

the photoresist exposure, is plotted as a function of coated photoresist thickness in Figure 

1-2. Although the differences between S and P polarizations are slight at 0.55 NA, they 
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Figure 1·2. Total absorbed power of an incident plane wave as a function of coated 
thickness for a moderately absorbing photoresist over a silicon substrate at A=436nm. 

become appreciable at high NAs. Therefore, at low NAs «0.5), the vector nature of the 

exposing light is not a significant factor. At high NAs, however, the vector nature leads to 

differences in exposure between S and P polarization. 

The motivation for this dissertation is the desire to understand high NA imaging 

phenomena that are associated with future optical microphotolithography. The primary 

film of interest is photoresist, but the theory is sufficiently general to accommodate other 

applications. The underlying assumption throughout this work is that any valid theory of 

high NA imaging in thin fIlms must take into account the vector nature of light. 
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Historical Reyiew 

Much of the diffraction literature concerns itself with scalar diffraction theory that 

has its foundations in wave theory. As early as the late 1400's, Leonardo Da Vinci 

(Argentieri 1956) identified and analyzed wave phenomena in water. He generalized his 

observations to sound and light with specific references to the harmonic nature of the 

waves. It was not until two centuries later that Huygens (1678) postulated that each point 

on a wavefront can be considered as a source of a new secondary wavelet such that the 

primary wavefront at some later time is the envelope of these wavelets. It was left to 

Fresnel (1818) to use this wave theory together with the principle of interference to 

explain diffraction quantitatively. Kirchoff (1882) established a mathematical theory of 

diffraction using Green's theorem to reformulate the Huygens-Fresnel principle. This was 

further modified by Rayleigh (1897) and Sommerfeld (1954) to remove mathematical 

inconsistencies. Debye (1909) formulated a description of focused scalar wave fields as 

being represented by an integral of a superposition of homogeneous plane waves 

propagating from the aperture to the geometrical focus. 1bis result also can be derived 

using Huygens-Kirchoff formalism (Born and Wolf 1981). This approach is the basis for 

much of the high NA diffraction models that exist today. The conditions for the validity 

of Debye's integral has been examined extensively by Wolf and Li (1981). Their work 

shows that the imaging from high NA optical systems with large Fresnel number and 

distances from the aperture being much larger than the wavelength are very well 

approximated by Debye's integral. 

Luneburg (1944) presented a vector generalization to the Debye scalar formalism. 

Osterburg (1954) used Luneburg's treatment to elaborate on the Airy pattern (also known 

as the impulse response function or the point spread function) of a high NA microscope 
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with aberrations, but used a scalar treatment. Hopkins (1943) presented a vector analysis 

that modifies the basic Airy disc function. His results are essentially limited to angular 

apertures not exceeding 40° or NA = 0.64. 

A complete vector diffraction theory for optical systems based on Debye's 

approximation was given by Richards (1956), Wolf (1959), and Richards and Wolf 

(1959). This set of papers describes an electromagnetic representation of the fields in 

image space in the form of an angular spectrum of plane waves. They derive the vector 

representation of the Airy pattern as analytic solutions involving Bessel functions. A key 

assumption is that in the optical system the polarization direction of the electric and 

magnetic field remains unchanged along a propagating ray. In general, this is true for 

highly corrected optical systems and homogeneous media. This derivation has been 

modified by Kant (1991) to use Gegenbauer polynomials which are computationally more 

efficient. 

Visser and Wiersma (1992, 1991) expanded the work of Richards and Wolf 

(1959) to include use of the Kirchoff boundary integral (Jackson 1975) which is valid for 

low and high NA. They showed that this reduced to the Debye formalism in the limit of 

highNA. 

In recent history, Stamnes (1986) has published a book titled "Waves in Focal 

Regions," in which he gives a numerical solution to the Debye formalism in terms of k 

(spatial frequency) space. Stamnes references the work of Ling and Lee (1984) in the 

discussion of focusing of electromagnetic waves through a dielectric medium; however, 

they present only a numerical solution based on a plane wave decomposition for systems 

with relatively low Fresnel numbers. 

Mansuripur (1986, 1989, 1991) has described numerical solutions of high NA 

imaging based on modifying the Fresnel-Kirchoff theory allowing for polarization effects. 
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His decomposition of the image field relies on plane-to-plane propagation, which results in 

substantial numerical sampling at the edge of very high NA pupils due to rapidly changing 

phase variations. He provided unique expressions for the component electric field 

amplitudes that are based on the rotation of the polarization vector emerging from the exit 

pupil in terms of the direction cosines of the propagation vector. 

All of the presented citations in high NA theory concentrate their efforts on 

description of image formation in terms of the point spread function (PSF), or Airy disc. 

High NA imaging theory of objects within the context of a thin film is not discussed at any 

length. However, this is of major importance in field of microphotolithography where the 

film of interest is photoresist on a thin-fllm stack. The initial work in this area was done 

by Dill (1975). He used a crude imaging model of periodic structures, based on an MTF 

approximation, to create an aerial image (given as the magnitude of the Poynting vector in 

air). The aerial image was propagated into the photoresist and underlying film assembly at 

an incidence angle normal to the film surface. The electric field within the photoresist was 

derived by using thin film matrix techniques by Berning (1963). Subsequent enhancements 

by Herschel (1978) to image formation models within photoresist were based on the 

Fresnel approximation (Goodman 1968) and the incorporation of partial coherence 

modeling using the Hopkins (1953) theory. 

Although the use of the Fresnel approximations and paraxial propagation of the 

aerial image into the photoresist does not adequately describe high NA imaging, it has 

proved invaluable for the study of related photoresist chemical reactions. It was not until 

Yeung (1988) that a high NA vector model emerged. He based his theory on the work of 

Richards and Wolf (1959), but used a numerical solution to derive a 3-dimensional (3D) 

image as a weighted sum of plane waves propagating into the photoresist. Yeung 

simplified his model by assuming that the object is a periodic grating, thus reducing the 
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problem to a 2-dimensional (2D) solution for S or P polarization. Propagation into a 

bleaching photoresist was treated as a I-dimensional (ID) electromagnetic grating 

problem and is solved by a set of coupled differential equations. After realizing that the 

bleaching effects do not substantially alter the image, he presented a further simplification 

(Yeung 1990) by assuming homogeneous and linear thin-fIlms. Yuan (1991) derived a ID 

vector imaging model with a 2D wave-guide scattering model to simulate high NA images 

that can accommodate non-planar substrates. However, like Yeung's work, it is limited 

to polarization in either S or P and can not describe the more general 3D imaging case. 

Experimental verification of the high NA models in photoresist has been limited to 

using the photoresist in its traditional fashion, where the development process removes 

most of the exposed photoresist. Any image structure must be deduced from the cross

sectional profIles of the remaining photoresist. These methods are intirr.ately coupled to 

the experimental error in the development process. In Yeung's (1988) work, the simulated 

profiles, using a system NA of 0.45, showed extensive standing wave structure with little 

rounding of the photoresist; however, the physical photoresist profIles showed limited 

standing waves with some rounding due to development. The Yuan (1991) verification 

profiles, using an NA of 0.5, seemed to match his theories, but they also contained 

photoresist development effects not shown in simulations. At these NAs, small vector 

effects can be obscured by larger development effects, increasing the complexity of the 

experiments. This was shown by Flagello et al. (1991), where experiments with an NA of 

0.55 required measurements on 120 pairs of photoresist lines to obtain a =:,;1 % significant 

difference between TE and TM polarized grating images. This was then matched to a 2D 

high NA model on which this work is based. 
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Content of pissertation 

The approach followed in this dissertation uses a combination of theory and 

experiment to understand 3D high NA image formation in a thin-fthn volume (Flagello and 

Milster 1992). The theory is based on coherent imaging though an optical system by 

plane wave decomposition. In this respect, it is similar to Yeung's model, although the 

derivation results in a simpler and more general approach. The subsequent image 

formation in the film is treated by modifying conventional thin-fthn matrix techniques to 

use the Cartesian components of the decomposed field. The result is a general theory of 

high N A imaging that gives the image distribution within a thin film. Its applicability 

extends beyond photolithography and can handle varying object, pupil, and film stack 

geometries. 

Experimental verification of the model presumes that the Debye approximation is a 

valid representation of diffraction for a high NA lens. The experiments, therefore, 

concentrate on multiple-beam interference of oblique plane waves within photoresist. An 

exposure and cross-sectioning technique is presented that allows for the recording of the 

image distribution profile. Specific vector properties of the simulated structure are 

identified and used to match the experimental image. 

The plane-wave formalism of Maxwell's equations is briefly reviewed in Chapter n. 

A discussion of Poynting's theorem provides the justification of the louie heat term for the 

form of energy transferred into a film, and hence, the image distribution. This provides the 

backdrop for the high NA theory presented in Chapter III. The derivation gives a solution 

for the electric energy distribution within the first film of an arbitrary film stack. The 

planar object field is assumed to exist in a low NA conjugate of the image and thus is not 

sensitive to the polarization of the illumination. The resultant electric field within the film 

has global Cartesian components and local S and P components. A concise matrix 
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fonnalism is used throughout the derivation to arrive at a final vector image distribution. 

Chapter IV describes the reduction of the general vector equation to an analytic form for 

two-beam and three-beam interference. The solutions are shown with various examples 

for oblique beams at 0.85 NA. Chapter IV ends with an exan.1p:e that uses the full vector 

model to form an image in a photoresist film with a 0.95 NA lens. Chapter V shows 

experimental verification results obtained within photoresist based on the two-beam and 

three-beam cases. The structural features, unique to high NA vector components, are 

identified in the experiment and simulation. Cross-sectional scanning electron microscope 

(SEM) images are used for verification. The final chapter summarizes the conclusions and 

discusses possible future work in theory and verification experiments. 
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CHAPTER II 

BASIC THEORY AND CONVENTIONS 

This chapter reviews the mathematical foundation necessary for high NA theory, 

which, like most theories of diffraction, uses Maxwell's equations as a basis. Sign 

conventions and coordinate normalizations are presented that simplify the derivations in 

subsequent chapters. The defInition of the image distribution using the louie heat term is 

shown through the derivation of Poynting's theorem, and its relationship with the Poynting 

vector is discussed. 

Maxwell's EQuations 

The basic formalism of Maxwell's equations is found abundantly in optics. The 

outline presented here is based on Macleod (1979) and is consistent with current methods 

in thin fIlms. Using the International System of Units (SI), the electric field and magnetic 

field propagation is assumed to satisfy solutions to following equations for isotropic, 

linear, non-magnetic and source- free media 

V·E=O 

V·H=O 

aH 
VxE =-Il at 

aE 
VxH=crE+E-at ' 

[2-1] 

[2-2] 

[2-3] 

[2-4] 

where E is the electric fIeld, H is the magnetic fIeld, E and J.1 are the permittivity and the 

permeability respectively, and cr is the conductivity. Also, 



E=ErEO 

J.l = J.lrJ.lo 

Eo = 1/ J.loC2 
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[2-5] 

where Eo and J.lo are the permittivity and penneability of free space respectively, Er and J.lr 

are the relative permittivity and penneability respectively, and c is the speed of light in free 

space. For a non-magnetic medium, J.lr = 1. The optical admittance of free space is 

defmed by 

Solving for E results in the time-dependent wave equation 

[2-6] 

Any propagating monochromatic wave describing the vector field E must be a solution to 

Equation 2-6. It is convenient to use a complex representation for solutions to time-

harmonic fields of the fonn 

E(x,y,z,t) = U(x,y,z) eitilr [2-7] 

where (0 is the angular frequency of optical oscillation, given by 

27tc ko 
(0 = ~ = ,JEoJ.lo ' 

[2-8] 

where Ao is the vacuum wavelength of the oscillation. ko =2 7t/,Ao is called the free space 

propagation constant. It is understood that any physical solution takes the form 

E(x,y,z,t) = Re[U(x, y,z) eitilt
] [2-9] 

By substituting Equation 2-7 into Equation 2-6, the time-independent Helmholtz equation 

is derived as 

[2-10] 



where 

2 icr N =E-
rEm o 

N is known as the complex index of refraction, which is given by 

N=n-ilc. 
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[2-11] 

[2-12] 

where n is the real part and 1C is the imaginary part. 1C is also known as the extinction 

coefficient. From Equation 2-11 and 2-12, 

which leads to 

cr = 2m Eo n 1C 

= 2koVn 1C 

Wave Propagation Conventions 

[2-13] 

[2-14] 

The complex amplitude of any monochromatic disturbance, e.g., a plane wave or a 

spherical wave, propagating through a homogeneous, non-magnetic, source-free medium 

must obey the Helmholtz equation. A simplification can be made if all Cartesian 

coordinate systems and distances are normalized to Ao. In normalized form, Equation 

2-10 becomes 

[2-15] 

Throughout the remainder of this dissertation, x, y, and z refer to Cartesian coordinates 

that have been normalized with respect to wavelength. 

According to the sign convention of the time-harmonic phase term, a plane wave 

with a wave vector k at a position r is given by 

U(x,y,z) = Uo(x,y,z) e-ikor [2-16] 
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where r =xx+yy+zz, and Uo(x,y,z) is the complex amplitude. The time dependent form of 

the wave equation is assumed implicitly. 

A propagation vector k for an arbitrary plane wave in a medium of index N is 

illustrated in Figure 2-1. If / k/=k, k can be defined as 

k = 21CN(X X+LY+":'Z) 
k k k 

= 21CN(cos~sin e x+sin <j>sin e y+cose z) 

= 21CN(ax+~ y+y z) 

where a, ~, and 'Y are the direction cosines. They are related by 

a 2 +~2 +y2 = 1 

y 

, ..................................................................... . .... 

..... } 
I~ 

/ \i 8 

Figure 2-1. Coordinate system with propagation vector k. 

[2-17] 

[2-18] 

z 
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The plane wave of Equation 2-16 is then written as 

U(x,y,z) = Uo(x,y,z)e-i2ItN(a.r+~y+'YZ) [2-19] 

Note that I k I =k=21tN when used with wavelength-normalized Cartesian coordinates. 

A diverging spherical wave has the fonn 

e-i2!tNr 

U(x,y,z) = Uo(x,y,z)-, 
where, is the radius of the spherical wave given by ,2 = x2 + y2 + Z2. 

Ener~y and the Ima~e Distribution 

[2-20] 

The classical approach to the representation of energy from real propagating fields 

is to apply Poynting's vector 

8 = Re(E) x Re(H) [2-21] 

8 is usually interpreted as the instantaneous flow of energy per second (power) crossing a 

unit area whose nonnal is oriented in the direction of the vector Re(E) x Re(H). Since 

instantaneous measurements at optical frequencies are impractical, time-averaged 

quantities are used to define observable measurements. Stratton (1941) gives the time

averaged Poynting vector as 

(8) = (Re(E)x Re(H)) =.!.Re(ExU·) = Re(S) 
2 

[2-22] 

where the asterisk indicates a complex conjugate and the quantity S is defmed as the 

complex Poynting vector, 

,. 1 
8 = -E x H· 

2 
[2-23] 

Traditionally, the magnitude of the time average Poynting vector has been used to 

calculate the image irradiance, i.e., I = 1(8)1; however, it seems more appropriate to 

examine the absorbed energy in a volume when calculating the image field within a thin 
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film of photoresist. This is examined by considering the conservation of energy using 

Poynting's theorem. The derivation proceeds by assuming that the time dependence of the 

fields is eiOOl
• Equations 2-3 and 2-4 then reduce to 

v x H = (0- + iroe) E 

and 

v x E = -iro~H 

The conjugate of Equation 2-24 is first multiplied by E, which gives 

E.(VxHo) = o-E·Eo -iroeE·Eo . 

Then, Equation 2-25 is multiplied by the conjugate of H, which gives 

HO . (V x E) = -iro~H . HO . 

With the use of Equations 2-23, 2-26 and 2-27, and the vector identity 

V . (A x BO) = BO . (V x A) - A . (V x BO) 

the complex differential form of Poynting's theorem is written as 

where 

V·s =-tE·o-Eo +iro(tEE.Eo -t~H.Ho) 

= -to-lEl2 +iro(tEIEI2 -t~IHI2) 

= -Q+i2ro((we )-(wm)) 

[2-24] 

[2-25] 

[2-26] 

[2-27] 

[2-28] 

[2-29] 

[2-30] 

The real-valued functions (we) and (wm) are called the time-averaged electric and 

magnetic densities respectively. Equation 2-29 can be integrated over an arbitrary 

volume, bounded by a surface S, and an outward unit normal n to the surface. This gives 

the integral form of Poynting's theorem as 

JS.n dS = -J QdV +i2oo J((we)-(wm})dV [2-31] 
s v v 
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where the identity from Gauss's theorem has been used 

JV.AdV= JA'DdS 
v s 

Equation 31 is a statement of tbe conservation of complex power. The left-hand 

side represents the total complex pow"r. out of the closed surface S. The real part, defmed 

by 

-J QdV [2-32] 
v 

is defined by Stratton as the power dissipated by thermo-chemical activity. Born and Wolf 

(1980) also describes it as the resistive dissipation of energy into Joule's heat. Hence, the 

total power absorbed or dissipated throughout V is equal to the mean value of the inward 

flow of power across the surface, the Poynting vector. The imaginary part relates to the 

total stored electric and magnetic field energy. 

The divergence of the real part of § is the time-average divergence of the Poynting 

vector and further defines Q as 

[2-33] 

This is rewritten as 

[2-34] 

Q represents the form of the recorded image distribution within an absorbing medium. It 

is interpreted as the mean energy absorbed per unit volume per second, i.e., units of 

power per unit volume. The negative sign in Equation 2-33 indicates that work is done to 

the system. Any direct investigation into the structure of the image, such as a physical 

recording into a photosensitive film, must be proportional to IEI2. 
The description of Q (e.g. see Jackson 1975, Sommerfeld 1952, and Born and 

Wolf 1980) is usually as absorbed energy that is dissipated as heat. In general, for 
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photosensitive films, a fraction of the energy is used in a photochemical reaction with 

only the remainder being dissipated as heat. In this context, Stratton's use of the term 

"thermo-chemical" seems appropriate. The amount of energy used in the reaction is 

prop~'1:ional to Q and dependent on the reaction efficiency. Therefore, Q fully describes 

the energy absorbed by the media, but it makes no distinction as to how the energy is 

dissipated. 

The imaginary part of Equation 2-31 is equal to 2m times the difference of the 

mean values of electric and magnetic energy densities. It represents the stored 

electromagnetic energy in the volume that is not dissipated by the medium. In a lossless 

dielectric such as air, the field does no work to the system. In this respect, aerial images 

(images in air) are not rigorously defmed by Maxwell's equations. However, within the 

context of this dissertation, they are represented by a normalized IEI2, allowing for 

comparisons with images in a film. 

Finally, the physical measurement of the irradiance in air of a normally incident 

plane wave is related to lEI by 

which gives 

IEI=ff . 

E is given in units of mY/em, I in units of mW/cm2, and V = 2.655mohms. This 

expression for the electric field will be used in verification experiments (Chapter V) to link 

theory to physical measurements. 
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CHAPrERIII 

THEORY OF HIGH NA IMAGING IN HOMOGENEOUS THIN FILMS 

The intent of this chapter is to present a model for vector image formation within 

the volume of the flIst film of a general thin-film stack. The fIlms are considered to be 

homogeneous, linear, non-magnetic and source-free. The model is based on the Debye 

approach in which the vector image field is characterized as a plane wave decomposition 

for each Cartesian component of the electric field. This plane wave decomposition is 

used to describe propagation from object to entrance pupil, from entrance pupil to exit 

pupil, and from exit pupil to thin-film stack. If the flIst film of the stack is located at or 

near focus, the amplitude and phase of each plane wave, weighted by factors due to 

polarization, aberration and diffraction, are used as input into a thin-fIlm matrix routine to 

calculate the local field within the fIlm. The image distribution is given by Q, the absorbed 

electric energy distribution, and is proportional to IEI2. 

Methodology 

This work assumes a Kohler optical projection system that uses polarized 

coherent illumination. The projector forms an image of the object in the vicinity of a thin

film assembly as shown in Figure 3-1. The polarization just before the object is 

decomposed into components along the x axis and the y axis. The imaging lens is assumed 

to be lossless with an image-side NA;:: 0.6. The imaging lens is represented by an 

entrance pupil reference sphere whose center of curvature is at the object and by an exit 

pupil reference sphere whose center of curvature is at the geometrical focus. Aberrations 
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Figure 3-1. Kohler illuminated projection system focusing to a thin-film stack. 
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are defmed by small deviations from the exit pupil sphere in tenns of wavefront phase 

errors. 

The imaging is stationary or shift-invariant (Goodman 1979, Gaskill 1978) which 

implies that an x-y translation of the object field only results in a like-wise translation of 

the image. This assumption results in isoplanatic conjugate fields, such that the 

aberrations across the fields are constant. Isoplanatic imaging imposes strong constraints 

on the image fonning properties of the system, allowing it to be modeled without 

considering in detail the propagation of light between the entrance and exit pupil surfaces. 

Hopkins (1977) used this assumption to show that the entrance pupil must exist in the 

Fraunhofer region of the object, while the image exists in the Fraunhofer region of the exit 

pupil. 

The propagation direction of a plane wave through the optical system is described 

by a geometrical ray with a direction given by the propagation vector k. The polarization 

direction of the electric field remains perpendicular to the geometrical ray and is described 
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graphically as a polarization vector, shown in Figure 3-2. Since the reduction ratio of the 

imaging is such that the diffraction from the object to the entrance pupil is modeled as a 

scalar process, the polarization vectors for object-side propagation rays are assumed 

approximately parallel to the polarization incident on the object 

Calculation of the exact polarization mapping from the entrance pupil to the exit 

pupil requires an exact lens prescription. . It can be accomplished by polarization ray 

tracing (Chipman 1987, 1989). However, the previous assumption of stationarity is 

sufficient to imply that the angle the polarization vector makes with the meridional plane 

(the plane containing the propagation vector and the z axis) remains unchanged as it 

passes through the imaging lens. The meridional plane is illustrated in Figure 3-2. The S 

polarization state is perpendicular to the meridional plane, and the P polarization state is 

parallel to this plane. Each plane wave has global Cartesian components that are 

decomposed into a local projection onto the Sand P axis. 

Polarization 
y Vector 

........ P 

~~~;~ ... :.:~;.~;:~~ ............. ! ........... ···~xit 
Plane Pupil 

Entrance 

z 

Pupil 

Figure 3-2. A meridional plane through a high NA optical system. 
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It was shown by Debye (1909) with a stationary phase argument that if one 

decomposes the electric-field amplitude converging on the geometrical focus into an 

angular spectrum of plane waves, the propagation direction of each plane wave is well 

approximated by a geometrical ray emerging from the exit pupil in the same direction as 

the plane wave. This results is the so-called Debye approximation. Subsequently, 

Luneburg (1944) showed that a separate expansion can be made for each Cartesian 

component of the electric field, E. 

The conditions for the validity of the Debye approach require that the image region 

be small compared to the pupil diameter and that the Fresnel number be large, i.e., the NA 

must be large compared to ~A/r' (Wolf and Li 1981), with r' being the distance from the 

exit pupil to the image. In this work, a local field size less than lOJlm about the axis is 

used, with r'>500Jlm and A=0.442Jlm. This gives ~A/r' <0.03, so the Debye approach is 

considered valid. 

Calculation of the E fields in the volume of the film is accomplished by summing 

forward and backward plane waves within the film and satisfying boundary value 

conditions at the interfaces. The plane waves are decomposed into global x, y, and z 

components and projected onto local S and P axes. The E fields are derived by using a 

modification of the thin-film matrix technique outlined by Macleod (1989), which defmes 

additional reflection and transmission coefficients with respect to the interface between the 

first film and second film. Most thin-fIlm literature derives the reflection and transmission 

coefficients of the transverse (x-y) electric field components. Since the intent here is to 

calculate the total vector fields inside a film, the solution of the axial (z) electric field 

component is also required. 
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Scalar Hieh NA Imaeine in Free Space 

This section describes image formation through an optical system in the absence of 

a thin-fIlm stack, where the object and image spaces are defmed in air. The derivation is 

based on the scalar imaging concepts introduced by Goodman (1989). 

Harvey (1979) has shown that a direction cosine spectrum of plane waves can be 

used to describe the propagation of a scalar field in free space. His geometry consisted of 

a diffracting aperture illuminated by a converging beam. The diffracted electric field 

amplitude is observed on a hemisphere in the farfield, i.e. the Fraunhofer region. Harvey's 

results may be applied to the propagation between the object and the entrance pupil 

surface. Figure 3-3 shows the description of this diffraction geometry. The coordinate 

axes Xl are Yl are parallel to x2 and Y2 respectively, and are normalized to the vacuum 

wavelength. The object field distribution O(xl 'Yl ,Zl ) is known, and the entrance pupil 

sphere has radius r with a field distribution O(x2 'Y2 ,Z2) that is to be calculated. The point 

Y1 

\ 
Y2 

(x1 'Y1 .z1 ) R 
(x2'Y2 'Z2) 

r (a, (J ) 

Z2 

J 
Object Plane Entrance Pupil Sphere 

Figure 3·3. Diffraction geometry from object to entrance pupil 
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• 
(ex ,(3) 

Figure 3·4. Circular pupil defined in direction cosine space 

(X2' Y2' Z2) is given in direction cosine notation as «X,~). The entrance pupil is given in 

direction cosine space, as shown in Figure 3-4, for a circular pupil where the NA is 

defmed by 

NA = N sin emax = N ~(X!.u + ~!.u 

where e max is the maximum marginal ray angle defmed in object space. 

[3-1] 

The diffraction to the entrance pupil is based on the Huygens-Fresnel principle. 

This is written as a superposition integral 

where 
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[3-3] 

and 

[3-4] 

The propagation function h is based on the original Weyl (1919) expansion fonnula as 

Lalor (1968) presented it. It differs frorJ1 Harvey (1979) by a sign convention. 

If 

~ 2 2 2 r = X2 + Y2 +Z2 

and if R is expanded in a binomial, keeping only terms to 2nd order, R is approximated by 

[3-5] 

Since the entrance pupil is assumed to be in the farfield, 

[3-6] 

Hence, 

[3-7] 

and the propagation function is given as 

h(a,~; r) 
. (z - Z ) e-i2ltr ei2

1t"(zi ::::: I 2 1 ei2lt(CUI +~y,> 

r r 
ei2lt(TZI-r) 

::::: iy e i2lt (cul +~YI) 

[3-8] 

r 

The diffraction to the entrance pupil is now written as a Fourier transform 
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i2n;(rz-r) .... 

O(a,~; r) = iy e J J O(x, y) ei2n;(a.r+~y) dx dy 
r 

[3-9] 
e i2n;(rz-r) 

= iy .1 { 0 (x, y)} 
r 

where the tilde is used to define a transformed object, and the subscripts have been 

dropped. The distribution of the electric field amplitude on entrance pupil is represented 

by 

[3-10] 

where a transmission function T(a,~) specifies the size and shape of the entrance pupil. It 

has a value of 1 on the entrance pupil and 0 otherwise. Equation 3-9 and Equation 3-10 

are rearranged to give 

[3-11] 

which is an important relationship that will be used later in the development. 

The image field can be calculated by recognizing that it is the diffraction of a 

convergent beam propagating from the exit pupil to the focus. Figure 3-5 shows this 

diffraction geometry. The solution, consistent with the Debye approximation, is given by 

a plane wave integration over the exit pupil surface S (Born and Wolf 1980). If an 

element of wavefront dS' is defined by 

where primed notation is used to represent the image-side geometry, the image field is 

described by the inverse Fourier transform in direction cosine space as 
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y' 

o z' 

(x' ,y' ,z') 

Exit Pupil Sphere Image Plane 

Figure 3·5. Diffraction geometry from exit pupil to image focus. 

i21t1" 

E'(x', y'; z') = -i ~ JJ E'(a', W)e-I](',r' dS' = _iei2
1t1" JJ r'E'(a', W)e-ik',r' dO' 

r S' 0' 

, 00 00 r'E- '(rv' IV) e-i21rY'z' = _ie'2 1t1" J J u. , P, e-i21t(u'x'+wy') da'dW 
-00-00 'Y 

[3-12] 

r' has been written inside the transform for reasons which will be obvious shortly. 

E'(a',W) is the scalar complex amplitude distribution of the exit pupil. Notice that the 

exponential term in z', unlike the object side, is not a constant phase term on the image 

side. It represents a focus term. The geometrical focus, located at z' = 0, is at the vertex 

of the solid angle subtended by the exit pupil. 
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A simple magnification scaling is assumed between entrance and exit pupils. Any 

aberrations within the lens are treated with an aberration term that modifies the phase of 

the wavefront at the exit pupil reference surface. The transverse magnification is defmed 

as 

h' m=-
h ' 

[3-13] 

where h and h' refer to normalized object and image size. From the Abbe Sine condition, 

h N a = h' N' a' and h N ~ = h' N' W , 

and since N=N' =1, the transverse magnification is given as 

h' a ~ m=-=-=-
h a' W 

The field distribution in the exit pupil due to scaling is now written as 

E'(a',W) = E(ma',mW) = O(ma',mW)T(ma',mW) 

[3-14] 

[3-15] 

The relationship between the magnitudes of the entrance pupil fields and exit pupil 

fields must be taken into account Since there is a physical difference in size, i.e. 

T'(a',W) = T(ma',mW) [3-16] 

and T'(a',W) is the exit pupil transmission function, conservation of energy must be 

insured. Figure 3-6 illustrates the differential areas on the entrance and exit pupil 

surfaces. An energy balance yields 

[3-17] 

Since differential areas on each pupil are given by 

2 dadA 
da=r dfJ.=r2--,", 

'Y 
[3-18] 



Object 

Entrance 
Pupil 

Exit 
Pupil 

Figure 3-6. Mapping geometry between entrance and exit pupils. 

and 

d ' ,2drv ,2 da'dW a =r 0l0I, =r 
"(' 

the fields must satisfy the conservation equation 

r'/E'(a',W)/ = r/E( a,p)/ fim 

= r/E(ma', mW)/ fim 

45 

At 

[3-19] 

[3-20] 

As previously stated, lens aberrations are given by a wavefront phase error 

W ( a' , W) and are represented by a scalar term 

[3-21] 
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In the absence of any film stack, the scalar electric field distribution given by 

Equation 3-12 is 

E'(x', y'; z') 
. i2~' q_' { r'E' (a', W) e-i2rry

'z' e-i2rcWca'.I3') } = -Ie oF 
y' 

= -ime"~'r' {rE(ma" mp'le-""Y"'e-"'W(U',P') .J~, } 

Substitution of Equation 3-11 and the application of Equation 3-16 yields 

[3-22] 

E' (x'. y'; z'l = ~ r' { 1 { 0(: • ~) } T' (a', P'l e-""Y'" e-".w(U',P') ~}. [3-23] 

where cp = 27t(r' -r+yz). Further substitution of 

results in a concise fonn of the electric field distribution as 

iq'l 

E'(x',y';z') =~r'{U(a',W;z')} 
m 

icp 00 00 

=~ J JU(a',W;z')e-i2rcca'%'+W) 
m _00_00 

[3-25] 

o (a',W; z') represents a distribution of complex amplitude plane waves for a given z'. 

The image irradiance is proportional to IE'(x',y';z't . 

vector Hi~h NA Ima~in~ in Free Space 

The transition to a vector field is first accomplished by establishing the initial state 

of the polarization that illuminates the object. A polarization state matrix Mi is defmed 

such that multiplication with 0 (a', W; z') gives the initial matrix amplitudes, i.e., 
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U(a',pt;z') = U(a',pt;z')Mj 

= 1{ 0(:, ~) Mj } 'i'(a', pt; zo) [3-26] 

= I{O(:, ~)} 'i'(a',pt;zo) 

where 

.p( a'.W; z') = T'( a'.W)e -i'..," e-"""(.'~')~ . [3-27] 

'i' ( a' , pt; z') represents the scalar wave amplitude terms of the lens. 0 (xlm , ylm) is a 

2xl matrix that gives the object illuminated by polarized light Therefore, U(a',pt; z') is 

also a 2xl matrix with elements given by V/, and M j is a 2xl matrix with elements given 

by S, that may be complex, i.e., 

[3-28] 

For example, an initial x polarized illumination results in an object amplitude matrix of 

(X' Y') _ [O(X' ,1..)] (X' Y')[l] (X' Y') o -,- - m m = 0 -,- = 0 -,- M j 
mm a mm a mm 

The vector analogy to Equation 3-25 is completed by weighting each plane wave 

amplitude, (j' ( a' , pt), by the polarization amplitudes for each Cartesian component of 

the electric field. Figure 3-7 illustrates a propagation vector, k, with a direction (a',~') 

emerging from the exit pupil. The perpendicular polarization vector rotates within the 

meridional plane defmed by the plane of incidence with the film stack, and the component 

amplitudes are projected onto the local S or P coordinate system. The component 
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amplitudes have been defmed by Mansuripur (1986) in terms of the propagation vector 

direction and initial x or y polarizations from the object. It is given here as a 5x2 matrix 

Mp(a',W) with matrix elements Plmn where I gives the initial object polarization, m refers 

to the global x, y, z coordinates, and n is the local S or P coordinates. Hence, 

P;us PyzS 
P:aP PyxP 

Mp(a',W)= Pxys Pyys = 
Pxyp Pyyp 

Przp Py:p 

da'dp' 

Exit Pupil 

W
2 

1- y,2 
y'a,2 
1- y,2 
-a'W 
1- y,2 
a'Wy' 
1- y,2 

-a' 

y' 

-a'W 
1-y,2 
a'Wy' 
l_y,2 

a,2 

l_y,2 
y13,2 
l_y,2 

-W 

Polarization 
Vector 

Figure 3·7. Rotation of the polarization vector emerging from exit pupil. 

[3-29] 
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By simple orthogonal decomposition, any polarization state can be defmed by 

Equation 3-29. It can be readily shown that, in the absence of a thin-fIlm assembly, the 

polarization amplitudes reduce to the sum of the S and P constituents. The free space 

polarization amplitudes are given as 

a,2 
1--- -a'W 

[PD Pp] 1+1' 1+1' 
-a'W W2 

MPJ(a',W) = Pxy P = 1--- [3-30] yy 1+1' 1+1' 
Pxz Pyz 

-a' -W 

It is easily verified in Equation 3-30 that the row-wise sum of the magnitude squared is 1. 

Figure 3-8 shows a vector plot for an initial polarization along y using Equation 3-30. The 

magnitude and direction of the x and y components are projected onto the direction cosine 

plane. The reduction in length of the vectors at the pupil edge along the direction of 

polarization is an indication of power transfer to the z component. 

The fmal vector electric field in free space is then given as 

E'(x',y';z') = Col-'{Mpt(a',W)U(a',W;z')} 

= col-' {MPJ (a', W) O(ma', mW) '¥ (a', W; z') } 
, [3-31] 

where Co = ei~ 1m. E'(x',y';z') is the vector electric field distribution of the image with a 

dimension of 3xl that corresponds to the Cartesian coordinates with matrix elements 

given by Em' The image irradiance is given by 

I ex: IE'(x',y';z')1
2 

[3-32] 
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Figure 3·8. Projection of polarization vector onto direction cosine space. 

vector Hi~h NA Ima~in~ in Thin Films 
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The derivation of the electric field image amplitude within the fIrst layer of a 

thin-film stack is based on the thin-film matrix techniques presented by Macleod (1989). 

Figure 3-9 shows the geometry used for the calculation. The object space refractive index 

has N=l, and the incident medium has N'=n'. Interface I is placed at z'=zo' lbis 

creates a constant offset term that determines the initial phase for each plane wave incident 

on interface I. This is comparable to moving the top film surface in and out of focus; 

hence, Zo is termed the focus offset. The matrix of the incident complex amplitude of each 

plane wave component with projections on the S and P plane is 
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--__ --~ ... ;...-.-_r_--- Z' - Zo 

d1 N1 
ArlI 

II z' - Zo + d, 
................................................... ~J. ........ . . ................................................................. 

Nq 

Figure 3·9. Thin film stack with incident plane waves and electric field amplitudes 

Ail (a',W;zo) = Mp(a',W) U(a',~';zo) 

= Mp(a',W) O(ma',mW) 'I'(a',W;zo) 
[3-33] 

where Mp is given by equation 3-29, and the axial location of interface I establishes the 

scalar lens function in Equation 3-27 as 'I' (a', W; zo)' Ail is a 5xl matrix with elements 

given by [Au ]mn • 

The vector field for any point within the first film is found by summing the 

downward and upward plane waves for each S and P contribution, n, of the Cartesian 

component, m. The derivation presented here departs from the typical thin-film method by 

deriving this in terms of the field at interface II, the bottom of the film, and then relating 
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the result to the incident field at interface I through the matrix formalism. If the first film 

has a nonnalized thickness of d l , the incident and reflected fields at interface II are: 

Downward Field: ii+ (cx
I
' PI) = Amei2I(NI'YI(dl-Z'+Zo)e-i2JTNI(alz'+Pd) [3-34] 

Upward Field: ii- (cx
It 

PI) = AdI e-i2n:NI'YI(~-z'+zo) e -i2 JTNd a
l
z'+Pd) [3-35] 

where it is understood that the complex amplitudes Am and A.n represent a mn matrix 

element. The numerical subscripts denote the underlying media of interest in image space, 

and the quantity z' - Zo ranges from 0 at interface I to dl at interface II. 

The following relationships are used from Snell's law in direction cosine notation: 

N'cx' = NjCX j 

N'P' = NjP j 

Since for any fllmj, the z-direction cosine is referenced to the incident medium with 

the substitution 

<l>(z') = 2rcN{'fI(d,. - z' + zo) 

= 2rc (dl - Z' + zo) ~ N[ - (N' sin (cos-I 'V') Y 
yields the total field in the first fllrn as 

Al = e-i2JTN'(a'z'+p'y') (Ame- itZt + AdI eitZt ) , 

[3-36] 

[3-37] 

[3-38] 

where it is understood that <l> is a function of z'. The following derivation shows that Am 

and Am in Equation 3-38 are related to the incident field through the transverse (x-y) and 

axial (z) transmission and reflection coefficients for the full fihn stack, and through 

coefficients for a subassembly that excludes the film. 
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Since the fundamentals of thin-fIlm matrix techniques are well known (see 

Macleod 1989, Berning 1963 , and Knitt11976) only the novel mathematics pertaining to 

this discussion will be presented. It is assumed that the film in question is the flrst film on 

an arbitrary film stack composed of homogeneous, linear films. A matrix can be defmed 

for each fIlm by 

[3-39] 

where llj is defmed as the tilted optical admittance (or effective index) for S and P 

polarization in free space units, and B j is the phase for a normalized film thickness d1 • 

Hence, 

and 

llj = N/Yj for S-Polarization 

11j = N j /"f j for P- Polarization 

Bj = 21tNj"fjdj 

The characteristic matrix for a fIlm assembly with q layers is defmed by 

[B] (ft )[ 1 ] C = j=! M j llm ' 

[3-40] 

[3-41] 

[3-42] 

where 11m is the substrate admittance. A subassembly characteristic matrix is defmed 

without the first film as 

[B] ( j=q )[ 1 ] 3 = nMj . 
C3 j=2 11m 

[3-43] 

Transverse and axial reflection and transmission coeffIcients are defmed for the full 

fIlm assembly with reference to Figure 3-9 by 



Transverse Components: t= Awx = Awy 

Au. Auy 

Axial Components: t =~ 
zAu: 

Coefficients are also defined with respect to interface II as 

Transverse Components: 

Axial Components: t =~ 
II: Am: 

Ariz ArIy r=-=-
Au. Auy 

A 
r. =---!!L zAu: 

r. = ArU.r = A.ny 

n Am: Amy 

A 
r. =-1!k. 
II: Am: 
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[3-44] 

[3-45] 

[3-46] 

[3-47] 

The original assumption of film homogeneity and linearity has been invoked to allow the 

equality of x and y coefficients. Since the transverse components of E and H are required 

to be continuous across all interfaces, Equations 3-44 and 3-46 can be expanded in B and 

C terms for the total assembly, and in Bsand Cs terms for interface II 

t= 
21'1' r 

BTl' -C 
BTl' +C BTl' +C 

[3-48] 

tn 
2Tl1 

rn 
Bs1l1 -Cs 

Bs1l1 +Cs Bs1l1 +Cs 
[3-49] 

where 11' is the incident admittance. The axial (z) coefficients are not continuous across 

the boundaries. They are derived here by requiring that propagating plane waves in the 

first film be solutions to Maxwell's equations in a source free media. In particular, the 

divergence of the field must be zero in the incident medium and the film; hence, for a 

general plane wave 

V·E=k·E=O [3-50] 

Equations 3-44 and 3-45 for the incident medium give 
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k . Aile -i2JtN'(a'x'+Wy') = N'( a'Au., + WAuy + 'Yf\u) 

= N'( a'~x + W~y) + N'y'Amu [3-51] 
= 0 

t t z 

which gives 

[3-52] 

With Snell's law and Equations 3-46, 3-47 and 3-52, the divergence of the downward field 

is 

k . A + = NI (alAuu + ~IAmy + 'YIAm:) 

= N'( a'~x + W~y) NI'YI~z 
tu tlli 

[3-53] 

= -TN''Y~z Nt'Yt~z = 0 
t z tu tlli 

and therefore, 

t z t N''Y' -=---
tlli tu NI 'Y I 

[3-54] 

Similarly, for the upward field, 

k . A - = NI (alAnrx + ~I~Y - 'YtAnrx) 

= ruN'( a'Auu + WAmy) - rIIzNI'YIAm: = 0 . [3-55] 

From Equation 3-53, 

[3-56] 

which by substitution into Equation 3-55 gives 



The transverse components ofthe electric field given by Equation 3-38, are 

and the axial component is 

= e-i2ItN'(a'x.+~'y')(Am, e-i41 + roAm, ei4l) 
'to 'to 

= e-i2ItN'(a'x'+Wy') Au ~(e-i41 + r
o
ei4l ) 

'to 

AI: = e-i2ItN'(a'x'+~'y') (Auue-i41 + A.nzei41 ) 

= e-i2ItN'(a'x'+~'y')( Am,: e-i41 + rnzAnnz ei4l) 
'tnz 'tnz 

= e-i2ItN'(a'x'+Wl) Auz ~ (e-i41 + rnze i41 ) 
'tnz 

N' , 
-i2ItN'(a'x'+"'u') .Ii 'Y 't ( -i41 i4l) = e 1', "iIz---- e -roe 

NI'YI 'to 
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[3-57] 

[3-58] 

[3-59] 

These equations are now expressed in matrix notation to represent a general plane wave 

amplitude within the fIlm as 

Al (a',W; z') = MF(a',W;z')AjJ(a',W; zo) , [3-60] 

where MF(a',W;z') is called film function matrix. It has dimensions 3x5 with elements 

given by Fmn such that 

F.r/' 
o 
o 

o 0 
[3-61] 
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and 

[3-62] 

[3-63] 

FzP = N'y' [2..] (e-icZl 
- [rn]p eicZl 

) 

NIYI tn p 

[3-64] 

The amplitude function Al (a',W;z') has dimensions 3xl pertaining to the Cartesian 

coordinates. The total vector electric image field within the film is calculated by summing 

all plane waves. Therefore, 

EI (x',y';z') =cor' {AI (a',W;z')} 

= co3-' {M F (a',W;z')Au (a',W;zo)} 

= co3-' {M F (a',W;z')M p (a',W) U(a',W; zo) } 

=co3-'{M F (a',W;z') Mp(a',W) D(a',W) q,(a',W;zo) } 

. [3-65] 

Equation 2-65 suggests that image fonnation within a thin film can be regarded as the 

output of a linear system (Gaskill 1979). It states that the polarization, film, and scalar 

lens tenns behave as transfer functions. The film stack, in this context, must then be 

treated as an integral part of the image fonnation system. If the object is a delta function, 

A I (a', W; z') becomes the vector version of the system transfer function, and the vector 

point spread function (PSF) is given by its Fourier transform. 

Alternatively, EI (x',y';z') can be written in tenns of a convolution of the 

transformed elements, 
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EJ (x',y'; z') = CO MF (x' ,y'; Z') ® Mp (x' ,y') ® 0(: ' ~)® 'I'(x',y';zo) [3-66] 

This fonnalism further implies that the image shape is a function of the film, as well as the 

polarization and scalar tenns. 

Finally, the image distribution within the first film is given by 

Q(x',y';z') = kOVnJlCJ 1 EJ(x',y';z') 12 

Summary 

[3-67] 

This chapter presented a vector description of high NA imaging in homogeneous 

thin films. The resultant derivation gives a fonn for the image distribution within the 

volume of the first film of a thin-film stack. It is based on the Debye plane wave 

decomposition of the radiation that propagates from the pupil. Each plane wave is 

weighted by polarization, aberration and input amplitude and phase tenns. This is 

combined with a thin-film matrix technique to derive the electric fields within the film. 

This results in a z dependent film function with the coordinates of the pupil. The function 

behaves as a transfer function for each vector component, leading to the conclusion that 

fllm is an integral part of the imaging. 

The use of a shift-invariant optical system with isoplanatic object and image 

regimes gives a broader viewpoint in the imaging theory. Many of the conditions used in 

deriving imaging solutions, e.g. the farfleld condition, do not have to be made since they 

are already implicitly assumed. Furthennore, the presented derivation does not depend on 

analytic forms for its solution. Instead, it treats the general problem where the pupils are 

represented in direction cosine space. This leads to a physical representation of imaging 

with Fourier integrals that is sufficiently general to handle any pupil geometry. 
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CHAPTER IV 

ANALYSIS OF HIGH NA IMAGING IN THIN FILMS 

This chapter analyzes the theoretical model described in Chapter III by presenting 

three vector high NA examples. Since the image is defmed as a summation of plane 

waves, the fIrst two examples examine vector effects by reducing the problem -t.o 

two-beam and three-beam vector interference. This results in concise analytic solutions 

of the energy distribution within a film. Simulations are also shown using the full 3D 

capability of the imaging theory. 

The fIrst example describes the coherent image of a 50% duty cycle grating with 

an alternating 1800 phase shift This object is called a phase-shifted mask in 

photolithography (Levenson 1982). Figure 4-1 shows a cross-section of the object field 

amplitude. The distribution in the entrance pupil, which is proportional to the Fourier 

transform of the object, is a set of equally spaced orders. IT the illuminated size of the 

object is large such that the width of the diffraction orders resemble delta functions, and if 

the entrance pupil diameter is set by the periodicity of the object, i.e. 'A./2NA, only the ± 

1 orders are captured. The Oth order is eliminated due to the phase shift Determination 

of the resulting image distribution is a two-beam vector interference problem. Its solution 

is obtained by the reduction of the imaging equation (see Equations 3-65 and 3-67) in 

terms of Cartesian components. Results are presented for various film parameters with 

this optical confIguration. 

The second example uses a purely amplitude modulated 50% duty cycle grating as 

the object. The entrance pupil distribution is identical to the phase-shifted example, but 

with an added Oth order at ~ = O. Thus, the problem simulates image formation with 

vector three-beam interference. 
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Figure 4·1. Alternating phase mask object and resultant entrance pupil distribution 

The last example uses the full 3D formulation of Chapter III by imaging a tri-bar 

target with a 0.95 NA lens. The imaging is discussed with respect to a point spread 

function (PSF) in the film. The image of the tri-bar within volume of a film is shown 

through various levels of focus. 

Two-Beam vector Interference in Thin Films 

The two-beam interference case in free space is common in the optics literature; 

however, the general vector treatment in thin-fIlms has been limited to relatively few 
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papers. Johnson (1977) attempts to derive the irradiance within a photoresist over a GaAs 

substrate for S and P polarizations, but he failed to use the correct reflection coefficients 

and properly take into account the photoresist absorption. Kapon (1982) and Cojocaru 

(1986) recognized the faults in Johnson's work and rederived the S polarization solution. 

The results tend to be complicated, obscuring the underlying physics. Both Johnson and 

Kapon tried to show experimental verification to the predicted irradiance profIles in 

photoresist; however, their experimental procedure did not have the resolution to 

sufficiently record the details of the image structure. 

Figure 4-2. Optical setup with Kohler illumination for two-beam interference. 

The analysis here begins by illustrating the optical setup in Figure 4-2. The phase 

mask object is illuminated with Kohler illumination; hence, the ±1 orders are focused into 

entrance pupil. The object side NA is small so 'Y::::: 1, and the wavefront aberrations are 

assumed symmetric about the z axis. If the object grating lines are parallel to the x axis, 

the x-polarized illumination is S polarized at the film assembly. With y-polarized 
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illumination, the field is P polarized at the film assembly. The symmetric orders emerge 

from the exit pupil with a direction given by p = ±Po. This gives 

1 = 10 = ~1 - P~ 

where the unprimed direction cosines now refer to exit pupil space. 

Figure 4-3 shows the propagation vectors from the exit pupil incident on interface 

I of the film stack. Following the derivation presented in Chapter III, the components of 

the total electric field in the first fIlm for S polarization are 

where 

and 

Ey(Y; z) = Ez(Y;z) = 0 

Ez(Y;z) = c1 cos(21tYPo) [F(Po;z)L 

[4-1] 

[4-2] 

[4-3] 

ei'tl [e-i2rryOZOe-i2n;W(~O)] [e-i2rryOZOe-i2n;W(~O)] 
c1 = 2ao - ~ = 2aoco r;:;- [4-4] 

m ,,10 ,,10 

C1 represents the constant amplitude and phase of the incident plane waves. ao is an 

amplitude term generated from the object transform and is a function of the initial electric 

field amplitude illuminating the object. The factor of 2 is generated from summing two 

plane waves into a cosine term. Since 10 is symmetric, the film function for both plane 

waves is identical. The dependence on x is removed with this geometry, since the field is 

constant along x. The polarization matrix term has a value of unity for this object 

orientation. 
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Figure 4-3. Propagation vectors incident on film assembly for two-beam interference. 

Calculation of the image distribution gives 

Qs(Y; z) = koY nlK1IEs(Y; z)1
2 

= koYnlKllcI121[F(~0;z)xs]12 cos2(27tY~0) 
[4-5] 

In the absence of a film, F=l. This equation is proportional to the standard two-beam 

interference equation, i.e., 

The component fields for P polarized illumination are calculated using the only two 

polarization matrix elements that are non-zero, that is, 

[P(~o)]>yp =[P(-~o)]>yp ="(0 

[P(~o)]yzp = -~o and [P(-~o)]yzp = ~o 
[4-6] 



Hence, 

E .. (y;z) = 0 

Ey (y; z) = C1 'Y 0 [ F (~o ; z) ] yp cos (21ty~0 ) , 

Ez(Y; z) = cli~o[F(~o; Z)]zP sin(21ty~0) , 

and the image distribution is 

In vacuum, 

which can be rearranged to give 
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[4-7] 

[4-8] 

[4-9] 

IEpl2 =lc11
2 {1+cos(280)cos(41ty~0)} , [4-12] 

where 280 is the angle between the interfering beams. Equation 4-11 shows that z 

component image produces fringes that beat 1800 out of phase with the y component 

fringes, and that the magnitude of the z image scales quadratically with obliquity. 

Equation 12 is the classical two-beam interference solution where the image irradiance 

depends on the dot product of the interfering E vectors. It is noted that in both Sand P 

cases the phase terms, due to focus offset and aberration, cancel and do not contribute to 

the image. 

The complex valued film functions in Equations 4-5 and 4-10 can be written in 

general terms. If primed and double primed notation refer to real and imaginary parts 

respectively, <I> and rll are given as 

<I> = <1>' + i<l>" and rll = r.' + i r." Il Il 



where <l> = 2 TeNl 'Y 1 (dl - Z + zo)' Then, the film function in Q is 

2 

I[F(~o;z)]mnI2 = ~ I(e-i~ +rnei~W 
n 

2 

=.2... (e2~" +lrnl2 e-2~" +2Re{(r~ -ir~')ei2~'}) 
'Cn 

2 

=.2... (e2~" +l rnl
2 e-2~" +2{r~ cos(2<l>')+r~'sin(2<l>')}) 

'Cn 
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[4-13] 

The magnitude term, 1 'C/'tn 1
2

, represents the overall transmitted power in the film. The 

fIrst tenn in parenthesis gives the absorption through the film of the downward traveling 

fIeld, while the second tenn gives this for the upward fIeld. The third tenn shows the 

complex fonn of standing waves in the film. For a film stack with rn = 0, there is no 

upward field and no standing waves. Only the downward field is present. If rn = -1, there 

is 100% reflection from the bottom interface. For a single film on a substrate, this would 

imply N m > N\ such that there is a 1800 phase shift at interface II. The standing wave 

minima ::Ire also called nodes. Their locations are given by 

u = 0,1,2, ... 

and standing wave maxima, also called anti-nodes, are given by 

U 
(dl -z+zo)= , 

2Nl'Yl 

From Equation 3-57, rnz = -rn, so the nodes of the transverse components correspond to 

the antinodes of the axial component of E, i.e., Ez • In particular, interface II is a node of 

the transverse components and an anti-node of the axial component. If the film is now 

over a dielectric substrate such that N m < N 1 and rn = 1, there is a 00 phase shift at 
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interface II; thus, reversing the roles of the nodes and anti-nodes. Interface II is now an 

anti-node for the transverse components, and a node for the axial component. With non

perfect reflectors and absorbing films, the phase shift at interface II can differ from 0° or 

180°, causing the nodes and anti-nodes to shift from the interface. 

The analytic and concise forms for Q, given by Equations 4-5 and 4-10, allow for 

rapid computer calculations. Q is analyzed through a variety of conditions with 

A = 0.442Ilm. The film parameters are varied to understand differences in the behavior 

of images under S and P polarized illumination. 

Case Study I 

The geometry of the fIrst study is chosen to minimize standing waves in the thin 

fIlm in order to isolate high NA phenomena associated with large obliquity of the orders. 

This obliquity causes a rotation of the polarization vector and subsequent energy transfer 

to the z component. By matching the fIlm index with the substrate index, rn = 0, so the 

standing waves are eliminated by removing the upward traveling field. The film stack and 

the optical system parameters are listed in Table 4-1. The direction cosine Po is the image 

side NA'. ao is chosen to simplify the leading constant terms in Equations 4-; and 4-10, 

such that 

where 



Tabie 4·1. Parameters for Case Study I, two-beam diffraction. 

Film Assembly 

N'=l 

Nl = 1.656-iO.004 and d1 = 1J.Lm 

N m = 1.656-iO.004 

~ 

NA' = 0.85 and A = 0.442J.1m 

NA « 1 

The film represents a low absorbing positive photoresist with an absorption given by 

4mc 
P = T = 0. 114Ilm-

1 
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Figure 4-4a shows the iso-image contours, also called iso-Q contours, of the 

image distribution Q with initial polarizations along S and P. Both sets of contours are 

normalized to the maximum of Qs such that the 0.1,0.3,0.5,0.7, and 0.9 fractional levels 

are given (all subsequent iso-Q contours for the two and three beam configurations will 

use these normalizations and contour levels, unless otherwise stated). Since the plane 

wave orders have a phase difference that is independent of z, the image does not show 

substantial change through the photoresist depth. The small variation is due to the 

absorption term. Figure 4-4b shows the transverse profIles at z = 0 and at the midway 

point z=0.5Ilm. For each polarization, the image change with depth is small; however, 

there is a large difference between the two polarizations. The P polarization profIle has 

maxima that are broader than S. For example, at interface I for Q=0.5mW /crn. 3 the 

central P maxima extends from -0.096Ilm to +0.096Ilm. while the central S maxima 

extends from -O.071llm to +0.071Ilm. Hence, the P image is -35% broader than S. 
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Figure 4·4. Simulation of Q for Case Study I, two-beam interference, parameters in 
Table 4-1: a) iso-Q contours normalized to S Polarized image: 0.1, 0.3,0.5,0.7, and 0.9 
levels; b) transverse (y) profIles; c) axial (z) profiles 
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P also has a background level approximately 30% of the its peak value. The axial profiles 

shown in Figure 4-4c are taken at an interference maxima and minima, y = 0 and 

y = 0.13J.l.m respectively. These also show that the P image contains a background 

level through the depth of its interference minima. This has the effect of reducing image 

contrast. The interference minima for S is 0 throughout the depth, giving a large dynamic 

range in Qs as compared to Qp. 

The P polarization behavior is explained by decomposing Qp at interface I into its 

y and z components as illustrated in Figure 4-5. The y component behaves similar to Qs ; 

both are based on cosine functions of y position. The z component is a sine function of y 

position that beats out of phase with the y term. Since Qp is the sum of the component 

images, this causes reduced modulation and creates a background energy level. This 

vector phenomena exits for all angles of obliquity but is evident to a greater degree with 

this large obliquity. The magnitude of the effect changes with NA and film index. Figure 

4-6 shows this effect as a three dimensional plot, where the ratio of the maximum value of 

the z component to the maximum y component is plotted against NA and real film index 

for two-beam interference. Since the angles are diminished upon refraction, the highest 

values are obtained by raising the NA and lowering the index. This implies that the 

calculation of images in air present a worse case scenario for high NA effects. 

Figure 4-7 examines the effect of absorption on the image distribution. Figure 4-

7a shows the 50% image contours for three levels of K: 0.004, 0.017, and 0.05. This 

corresponds to an absorption of 0.113~m-l, 0.483~m-1, and 1.421~m-l. Figure 4-7b 

gives the transverse profIle along z = O. Figure 4-7c plots the axial image profIle at the 

interference maxima along y= O. The image follows an exponential decay along z. Again, 

the P images are wider than S images, only the relative amplitudes of Q have changed. 
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Figure 4·7. Simulation of Q for Case Study I, two-beam interference, parameters in 
Table 4-1 with 0.004, 0.017, and 0.05 levels of KI : a) iso-Q contours nonnalized to S 
Polarized image, 0.5 level; b) transverse (y) profiles; c) axial (z) profiles. 
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Case Study n 
The objective of this study is to analyze the effects of substrate reflection. The 

film parameters in Table I are now modified such that interface II has a non-zero reflection 

coefficient Table 4-2 gives the revised parameters. The film has low absorption over a 

silicon (Si) substrate. Figure 4-Sa shows the normalized iso-Q contours. The differences 

go beyond a simple reduction in contrast, and reveal unique structural characteristics. The 

S image has elliptical areas of high intensity while the comparable P areas have a rounded 

rectangular shape. Standing waves nodes and anti-nodes are present. This is shown in the 

transverse profile in Figure 4-Sb, where the profIles are taken along the first approximate 

standing wave anti-node at z = 0 and node at z = O. OSllm. With P polarization, the 

antinode profIle is out of phase with the node profIle. This is due to the z component 

having a higher Q than the y component at the standing wave node. The reverse is true at 

the antinode. It is also noticed that there is an approximate node at interface II. This is 

consistent with the film index being greater than the substrate index. Figure 4-Sc 

examines Q along the film depth. The P distribution along y = 0 and y = O. 131lm beat 

out of phase with each other. This is due to the z reflection coefficient, which is verified 

experimentally in the next chapter. The S polarized image shows classic scalar behavior 

with the interference minima having no absorbed energy. 

As a comparison to the 0.S5 NA obliquity, Figure 4-9a,b,c illustrate the reduction 

of these vectoral features with the simulation of an NA'=0.5 optical system. The 

normalized contour levels are 0.1, 0.3, 0.5, 0.7 and 0.9. Vector behavior is evidenced by a 

small background level in the P image and the rectai.1gular features occurring at the lowest 

contour level. Figure 4-9b also shows for P polarization that first profIle along an 

antinode, at z=0.09, and the first profiles along a node, at along z=0.02, are in phase with 
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Figure 4·8. Simulation of Q for Case Study II, two-beam interference using NA'=0.85, 
parameters in Table 4-2: a) iso-Q contours normalized to S Polarized image: 0.1, 0.2, 0.3, 
0.5,0.7, and 0.9 levels; b) transverse (y) profIles; c) axial (z) profiles. 
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Figure 4·9. Simulation of Q for Case Study II, two-beam interference, parameters in 
Table 4-2 but with NA':0.5: a) iso-Q contours nonnalized to S Polarized image: 0.1, 0.3, 
0.5,0.7, and 0.9 levels; b) transverse (y) profIles; c) axial (z) profiles. 



Table 4-2. Parameters for Case Study II, two-beam diffraction. 

Film Assembly 

N'=1 

N, = 1.656-iO.004 and d, = 1J.Lm 

Nm =4.75-iO.15 

NA' = 0.85 and A. = O.442J.1m 
NA «1 
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each other as compared to NA'=O.85. This is a consequence of the reduction in NA' 

which lowers the effect of tie z component contribution in Q. 

The effect of moderate absorption in the photoresist using K, = O. 017 is 

examined in Figure 4-10 for an NA'=O.85 system. There is a change in contour size from 

the top of the film to the bottom of the film. This is the result of an exponential decay due 

to absorption, as shown in Figure 4-10c. The overall energy absorbed in the film is also 

reduced compared to the low absorbing case. 

As previously seen in Figure 1-2, variation in photoresist thickness produces 

sinusoidal modulation of total absorbed power. The total absorbed power is defined as 

A=1-R-T , 

where 

R and T are called the reflectivity and transmittance respectively, the incident tilted 

admittance T\' is real, and the definitions of the reflection and transmission coefficients, r 

and 't, are given in Chapter III. The absorbed power is dependent on NA, as well as 
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Figure 4·10. Simulation of Q for Case Study II, two-beam interference using NA'=0.85, 
parameters in Table 4-2 with 1(1=0.017: a) iso-Q contours normalized to S Polarized 
image: 0.1, 0.2, 0.3, 0.5, 0.7, and 0.9 levels; b) transverse (y) profIles; c) axial (z) profiles. 
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polarization. The simulation parameters in the moderate absorbing photoresist example 

are used to examine the maximum Q value of the S and P polarization as a function of fihn 

thickness. The results are plotted in Figure 4-11. They indicate that the P polarization 

shows small variation with thickness change, while the S curve shows large fluctuations in 

its maximum Q. The ratio 'C/'Cn is the only fIlm term that contains a thickness dependence. 

In particular, 1. is strongly influenced by film thickness and polarization. For the P 

polarization, the large obliquity causes the transmittance through the film to be relatively 

insensitive to thickness variations. 
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Figure 4·11. Maximum Q within the film as a function of photoresist thickness. 
NA'=O.85. 

Case Study III 

A common technique used to control reflectivity in photolithography (e.g. Coyne 

and Brewer 1983) is the optimization with an additional film between the photoresist and 
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the substrate. In this study, the reflection from interface II will be minimized by the use of 

an amorphous carbon film (Caligari et al. 1993). This·film has a refractive index of 

N2 = 2.25 - i O. 33. Figure 4-12 shows the magnitude of rn for both polarizations and the 

average as a function of the carbon film thickness for a 0.85 NA incident plane wave. The 

first minima occurs at 0.06~m. Note that the strong absorption of the carbon damps the 

ringing behavior beyond 0.3~m. The parameter set is given in Table 4-3. 

Table 4·3. Parameters for Case Study III, two-beam interference. 

Film Assembly 
N'=1 

Nl = 1. 656 - i O. 017 andd1 = l~m 

N2 = 2.25 - i 0.33 and d2 = O. 06~m 

Nm =4.75-iO.15 
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Figure 4·12. Magnitude of rn as a function of amorphous carbon film thickness. 
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Figure 4-13a shows the iso-Q contours for this case. The S and P polarized 

images show a much reduced standing wave modulation compared with the previous case 

with low absorption. Figure 4-13b and c show that the results are similar to that obtained 

in Case I with a matched substrate. The persistence of a background level for the P 

polarized image is also observed. 

Three-Beam Vector Interference in Thin Films 

The three-beam model builds on the two-beam model by adding a Oth order term. 

The S polarized image distribution has the form for Q of 

Qs(Y;z) = / co{c1[F(O;z)]"s + cdF(~o;z)ls cos(2lty~o)} /2 , [4-14] 

where 

[ 4-15] 

ao and a1 are the amplitude terms for the Oth and ±lst orders, while the factors c1 and c2 

contain focus and aberration phase terms. Since three beams are used, the aberration 

term and the obliquity term Yo become significant 
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Figure 4·13. Simulation of Q for Case Study ITI, two-beam interference using NA'=D.85, 
parameters in Table 4-3: a) iso-Q contours normalized to S Polarized image: 0.1, 0.3, 0.5, 
0.7, and 0.9 levels; b) transverse (y) profIles; c) axial (z) profiles. 
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A similar treabnent for P polarization results in 

[4-16] 

Case Study IV 

As in Case Study I, the two-beam model, the use of a film over a matched 

substrate provides some insight into high NA imaging. Table 4-4 gives the initial 

parameter set for this study. The choice of ao and a1 are based on the relative magnitudes 

of the Fourier transform of a periodic grating with a 50% duty cycle. 

Table 4·4. Parameters for Case Study IV, three-beam interference. 

Film Assembly 

N'=l 

Nl = 1.656-iO.004 and d1 = 1~ 

N m = 1.656-iO.004 

~ 

NA' = 0.85 and A. = 0.442Ilm 

NA «1 

ao = m c=r= and a1 = ~ao 
V koV~1Cl 1t 

W=O and Zo =0 

Figure 4-14 displays the simulation for this case. The difference between 

polarizations, shown in Figure 4-14b, is the result of adding the Oth order which has no z 

component. Since this plane wave has the greatest weight, the effective z contribution is 

small. Figure 4-14c shows a large variation in the image structure along the z axis. 
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Figure 4-14. Simulation of Q for Case Study IV, three-beam interference using 
NA'=O.85 and zo=O, parameters in Table 4-4: a) iso-Q contours nonnalized to S Polarized 
image: 0.1,0.3,0.5,0.7, and 0.9 levels; b) transverse (y) profIles; c) axial (z) profiles. 
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This is due to the phase variation of the Oth order as compared to the oblique orders. In 

the two-beam cases, the oblique beams are in phase for each z, but with three beams, the 

orders are only in phase at specific points along the z axis. This gives the axial variation 

that is similar to a focus effect. This sensitivity to phase has been used in three-beam 

interferometry to increase measurement accuracy (Tyagi and Singh 1971). The effect of 

three-beam interference is to invert image profIles that replicate themselves along the film 

depth. From Equations 4-14 and 4-16, the periodicity of replication is given by 

Therefore, for Zo = 0 with a non-absorbing photoresist on a matched substrate, the fIrst 

period occurs at a photoresist depth of 1.881lm. The fIrst half period, therefore, occurs at 

O.941lm and is shown in Figure 4-14c as an axial minima. This behavior is comparable to 

spurious resolution seen with gratings (Reynolds et al. 1989). The periodicity also has 

doubled, due to a reduction by a factor of two in the plane wave spacing in direction 

cosine space, i.e., A/NA instead of A/2NA. 

Case Study V 

This study examines the three-beam image with a reflecting substrate. Table 4-5 

gives the parameter set used for the simulation shown in Figure 4-15. The difference 

between images is slightly greater than the previous case. As in Case Study II of two

beam interference, the reflectivity, rn, increases the differences between polarizations. The 

incorporation of standing wave modulation produces a horizontal zone between the top 

and bottom images, highlighting the spurious resolution. 
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Figure 4·15. Simulation of Q for Case Study V, three-beam interference using NA'=0.85 
and zo=O, parameters in Table 4-5: a) iso-Q contours normalized to S Polarized image: 
0.1,0.3,0.5,0.7, and 0.9 levels; b) transverse (y) profIles; c) axial (z) profiles. 



Table 4·5. Parameters for Case Study V, three-beam interference. 

Fum Assembly 

N'=1 

Nl = 1.656-iO.004 and dl = IJlm 

Nm =4.75-iO.15 

Case Study VI 

~ 

NA' = 0.85 and A. = O. 442Jlm 

NA «1 
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This study is based on the Case Study III, where the reflectivity of the substrate is 

minimized by a carbon film. Table 4-6 lists the parameter set. The simulation results are 

shown in Figure 4-16. The standing waves have been reduced, and the P polarized image 

has a wider interference maxima as seen in Figures 4-16a and 4-16b. For example, at 

interface I, for Q=lmW/cm 3
, the central P maxima has a width of 0.228Jlm, while the 

central S maxima has a width of 0.197Jlm. Hence, the P image is -16% broader than S. 

The modulation along the depth appears to be greater for P polarization than S as 

evidenced in Figure 4-16c. As in Case Study III, the reduction in reflectivity results in Q 

distributions that approach matched substrates. The effect of varying the focus offset value 

is shown in the contour plots in Figure 4-17 for a Zo of OJlm, 0.2Jlm, and O.4Jlm. The 

result is similar to moving the entire image distribution along the z axis. It is observed that 

by comparing Figure 4-17 a and 4-17 c, an inversion of the distribution occurs. 
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Figure 4·16. Simulation of Q for Case Study VI, three-beam interference using 
NA'=0.85 and zo=O, parameters in Table 4-6: a) iso-Q contours normalized to S Polarized 
image: 0.1, 0.3,0.5,0.7, and 0.9 levels; b) transverse (y) profIles; c) axial (z) profiles. 
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Figure 4·17. Simulation of Q for Case Study VI, three-beam interference using 
NA'=0.85. Normalized to S Polarized image: 0.1,0.3,0.5,0.7, and 0.9 levels, parameters 
in Table 4-5 but with varying levels of focus offset: a) zo=O, b) zo=0.2J.1m, c) zo=OAJ.1m 



Table 4·6. Parameters for Case Study VI, three-beam interference. 

Film Assembly 

N' = 1 

N, = 1. 656 - i O. 017 and d, = 1 ~m 

N2 = 2.25 - i O. 33 andd2 = O. 06~m 

Nm =4.75-iO.15 

~ 

NA' = 0.85 and Iv = O. 442~m 

NA «1 

3D High NA Modeling Results 
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This section gives examples using computer simulations (see appendix) of the full 

application of the high NA model as it pertains to a 3D image within the volume of a film. 

It is useful to first examine the normalized image of an object (a delta function object) that 

produces a constant electric field distribution across the entrance pupil reference surface. 

The resultant image in the film is called the point spread response function (PSF). The 

polarization effects are then analyzed for an image of a tri-bar using a 0.95 NA system. 

This is shown to be similar to the three-beam interference behavior. This case is modified 

to use an annular pupil which is shown to be similar to two-beam interference. 

Case Study VII 

The initial state of polarization is no longer defmed in a local S or P system for a 

full 3D problem; it must be given in an x and y global system. This study shows that a 

PSF, for a specific z in the film, is given for each Cartesian component and the overall 

system. This is seen in Equations 3-64 and 3-65, where the object, film, lens and 

polarization terms are included in the defmition of A, (a' , W; z), the complex amplitude 
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of each plane wave in the film. If the object produces a uniform field on the entrance 

pupil, Al (ex' , w; z) is called the system transfer function. 

Figure 4-18 shows the magnitude of the normalized Al (ex',W;z=O) for 

components based on film interface I, where the maximum value of the x component is 

used for normalization. The parameter set is given in Table 4-7. Since the initial 

polarization is x-polarized, the x component transfers the bulk of the power. The obliquity 

terms tend to counter the polarization term, producing a "top hat" shape. The y and z 

transfer functions are mostly dominated by the polarization terms. The quadrapole 

symmetry for y does not give a significant magnitude as compared to z, where the greatest 

effect is at the edge of the pupil and along the direction of polarization. The effect of the 

film term is to lower the magnitudes of the y and z components relative to x. A similar 

situation was seen in Figure 4-6 for two-beam interference, where raising the refractive 

index reduced the z component In terms of the PSF, this reduces the image asymmetry. 

Figure 4-19 illustrates the effect of the film stack by comparing aerial PSF images 

(no film stack) to the PSF at interface I, where the images are given by a normalized IEI2 
such that the maximum value is unity. Clearly, the interaction with the film reduces the 

asymmetry in the PSF. This is caused by the reduction in the cone angle of the transmitted 

beam via Snell's law as well as the angular dependence of reflectivity. The image width 

decreases along the direction parallel to the polarization and slightly increases along the 

perpendicular direction. 

The image at interface I is further illustrated in Figure 4-20, where the PSF is 

shown for each component and the total image, which is the component sum. The x 

component contains the most power and is similar to a scalar response. The z component 

contains substantial power that is distributed along the x axis. It is the primary contributor 
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Figure 4·18. Magnitudes of normalized system transfer function Al Ca',W; z=O) for the 
x, y, and z components given in exit pupil coordinates for NA'=0.95. Nonnalized to 
maximum x component value. 

Table 4·7. Parameters for Case Study VII, PSF simulation. 

Film Assembly 

N'=l 

NI = 1.656-iO.004 and d l = IJ.Ut1 

N m = 1.656-iO.004 

~ 

NA' = 0.95 and A. = 0.442J..lm 

NA « 1 
x-Polarized 

O(x,y) = B(x,y) 

W =0 and zo =0 
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Figure 4·19. PSF for NA'=O.95 given by values of nonnalized IEI2 using parameters in 
Table 4-7: a) iso-image contours, b) profiles along x and y. 

to image asymmetry. The y component has an interesting quadrupole symmetry, but 

contains little power and has an insignificant effect on the overall image. PSF film images 

are further analyzed by considering image contours in the film shown in Figure 4-21a for 

meridional slices along the x and y axis. A slight image asymmetry exists along the film 

depth. Figure 4-21b shows that x slice is slightly wider with less interference effects, such 

as ringing, than the y. The differences are more apparent Illm from the focal plane. 
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Figure 4·20. Q distributions of PSF at interface I using NA'=0.9S. Based on parameters 
in Table 4-7: total Q distribution on top surface with x, y, z components. 

Case Study VIII 

This study simulates the image of an object with finite dimensions using a system 

magnification of O.OS. This magnification gives the object-side NA as 0.048 such that "I"" 

1. The parameters are given in Table 4-8. A clear tri-bar object is used with scaled image 

dimensions of O.2SJ.lm lines and 0.2SJ.lm spaces parallel to the x axis, as shown in Figure 

4-22a. The tri-bar object has clear bars with unit amplitude on an opaque background 

field. The normalized entrance pupil distribution is presented in Figure 4-22b. Since there 

is substantial magnitude at the edge of the pupil, the object dimensions are approximately 

at the limit of resolution. Although the three major lobes are similar to the distribution 

from a periodic grating, the finite size of the object results in field energy between the 

major lobes. 
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Figure 4·22. a) Tri-bar object with scaled image dimensions, b) entrance pupil electric 
field distribution normalized to unit magnitude. 



Table 4·8. Parameters for Case Study VIII, tri-bar simulation. 

Film Assembly 

N'=l 

NI = 1.656-iO.017 and d1 = lJlIl1 

Nm = 4.75 -iD.15 

NA' = 0.95 and A = O. 442J.lm 

NA = 0.048 
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O(x,y)=tri-bar, 3 bars of unit amplitude 

on an opaque field 

W=D , Zo =0 , m=0.05 
1!::::::============...6:==,==,","."",,=.'=: .. ======~ 

The magnitudes of the Al (a',W; z=O) components for an initial x polarization are 

shown in Figure 4-23, where the functions are normalized to the maximum magnitude of 

the x component. These functions now include the amplitude contributions of the object. 

Most of the energy is transferred to the x component. The lobe structure requires that the 

other components have limited field energy that are concentrated at the extremes of the 

pupil. The z component has a maximum of -30% compared to the x component, while the 

y component has a maximum of -2%. The result of this is seen in the Q distributions at 

interface I, as shown in Figure 4-24. Most of the absorbed energy is in the x component. 

The maximum value of the z component is approximately 3.7% of the total image 

magnitude. The contribution of the y component is negligible, at approximately 0.01 %. 

The asymmetry due to polarization is shown in Figure 4-25a as iso-Q contours. 

The x-z meridional plane is given for the x and y polarizations with Zo = O. The 

comparison of the two polarizations is shown for two film depths in Figure 4-25b. The 

x-polarized slice has slightly more power at the top surface for x = ±o.25JlIl1 and is 

broader than the y-polarized slice. The effect is even more clear at the bottom surface. 

Since the polarization is perpendicular to the lines and spaces, this behavior is similar to P 
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Figure 4·23. Magnitude of Al (a',W;z=O) components, with the object, scalar lens 
terms, polarization and fIlm terms at interface I for tri-bar object and NA'=O.95. 
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Figure 4·24. Simulation of Q distribution of tri-bar object at interface I using NA'=O.95. 
Based on parameters in Table 4-8: Q distribution at top surface with x, y, z components. 
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Figure 4·25. Q simulation of tri-bar image using NA'=0.95 and Zo = 0: a) X-Z 

meridional plane, b) profiles comparing x and y polarizations at interface I and interface II. 

polarized illumination. The opposite is true for the y-polarized image which is similar to 

S. The phenomena of spurious resolution is seen by the 3 maxima at interface I becoming 

4 maxima at interface II. Although the differences between polarizations appear small at 

the top surface, they are much larger at the bottom. This incrt!ase of the polarization 

differences is again seen in Figure 4-26 with Zo = 0.45J.Lm. The focus offset is chosen to 

reproduce the tri-bar image at interface II. The respective profile difference at the bottom 

of the fllm is much larger than the previous case. 
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(b) -- IC PROFILE 
z-1.45 ......... y PROFlLE 

Figure 4·26. Q simulation of tri-bar image using NA'=0.95 and Zo = 0.45Ilm: a) x-z 
meridional plane, b) profiles comparing x and y polarizations at interface I and interface II. 

Case Study IX 

This study uses the parameters of Case Study VIII but adds a spatial fIlter in the 

entrance pupil that blocks the central lobe that creates an annular pupil. The annulus 

blocks up to an image side NA of 0.6. The exit pupil is defined within a region given by 

0.6 NAs~a'2+W2 SO.95 NA. 

The resultant Al (a' ,W; z=O) component distributions for an initial x polarized illumination 

are shown in Figure 4-27. The functions are normalized to the maximum height of the x 

component. Since the Oth lobe is blocked, the relative weight of the z and y components 

has increased. The z maximum is now -50% that of the x, and the y component is -3%. 
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Figure 4·27. Magnitude of Al (a',W;z=O) components for annular pupil, with the 
object, scalar lens terms, polarization and film terms at interface I for tri-bar object and 
NA'=O.95. 

The effect of the annular pupil is to substantially change the Q distributions, as 

shown at interface I in Figure 4-28 for Zo = O. The familiar tri-bar structure is no longer 

identifiable. The periodicity of the maxima have doubled, and at least 7 bars are visible. 

The overall power in the full image is reduced due to blocking the central part of the pupil. 

The x component still remains dominant. The relative strength of the z component is -5% 

of x, and the y component is -0.03% of x. This is a substantial increase over the Case 

Study VIII and implies that the polarization differences will increase. This is verified in 

Figure 4-29a, where the iso-Q contours are plotted. Figure 4-29b shows the proflle plots 

in comparing x and y polarization at interface I and interface II. It is evipent that the 

spurious resolution phenomena is absent from the distributions. The major interference 

maxima are at -O.25J.1.m periodicity instead of the original object periodicity of O.5J.1.m 
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Figure 4·28. Simulation of Q distribution of tri-bar object at interface I using NA'=0.95 
with annular pupil. Based on parameters in Table 4-9: total Q distribution at top film 
surface with x, y, z components. 

The x-polarized image also shows modulation along y ::::: ±O. 125 J.lm and an overall 

reduced contrast as compared to y polarization. This behavior is very similar to two-beam 

interference. This similarity is also seen in Figure 4-30 with Zo = O. 45 J.lm. The change 

in Q is small along the film depth, indicating that the use of an annular pupil results in a 

decrease in sensitivity to the focus offset term; therefore, the depth of focus of the system 

has increased. This type of behavior was shown by Welford (1960) who predicted that 

annular apertures can be used to increase focal depth. 
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Figure 4-29. Q simulation of tri-bar image using NA'=0.95 and Zo = 0 with annular 
pupil: a) x-z meridional plane, b) profiles comparing x and y polarizations at interface I 
and interface II. 

Summruy 

This chapter presented some results that are obtainable from the high NA imaging 

equation presented in Chapter III. Two-beam interference is given as an approximation to 

phase-mask imaging with periodic phase and amplitude modulated gratings, while 

three-beam interference approximates standard imaging with periodic amplitude 

modulated gratings. These cases present optical configurations for which polarization 

effects are analyzed. The two-beam examples show substantial differences between 

polarized images fi> compared to the three-beam model. This is due to the large vector 

effects in thin films associated with oblique plane waves. 
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Figure 4·30. Q simulation of tri-bar image using NA'=0.95 and Zo = O. 45 J.lm with 
annular pupil: a) x-z meridional plane, b) profIles comparing x and y polarizations at 
interface I and interface II. 

The overall imaging model was frrst analyzed by presenting a vector film PSF. The 

contribution of the plane wave amplitudes is shown through the presentation of system 

transfer functions for each Cartesian component. The film can significantly reduce vector 

effects and asymmetries in the image due to the cone angle reduction in the film. 

The image of a tri-bar target object with an extreme NA' of 0.95 was simulated. 

The differences between two orthogonal polarizations where shown to be small. This is 

attributed to significant amplitude contributions due to the central region of the pupil. The 

behavior is shown to be similar to three-beam interference. Modification of this simulation 

with an annular pupil results in image behavior that is very similar to two-beam 
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interference with increased differences between two polarizations. The image also has a 

reduced sensitivity to focus offset 

The ability of two-beam and three-beam interference to approximate the imaging 

behavior of the tri-bar object example provides a basis for the use of simple vector 

interference models to explore high NA imaging phenomena. This provides the 

justification for using two-beam and three-beam optical configurations for the experiments 

presented in Chapter V. 



CHAPTER V 

EXPERIMENTAL RESULTS 
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The analytical development of Chapter III and the numerical results of Chapter IV 

presume that the Debye approximation is valid. The experimental method in this chapter 

concentrates on verifying the numerical predictions that are based on a plane-wave 

decomposition of the vector image field. Since two-beam and three-beam interference are 

the simplest forms of this decomposition, verification of these cases provides the 

fundamental validation of the high NA theory. 

Experimental verification of high NA imaging theory in thin films is limited by the 

availability of highly corrected lenses with NA~0.6. The field of micro-photolithography 

is developing optical tooling with diffraction limited lenses that are in the range of this 

criteria. The current "state-of-the-art" systems have an NA between 0.5 and 0.7, with the 

latter being a IX system (Owen et al. 1992). Dry microscope objectives are available up 

to 0.95 NA, but often have large aberrations and very small field sizes. 

This chapter describes experiments using films of positive photoresist that are 

used to record the image distribution. The optical setup replicates the output of a 

projector system configured for two-beam and three-beam interference, as presented in 

Chapter IV. Due to the difficulties involved in using a well corrected high NA lens, the 

lens is replaced by 2 mirrors. Plane waves reflected from the mirrors interfere at the image 

plane, where a photoresist film stack is placed. The photosensitive action of the 

photoresist is described by simplified development model to gain insight into its use as a 

detector. A unique experimental process for obtaining the image distribution within the 

photoresist is presented. Various experiments comparing two orthogonal polarizations 

with a two and three beam setup are shown and compared to simulations. 
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High NA ElSPerimental Setup 

The layout of the high NA test setup is illustrated in Figure 5-1. A 150mW 

442nm HeCd laser is used as the exposing source. The laser beam width is approximately 

1mm. After passing through an electronic shutter and a variable attenuator, a beam 

steerer brings it into the rear of a 0.75 NA microscope objective with an entrance pupil 

size of 7mm. This expands the beam in a diverging cone. The beam width is apertured to 

a 9mm diameter at the planoconvex lens. The lens has f=120mm, and it collimates the 

beam. The light proceeds through a polarizer and is stopped down to a 7mm diameter. It 

illuminates the object, which is a 50% duty cycle chrome grating on glass with a period of 

lO/lm. All orders diffracted from the grating are blocked except for the Oth and ±lst 

orders. The two-beam configuration has an additional block for the Oth order. The ±lst 

orders strike mirrors that are placed 1020mm from the object and spaced 48mm apart. 

They are tilted such that the obliquity of the outer orders with the optical axis is 58.2°, or 

NA' = 0.85. The z axis is coincident with the normal to the fihn stack. 

Although the theory presented in Chapter III and IV does not use an object 

illuminated by collimated light, the image formation is consistent with the high NA theory. 

The main difference is that the exit and entrance pupils do not exist. The use of collimated 

diffracted orders gives a larger image field area, allowing for simplification in the 

experimental procedure. As with focused orders, the power must be conserved between 

conjugate planes, i.e., the power in one order in the object plane, <1>, must equal the power 

in the image plane, <1>'. If 

<I> =IUI
2 
Ay and <1>' = lu'12 

A'y' 
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where V and V' are single order object and image electric field amplitudes in vacuum, A 

and A' are the object and image areas, and 'Y and 'Y' are the z direction cosines, the 

relationship between the image order and object order is written as 

[5-1] 

The cross-sectional area of the beam, Ao' is 

Ao = Ay = A'y' [5-2] 

Substitution of Equation 5-2 into 5-1 yields 

/V'/2 =IVI2 [5-3] 

Since object and image magnitudes are equal, the obliquity factors, yand y' , present in the 

high NA theory are absent from this experimental setup. 
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Figure 5·1. The experimental setup. 

z 



106 

The grating period is chosen such that 'Y = O. 9998. For a 10Jlm period grating, 

the ±lst orders have an object side NA defmed by 

NA= __ A. __ 
2xPeriod 

0.442Jlm 

20Jlm 
0.022 . 

This is in agreement with physical distances used in the experiments. The setup of the 

NA is accomplished by establishing the desired location of the image orders onto a ruled 

screen placed 15cm from the image plane (the intersection of the orders), as shown in 

Figure 5-2. This relatively large distance allows for a placement accuracy of ± lcm on the 

screen which represents 0.85NA ±O.OlNA. The oblique beams form an ellipse on the 

screen whose major axis is -13mm and minor axis is -7mm. 

1.02 m 

Grating Object Image 
Plane 

15cm 

Screen 

Figure 5·2. Oblique beams reflected from mirrors to a screen 15cm from focus. 
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The irradiance is measured with a International Light Model 1700 Research 

Radiometer in units of mW / em 2 using a 2mm circular aperture and diffuser. This is 

calibrated to a Quartz-Halogen NBS standard lamp. All measurements are done 

perpendicular to the beam propagation in the image field. The power of the beams are 

adjusted using the variable neutral density attenuator such that the power is equal for each 

polarization. 

Positive Photoresist as a Detector of the Ima~e Distribution 

Positive photoresist has been used in the microelectronics industry for 

approximately 20 years. It is primarily used as a stencil to transfer patterns to the 

underlying film or substrate. Much of the chemistry and related processing infonnation 

can be found in the literature (e.g. Thompson et al. 1984, Moreau 1989, Deforest 1975). 

Simulation models of photoresist exposure and development, such as Dill's (1975), have 

been created to understand the development kinetics. Traditional verification of these 

models has relied on scanning electron microscope (SEM) images of the developed 

photoresist, which is usually cross-sectioned to reveal its profIle (Ahlquist et al. 1979). 

The shape of this profIle is then matched to the simulations. Additionally, measured 

dimensions have been used successfully to verify development models (Jones et al. 1979) . 

The experimental work by Johnson (1977) and Kapon (1982), which are 

mentioned in Chapter IV, use SEM profIles for verification with limited results. Their 

photoresist profIles were of poor quality and lacked details of the image. Experiments at 

ffiM (Flagello et al. 1991) measured developed photoresist lines exposed on a 0.55 NA 

system. The illumination was polarized parallel and perpendicular to the lines. The results 

showed limited verification of the high NA model presented in Chapter III. The relatively 

low NA showed only a 1 % linewidth difference between S and P polarizations. All of the 
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aforementioned verification schemes require full development of the exposed photoresist 

which removes most of the image record, leaving unexposed material. 

Uetani (1989) used a cross-sectioning exposure technique to understand the 

internal structure of a resist line. He exposed and developed a set of positive photoresist 

lines. These were then cross-sectioned and flood exposed from the side. Although he was 

more concerned with the chemical mechanisms of development, he failed to take )nto 

account near field diffraction that resulted from the side exposure of a 2J.lm line. In 

contrast, La Tulipe (1992) developed a decoration technique without the need for a 

second exposure by choosing the appropriate processing conditions. He analyzed silylated 

photoresist images for a dry development process. Silylation is a chemical technique that 

incorporates Si into the molecular structure of unexposed photoresist. After exposure and 

a post-exposure silylation treatment, the photoresist surface was gold coated. It was 

cross-sectioned by cleaving and developed in an aqueous based developer. The gold 

prevented development of the surface (interface I). Since the rate of development is 

different in the silylated and unsilylated regions, the cross-sections show highlighted 

silylated regions. However, the nature of original image record is altered due to post

exposure bake and silylation treatments. The experimental work presented in this chapter 

is based on La Tulipe's decoration technique, but the process is optimized to obtain 

maximum information from the exposed image. Processes and treatments that alter the 

recorded image after exposure are avoided. 

The use of positive photoresist as a detector requires some understanding of the 

exposure and development kinetics. Unexposed photoresist has a very slow solubility rate 

in aqueous based developer. This is substantially increased upon exposure to ultraviolet 

radiation. In general, this rate is a non-linear function of exposure. The exposure 

response is experimentally determined by generating characteristic curves. After coating 
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photoresist on a substrate and exposing with collimated light perpendicular to the surface, 

the developed thickness is measured and plotted as a function of exposure. Since 

exposure throughout the bulk of the film is assumed constant, a glass substrate is often 

used to minimize standing wave effects. The exposure is defmed as the exposing time in 

seconds multiplied by the measured irradiance (measured in air with a detector in units of 

mW/cm2
). Since the irradiance is given by the time average Poynting vector, it is given 

as I =tVIEI2 (at normal incidence); therefore, the energy density absorbed within the 

bulk is given by Q = 2ko n1K 1 I, in units ofmW/cm3• 
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E 
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Figure 5·3. Characteristic curves of IBM photoresist, undyed and dyed. 

The experiments presented in this chapter use an IBM positive photoresist based 

on traditional diazo-novalac chemistry (Thompson et al. 1984). A version of this 

photoresist with an added dye is also used to increase the effect of absorption. Their 

characteristic curves are shown in Figure 5-3, for a development time of 30 seconds. The 

thickness of the photoresist removed is plotted as a function of averaged exposure that has 
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been absorbed in the fraction of the removed photoresist. The exposure is defmed as 

Qxt in units of mJ/cm3, where t is the exposure time. Traditionally, the measured 

irradiance is used instead of Q, but the defmition of exposure here gives a form consistent 

with energy conservation within the volume of a film. The curves are non-linear, but like 

photographic emulsions, they have a region that is approximately linear. It is convenient 

to define the minimum exposure that will start to develop the photoresist at the inflection 

point of the curve. This is called the speed point 

The relationship between the characteristic curve and the image is described by a 

simplified photoresist development model (Flagello and Pomerene 1987). It is similar to 

the tone reproduction model in photographic chemistry (James 1977). Figure 5-4 

illustrates this as a 4 quadrant diagram. The characteristic curve is placed in quadrant I. 

If it is assumed that Q is constant throughout the bulk of the photoresist, then it is 

represented by an image function, as shown in quadrant II. Increasing or decreasing the 

exposure time results in a proportional multiplication of the image function. The 

developed resist profile is given in quadrant IV by means of a linear mapping function in 

quadrant III. This simple "look-up table" approach assumes that development is a surface 

limited reaction and strictly proceeds down the photoresist depth along the z axis. Since 

structure within the lower energy density regions provides the most information 

concerning differences between S and P polarizations, sufficient exposure must be given 

so that the exposure energy within these regions exceeds the speed point. Below this 

point, the photoresist will not record significant modulation. Increasing the exposure 

shifts much of the energy into a more linear response region, which reveals more image 

structure. 

Now, if the La Tulipe decoration technique is used with two and three beam 

exposure, any cross-sectional area perpendicular to the grating lines has the same 
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exposure; therefore, one image function represents the exposure, and the tone 

reproduction model is a good approximation to the development. In more elaborate 

development models, the photoresist follows diffusion-reaction kinetics and has variable 

rates of development within the bulk. Development also proceeds laterally, causing higher 

localized development than predicted by a simple model. This occurs when adjacent 

regions are developing at a faster rate. The later effect is encountered in the experiments, 

and its occurrence is identified where appropriate. 
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Figure 5·4. Tone reproduction model of photoresist development: Quadrant I is the 
characteristic curve of photoresist; Quadrant II shows an image function; Quadrant III is a 
linear mapping function; Quadrant IV is the developed photoresist profile. 
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Diazo-novalac photoresists bleach upon exposure, reducing the absorption 

coefficient and the imaginary part of the index. This implies an exposure time dependent 

complex index of refraction. Yeung (1990) reported that ignoring the bleaching resulted 

in small errors with his vector model. It is shown in the following experiments and 

simulations that the errors are negligible when the initial absorption of the photoresist is 

small and an average absorption coefficient is used. 

The two versions of photoresist, undyed and dyed, both have a real refractive 

index of nl = 1.656 at A. = 0.442Ilm. The undyed photoresist has an unexposed 

absorption coefficient of 0.18J.Lm'l and a fully exposed coefficient of 0.05Ilm,l. This 

corresponds to imaginary index coefficients of lei = O. 006 and lei = O. 002 

respectively. Although the relative change is large, the absolute change in refractive index 

is small. For the purposes of the presented models, lei is given the average value of 0.004. 

The dyed photoresist is formulated by adding 1 % by weight of a Kodak 436 dye, which is 

assumed to be relatively non-photosensitive. The unexposed and exposed absorption 

coefficient of the dyed photoresist are (XI= 0.551lm,1 and (XI= 0.391lm,1 respectively, 

which correspond to lel= 0.02 and lel= 0.014 respectively. Since the difference in leI is 

nearly identical to the undyed material, the dye is considered a non-photoactive species. 

Experimental Method 

The overall objective of the experiments is to verify the image simulation by 

matching it to a developed cross-section of the exposed image. The verification 

concentrates on comparing the relative image structure and unique differences, specific to 

S and P polarization. Since the dimensional regime of the images are submicron, 

comparisons with the absolute photoresist response can be obscured by large amounts of 

experimental error due to the development process. This can be used to either justify or 
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nullify a given model. The speed point can often vary as much as ±1O% due to variations 

in developer dilution, develop temperature, post apply bake time and temperature, as well 

as error in exposure energy measurement. Examination of specific structural details, 

rather than absolute dimensional measurements, are relatively insensitive to process 

fluctuations. Therefore, a photoresist with an ideal linear response would need only one 

overall exposure to record the image distribution and identify these features. 

Unfortunately, this is not the case, and a range of exposures based on the photoresist 

response must often be obtained 

All photoresist and film combinations used silicon as a substrate since it can be 

easily cleaved, which results in clean cross-sections. The refractive index of Si was 

measured by a Sopra spectral ellipsometer and found to be N m = 4.75 - i 0.15 at 0.442j.l.m 

It is common for Si substrates to have some native surface oxide. The substrates used in 

these experiments had -30A oxide with an index of 1.48. There is also an interface layer 

that exists between this oxide and the Si. Ourmazd and Bevk (1987) have shown, using 

transmission electron microscopy, that this interface is on the order of 7 A. Both the oxide 

and interface result in small corrections to the theory. Since the native oxide is better 

defmed by measurement, it is included in the simulations. Unfortunately, if the oxide and 

interface layer are removed by chemical etching, they reform upon subsequent drying and 

exposure to air. The usual practice in the microelectronics industry is to clean the 

substrates under vacuum. Electronic films are then deposited in situ such that the cleaned 

surface does not react with the ambient atmosphere. In the experimental studies presented 

here, the application of photoresist necessitates coating the substrate in air, so the oxide is 

considered as part of the fIlm stack. 

The photoresist is coated on the substrates using a Headway photoresist spinner. 

Prior to the photoresist application, a precoat of hexamethyldisilaxane (HMDS) is used as 
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an adhesion promoter. Adhesion failure or increased development rates along the 

substrate surface occur without the use of HMOS. This coats as a monolayer and does 

not leave a measurable film. The photoresist thickness is measured optically with a Leitz 

MPV -SP scanning microscope. Its accuracy and repeatability are ±5oA. 

Table 5·1. General process outline for experiments. 

Step Pracess Description 

1 Precoat HMDS on substrate and spin dry for 30 seconds. 

2 Spin coat ffiM TNS photoresist on desired fIlm/substrate combination. Spin 

dry for 30 seconds. 

3 Post a~y bake (PAB) at 90° C on a hot plate for 60 seconds. 

4 Expose photoresist/film stack. 

5 S~utter approximately 20A AuPd on photoresist surface. 

6 Cross-section photoresist by cleaving perpendicular to exposed grating. 

7 
Develop photoresist using Shipley Microposit 351 developer at a dilution of 
3 parts deionized water and 2 parts developer at 21°C for 30 seconds. 

8 Rinse in deionized water and dry. 

9 Sputter additional 20A AuPd on photoresist cross-section. 

10 Analyze under SEM. 

The general process outline is shown in Table 5-1. The experimental parameters 

are similar to the simulation parameters presented in Chapter IV. For each experiment, 

SEM cross-sectional views are compared to simulations that are fIrst presented as a color 

map of the function Q. This represents the image distribution available for exposure. The 
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simulations use the measured experimental thicknesses and include the minor effect of the 

native oxide. The exposure is then simulated with iso-exposure contours with related 

plots along various slices. The contour levels used for undyed photoresist simulations are 

20,25, and 30 mJ/cm3, while for the dyed photoresist they are 100, 150, and 200 J/cm3. 

Two-Beam Interference' Experiments and Simulation 

Equations 4-5 and 4-10 for two-beam interference are used to simulate the 

experimental results. The constant cl is defmed by Icl l2 = 41ao12 • As previously 

discussed, the obliquity factor and magnification are removed by the use of collimated 

light. The aberration and offset terms cancel in the magnitude. 

Experimental Study I 

The objective of this experiment is to examine the image distribution within undyed 

photoresist over a Si substrate with S and P polarizations using two-beam interference. 

This is compared to simulated image distributions modified by the photoresist. Table 5-2 

shows the experimental parameters, where I is the measured irradiance of the beams and 

ao is the subsequent amplitude calculation for the simulation. 

Table 5·2. Parameters for Experimental Study I, two-beam interference. 

Film Assembly 

N'=l 

Nl = 1. 656 - i O. 004 and dl = 1. 095~m 

N2 = 1. 48 and d2 = O. 003~m 

Nm = 4.75-iO.15 

~ 

NA' = 0.85 and A = O. 442~m 

I - 0 53.mY:!.. • a - 0 63.mY. - • an 2 • • 0 -. an 

t = 30 sec. and t = 60 sec. 
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Figure 5-5 shows the resultant cross-sectional SEM views for S polarization for 

two exposure times. Figure 5-6 shows these exposures for P polarization case. The dark 

regions in the photographs are areas that have received greater exposure and have 

developed faster than the lighter regions. The light regions are, therefore, "raised" 

compared to the dark regions, creating a relief pattern of the exposure. These 

photographs are compared to the image simulation Q in Figure 5-7. The two exposures 

explore the range of the image structure. The low exposure energies show that the S 

polarization features are elliptical in shape compared to the rectangular shapes for P 

polarization. This is readily verified in the color mapped simulation. The measured 

periodicity in the SEMs between the interference minima is 0.25SJ.Lm, which corresponds 

to plane waves at 0.856 NA. This agrees with the normal value of 0.S5 NA. Figure 5-8a 

and 5-9a show the iso-exposure contours. The axial image modulation along an 

interference minima, with P polarization, is absent in the 30 second exposure. Analysis of 

the plots Figure 5-Sb and c indicate that the exposure of this modulation is below 20 

J/cm3, which is the speed point of the photoresist. A higher exposure time is required to 

reveal these patterns. The 60 second exposure SEMs confIrm this prediction, showing an 

increased development of resist at the intersections of the interference and standing wave 

minima. Unfortunately, at this level of exposure, much of the detail is removed and the 

higher order lateral development effects are seen. For example, between any standing 

wave maxima the areas of low exposure are developed at a faster rate than is predicted by 

the simple development model. The higher exposure for S polarization causes extensive 

development effects that are evidenced by lateral development between standing wave 

maxima. Finally, both polarization simulations show the existence of standing wave 

nodes at interface II, which is verifIed by the SEM photographs. 
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Figure 5-5. SEM results for Experiment I: undyed photoresist over Si, S polarization. 
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Figure 5-6. SEM results for Experiment I: undyed photoresist over Si, P polarization. 
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Figure 5-7. Simulation of Q for Experiment I: undyed photoresist over Si, Sand P Polarization. 
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Figure 5·8. Simulation of exposure for Experiment I with two-beam interference. 
Undyed photoresist over Si, S polarization, parameters in Table 5-2: a) iso-exposure 
contours with 20, 25, and 30 J/cm3 Ievels; b) transverse (y) profIles; c) axial (z) profiles. 
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Figure 5·9. Simulation of exposure for Experiment I with two-beam interference. 
Undyed photoresist over Si, P polarization, parameters in Table 5-2: a) iso-exposure 
contours with 20, 25, and 30 J/cm3 Ievels; b) transverse (y) proflles; c) axial (z) profiles. 



Figure 5-10. Tilted SEM views for Experiment I: undyed photoresist over Si, 60 second exposures, P polarization. 
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Figure 5-10 shows SEM photographs with tilted views of the developed P cross

section. The axial modulation along the z axis at an interference minima is evident 

There is further evidence of a higher development rate between standing wave anti-nodes 

than would be expected with a simple development model, but the general structure is 

predicted. 

Experimental Study n 
This study examines the absorption effect using the dyed photoresist. Table 5-3 

gives the experimental parameter set. The slightly greater photoresist thickness of 

1.25 J.l.m is used to enhance absorption effects. Figure 5-11 show the cross-sectional SEM 

views of Sand P polarized cases. Figure 5-12 gives the Q distribution. Again, the 

elliptical form of S is different from the rectangular P image. Figure 5-13 shows the 

exposure simulations. Higher order development effects appear minimal. It is noted that 

the rectangular behavior of the P polarized case is diminished. This is due to a reduction 

in strength of the reflected z component by increased absorption. This absorption causes 

the exposure to be strongest near interface I. This is confmned in the SEM results by the 

lack of standing wave nodes near the top surface. They have been developed into the 

photoresist at a much higher rate than those close to interface II. It is also noted that at 

this exposure, the axial modulation along the interference minima is faintly visible in the P 

polarization SEM. This is explained in Figure 5-13c, where the photoresist speed point is 

approximately 100 J/cm3 and is within the range of the modulation. Therefore, the 

photoresist is just developing these features. 
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Figure 5-12. Simulation of Q for Experiment II: dyed photoresist over Si. 
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Figure 5·13. Simulation of exposure for Experiment II with two-beam interference. 
Dyed photoresist over Si, parameters in Table 5-3: a) iso-exposure contours with 100, 
150, and 300 J/cm3 Ievels; b) transverse (y) profIles; c) axial (z) profiles. 



Table 5·3. Parameters for Experimental Study IT , two-beam interference. 

Film Assembly 

N'=l 

Nl =1.656-iO.017 andd1 = 1. 251lm 

N2 = 1. 48 and d2 = O. 003J.1m 

Nm = 4.75 -iD.15 

Experimental Study ill 

~ 

NA' = 0.85 and A. = 0.442J.1m 

I = 0.53~ :. Qo =0.63~ 

t = 75sec. 
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This study examines the distributions when an oxide layer is used under the 

photoresist. Table 5-4 shows the parameters. Commercial silicon wafers with evaporated 

Si02 were obtained. They had a measured index of 1.467-iO.001 on the Sopra spectral 

ellipsometer. Using a regression analysis routine, internal to the Sopra unit, it was 

determined that the oxide interface with Si was rough. The rough interface could have 

been the outcome of an in situ surface cleaning before evaporation. Undyed photoresist 

was spun over the oxide. Figure 5-14 shows the SEM results for 30 second exposures. 

The effect of the Si02 is an axial shifting of the standing waves, as evidenced by an 

approximate standing wave anti-node close to interface II. Figure 5-15 and Figure 5-16 

shows this with the simulation results. Since Nl > N2 , the standing waves do not have a 

required node close to interface II. The simulation shows a shift difference of -200A 

when compared with the experiment. This is probably due to the rough oxide/Si interface, 

which is not modeled in the studies. The experimental images show the elliptical and 

rectangular behavior associated with the previous experiments. 
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Figure 5-14. SEM results for Experiment 1lI: undyed photoresist over Si02 over Si. 
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Figure 5-15. Simulation of Q for Experiment ill: undyed photoresist over Si02 over Si. 
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Figure 5·16. Simulation of exposure for Experiment III with two-beam interference. 
Undyed photoresist over Si02 over Si, parameters in Table 5-4: a) iso-exposure contours 
with 20, 25, and 30 J/cm3 Ievels; b) transverse (y) profIles; c) axial (z) profiles. 



Table 5·4. Parameters for Experimental Study nI, two-beam interference. 

Film Assembly 

N'=l 

Nl = 1.656 -iO.004 and t4 = 1.08~ 
N2 = 1. 467 - iO. 001 and d2 = 0.478J.Ull 

Nm = 4.75 -iO.15 

Experimental Study IV 

~ 

NA' = 0.85 and A = O.442Jlm 

I = O. 53 ~ :. ao = O. 63 ~ 

t=30sec. 
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This experiment attempts to minimize reflections from the Si substrate by using a 

dyed photoresist and an amorphous carbon lmderlayer. It is based on the calculations for 

minimizing Irnl in Chapter IV (see Figure 4-12). Table 5-5 shows the study parameters. 

Although a C layer of 600A is desired, a film of 525A was obtained. This is well within 

the region of the reflectivity minima. Figure 5-17 shows the SEM results with reduced 

standing wave patterns. This agrees with the simulations shown in Figure 5-18 and 

Figure 5-19. It is noted that the change in width of the images from interface I to interface 

II is more apparent with this experiment The elliptical and rectangular behavior is also 

absent from the experiment and simulated structures. This is due to Irnl being minimized. 

There is an indication of lower contrast with the P SEM image, as evidenced by the 

absence of sharp edges. This lower contrast is due to the background exposure levels 

seen in the simulations. 
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Figure 5-18. Simulation of Q for Experiment N: dyed photoresist over Cover Si. 
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Figure 5·19, Simulation of exposure for Experimental IV with two-beam interference, 
Dyed photoresist over Cover Si, parameters in Table 5-5: a) iso-exposure contours with 
100, 150, and 200 J/cm3 Ievels; b) transverse (y) profiles; c) axial (z) profiles. 
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Table 5·5. Parameters for Experimental Study IV, two-beam interference. 

Film Assembly ~ 

N'=l NA' = 0.85 and A = 0.442Jlm 

Nl = 1.656-iO.017 and d1 = 1. 24Jlffi I 0 53 mW • a = O. 63 man V = . an 2 •• 0 

N2 = 2.25 - iO. 33 and d2 = 0.525j.LID. t= 90sec. 

Nm = 4.75 -iO.15 

Three Beam Interference: Experiments and Simulation 

The objective of the three beam studies is to determine the effect of the central 

order. The same setup is used as in the two-beam experiment, except the Oth order is 

allowed to interfere with the ±lst orders for S and P polarization conditions. The focus 

offset zo' which is absent from the two beam experiments, is significant with three-beam 

interference. Since the sample stage has a small amount of tilt, the focus offset term 

varies across the image field. Its value is determined by an empirical match with the 

simulation. 

Equations 4-14 and 4-16 are used for the simulations with constant terms defmed 

by 

where W = 0 and m = 1. 

Experimental Study V 

This study uses unattenuated orders from the grating, such that the ±lst orders 

have approximately 36% power of the Oth order. Table 5-6 gives the experimental 

conditions with undyed photoresist over a native oxide layer on Si. Figure 5-20 shows 
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the SEMs, and Figures 5-21 and 5-22 show the simulations. The effects of focus through 

the film is clearly evident by the structure inverting itself from the top to the bottom. The 

simulations show small differences between S and P, which are mainly associated with the 

midpoint of the film. There seems to be slightly more background power in the P image, 

and no substantial difference in shape between standing wave maxima. This is due to the 

strong central order which dominates over the weaker oblique orders. The SEM 

photographs show verification of the focus behavior, but no significant polarization 

differences. Examination of Figure 5-22b indicates that the differences are due to the 

choice of exposure time, which places the midpoint exposure profile about the photoresist 

speed point. Exposure times less than 10 seconds will produce a thresholding effect, 

highlighting the S polarized image. Alternatively, increasing the exposure time will 

enhance the small effects by placing a greater part of the image into an area of higher 

photoresist contrast. Small exposure changes would then give a larger change in 

response. 

Table 5·6. Parameters for Experimental Study V, three-beam interference. 

Film Assembly 

N'=1 

Nl = 1.656-iO.004 and dl = 1. 1911m 

N2 = 1. 48 and d2 = 0.0031lm 

Nm =4.75-iO.15 

~ 

NA' = 0.85 and A = O. 4421lm 

10 = 1.2!7 :. ao =0.95~ 

I 0 43 mW. = O. 57 man V tl = . -;;z .. atl 

t= 10 sec. 
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Figure 5-20. SEM results for Experiment V: undyed photoresist over Si. 
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Figure 5-21. Simulation of Q for Experiment V: undyed photoresist over Si. 
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Figure 5·22. Simulation of exposure for Experiment V with three-beam interference. 
Undyed photoresist over Si and zo=O, parameters in Table 5-6: a) iso-exposure contours 
with 20, 25, and 30 J/cm3 levels; b) transverse (y) profIles; c) axial (z) profiles. 
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Experimental §tudy VI 

The objective of this study is to determine the effect of polarization when each of 

the ±lst orders have the same power as the Oth order. Table 5-7 gives the experimental 

conditions. A neutral density fIlter is used to attenuate the Oth order such that its 

irradiance is equivalent to each of the ±lst orders. Figure 5-23 shows the SEMs for an 

estimated focus offset of Zo = 0, while Figures 5-24 and 5-25 show the simulations. The 

photoresist thickness has been increased to 1.7J.lm to highlight focusing effects. The S and 

P polarizations simulations show slight differences. There is some squaring of the edges 

with the maxima in the P image ilial does not occur with S. Since the power of the central 

order has been reduced, the relative contribution of the oblique orders has increased; 

hence, the experiments could be recording the onset of the rounded rectangular maxima 

seen with two-beam interferenc~. The SEM photographs show some verification of these 

polarization features. They also show remarkable agreement with the inversion of the 

pattern through the depth of the photoresist. 

Table 5-7. Parameters for Experimental Study VI, three-beam interference. 

Film Assembl):: 

N'=1 

NI = 1.656-iO.004 and d l = 1.7J.lID 

N2 = 1. 48 and d2 = 0.003fJ.m 

Nm =4.75-iO.15 

~ 

NA' = 0.85 and A. = 0.442fJ.m 

10 = IiI = O. 53 ~ :. ao = ail = O. 63 ~ 

t = 15sec. 
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Figure 5-24. Simulation of Q for Experiment VI: undyed photoresist over Si, Zo = o. 
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Figure 5·25. Simulation of exposure for Experiment VI with three-beam interference. 
Undyed photoresist over Si and zo=O, parameters in Table 5-7: a) iso-exposure contours 
with 20, 25, and 30 J/cm3 Ievels; b) transverse (y) proflles; c) axial (z) proflles. 
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Figure 5-26 shows the SEMs for an estimated focus offset of Zo= 0.8. The 

simulations are given in Figures 5-27 and 5-28. Again, verification is clearly seen with the 

pattern inversion. The photographs show slight differences between S and P. The P 

image contains wider exposed regions than S and less contrast. The simulations agree. 

There is an interesting region midway along the depth. This is the area where the power is 

shared between the interference maxima and minima. 

Summsny 

Verification of the two-beam and three-beam models developed in Chapter IV has 

been shown through sets of experiments which use a unique decoration technique to 

examine cross-sections of the image within photoresist. The use of photoresist as a 

detector i..J the image record is explained through a simple photoresist development model 

that approximates the photoresist behavior. 

Two-beam interference experiments with plane waves at 0.85 NA show strong 

differences between the S and P polarizations. Experiments that use reflective underlayers 

show that S polarization produces elliptical features while P polarization gives rectangular 

features. Since these features depend on the extent of reflectivity of the z component, 

further experiments demonstrate the reduction of these features by minimizing the 

reflectivity. This is shown to agree with simulations. 

Three-beam interference experiments show that the vector effects present in the 

two-beam configuration are diminished. The polarization effects. due to the obliquity of 

the ±lst orders, are greatly reduced by the addition of a strong Oth order. These effects 

increase as the relative power of the Oth order is diminished. The effects of focus through 

the film are seen as an image inversion from the top surface to the bottom of the film. 
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Figure 5-27. Simulation of Q for Experiment VI: undyed photoresist over Si, Zo = O. 8~m. 
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Figure 5·28. Simulation of exposure for Experiment IV with three-beam interference. 
Undyed photoresist over Si and zo=0.8, parameters in Table 5-7: a) iso-exposure contours 
with 20, 25, and 30 Jicm3 levels; b) transverse (y) profIles; c) axial (z) profiles. 
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This dissertation has presented a model of image formation in thin films suitable 

for lenses of high relative numerical aperture. The model combines elements of vector 

imaging theory with the traditional formalism of thin-fIlm optics. Various examples of 

image formation have been studied with an emphasis on analyzing the polarization effects 

of the illumination. Experimental results were shown, verifying fundamental aspects of the 

model. 
Summcuy and Conclusions 

The vector model presented in this dissertation uses a unique combination of 

assumptions, techniques and theories to construct a concise viewpoint of imaging within a 

thin-fIlm volume. The defInition of the form for the image distribution using the time

averaged divergence of the Poynting vector, Q, is justified through conservation 

arguments using Poynting's theorem. Q results in the image being defmed in units of 

power per unit volume, instead of the more traditional power per unit area. 

The use of a shift-invariant optical system extends the applicability of a vector 

imaging theory based on the Oebye approximation. Although this presumes a high level of 

correction in optical systems, many conditions used in deriving imaging solutions, e.g. 

the farfIeld condition, do not have to be made since they are implicitly assumed. 

Furthermore, the presented model does not depend on analytic solutions. It treats the 

general problem, where the pupils are represented in direction cosine space. This leads to 
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a physical representation of imaging with Fourier integrals that can simulate any pupil 

geometry. 

The image is mathematically based on a representation in Cartesian coordinates. 

The further decomposition of these global coordinates into a local S and P plane allows 

for the use of traditional thin-fIlm. matrix methods. These methods are modifIed such that 

electric fields within a film. can be determined. The defInition of reflection and 

transmission coefficients for an axial (z) component is introduced by requiring that 

V·E=O 

The overall model is given as a matrix equation. The solution is sufficiently 

general to handle a wide variety of pupils, lens aberrations, object shapes, polarization 

states, and film stack combinations. The film is shown to be an integral part of the optical 

system by presenting the imaging in terms of linear system theory. System transfer 

functions for each component are defmed that include the contributions of the film. stack. 

This leads to a vector representation of imaging as a set of convolutions. The polarization 

terms, film. terms, and scalar lens terms are given by spread functions that convolve with 

the object. 

The analysis of the imaging equation is done through varying sets of examples. 

Optical confIgurations, similar to phase-mask imaging in lithography, established two

beam and three-beam interference as a specifIc solution to the model. This allows for 

simple analytic vector forms that are developed in terms of Cartesian components, which 

are further reduced to the S and P polarization. The image from S polarized illumination 

is described by an x component, while the image from P polarized illumination is described 

by the sum of the contributions from the y and z components. The transverse (x-y) 

components are similar in their behavior, but the axial component beats out of phase with 
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x or y. This results in broadening of the P image as compared to S. The effects of the 

axial component are further enhanced when the film supports standing wave structure. 

This creates artifacts within the image shape that are strictly due to the vector nature, i.e., 

the P images for two-beam interference show rounded rectangular maxima while the S 

images show elliptical maxima. The vector effects are shown to be reduced with three

beam interference. This is explained by the strength of the central order, which has no z 

component and overpowers the ±Ist orders. 

The model is also analyzed with computer simulations showing examples that use 

its 3D capability. The point spread function (PSF) is first examined and used to isolate the 

vector contributions. A primary effect with polarized illumination is to cause asymmetry 

within the PSF. This effect is dependent on the lens NA and the refractive index of the 

film and is due to an asymmetry in the plane-wave amplitudes propagating within the cone 

angle as defmed in the Debye formalism. These effects are shown to be greatly reduced 

within a fIlm as compared to the aerial image. 

A general example is presented using a system NA of 0.95 in photoresist film with 

a tri-bar object. The distributions in the entrance and exit pupils are shown. They indicate 

similar behavior to three-beam interference. This is further brought out by the resultant 

small asymmetry in the image with two polarizations. Spurious resolution is shown by 

the inversion of the 3 bars at the top surface of the film to 4 bars at the bottom surface. 

Also, the image inverts with a 0.45j.Lm focus offset. When a spatial fIlter is used to create 

an annular pupil, the system behaves similar to two-beam interference. Differences 

between two polarizations increase, and the image does not invert itself through the depth 

of the fIlm. The use of a focus offset has a negligible effect. The ability of two-beam and 

three-beam interference to approximate the imaging behavior of the tri-bar object example 
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provides a basis for the use of simple vector interference to explore high NA imaging 

phenomena. 

An experimental verification in photoresist til'll with two-beam and three-beam 

interference is shown using a cross-sectioning technique that highlights the image 

distribution within the film. Specific structural artifacts within the simulated images are 

identified in the SEM photographs obtained from experiment. Various film stack case~ are 

verified. The three-beam interference experiments show the focusing effect of the Oth 

order as an inversion of tlIe image through the photoresist depth. 

Future W.m:k 

The simulated three-beam setup with mirrors could be expanded to include two 

additional mirrors which lie along ex, i.e., perpendicular to the previous mirrors. This 

would resemble a five-beam interference setup. The object would be an array of 

rectangles with 50% duty cycle. Alignment of the mirrors to the image could be 

developed using a pellicle beam splitter on the object side with a mirror at the image 

plane. This experiment could be used to verify the full 3D image within the photoresist 

volume, since the use of five beams would approximate imaging of periodic objects in both 

x andy axes 

This high NA imaging model relies on the Debye apPwAunation and assumes a 

well corrected optical system. The extent of tolerable aberration, however, could be 

further analyzed. Significant aberrations would substantially change the propagation 

direction of plane waves emerging from the exit pupil. This implies a reduction in the size 

of the iso-planatic image and object fields. For highly aberrated systems, an alternate 

approach to the imaging theory could be based on a purely Huygens' perspective, i.e., 

every differential area on the exit pupil would give rise to a spherical wavelet. This 
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spherical wavelet could be further decomposed as a family of plane waves whose central 

order is directed by the aberrated wavefront. The resultant image in the film would again 

be defmed as a sum of plane waves. Unfortunately, aberrated systems do not necessarily 

maintain constant polarization vectors through a high NA lens. This would require a more 

complete description of the amplitude mapping from entrance to exit pupil, but this could 

be done through polarization ray tracing (Chipman 1987, 1992) . 

This model could be expanded to handle gyrotropic media (Hunt 1967, Heavens 

1970). The matrix formalism of the film function allows for additional matrix elements. 

The refractive index would have to be defmed as a tensor, and the solution of the axial 

reflection and transmission coefficients would require that 

V·eE=O, 

where e is a tensor. The magnetic fields can be easily obtained using Maxwell's equations, 

i.e., V x E = iW)lH, where )l is also a tensor. 

The cross-sectioning process used to highlight the image distribution opens the 

door for many future experiments. Imaging experiments with microscope objectives can 

be done if the aberrations are known. The biggest obstacle will be the size of the image 

field, since most high NA objectives have fields::; 40)lm. Attempts to cross-section a 

specific image would require knowledge of the exact placement of the exposure field. 

Also, further experiments could be performed as high NA photolithography tools become 

available. These tools have field sizes on the order of 15mm. 

Final Comments 

There are innumerable theOletil.al and experimental combinations that are possible 

for investigation into high NA imaging. These, undoubtedly, will increase as the demand 

for well corrected high NA lenses continues. Experimental verification studies provide 
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enormous challenges within the UV and visible ~lectromagnetic spectrum. The minute 

structures that are being examined are often at the resolution limits of the recording 

materials. Imaging phenomena that ultimately result from the wave propagation of light 

will continue to provide the basis for fruitful research just as it did more than 500 years 

ago when Leonardo Da Vinci observed and analyzed wave behavior. 
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APPENDIX 

The imaging model given by Equation 3-67 is evaluated numerically using a 

computer program. The program was originally written in APL and runs on an IBM 

System 3090. It has been subsequently translated into FORTRAN and runs on a 

workstation such as the IBM RISC/6000. 

Since the electric field distribution given by Equation 3-65 is in terms of a Fourier 

transform, the simulations are calculated using sets of Fast Fourier Transforms (FFT). 

The functions are described by sampled values over discrete matrices. The Whittaker

Shannon sampling theorem (Gaskill 1978) states that any band-limited function can be 

specified exactly by its sampled values, taken at regular intervals, provided that these 

intervals do not exceed the Nyquist interval given by 

1 
xNy = W 

where W is the full bandwidth of the function. In simulations, objects are defmed in a 

relatively large field such that they are band limited. If the object is sampled at intervals of 

Ax and fly with N samples, then the object field sizes, X and Y, are given by 

X = N Ax and Y = N fly 

The sa'~ilp;jng in entrance pupil space, i.e., the Fourier domain, is inversely proportional to 

the object field size. Hence, the direction cosine sample intervals are given by 

fla=~ and fl~=~ 
N Ax N fly 
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Since the object-to-entrance-pupil calculation is treated as a scalar operation, only 

one forward FFf is used. The resultant amplitudes are multiplied by the respective 

functions, as in Equation 3-65. Three inverse FFfs, one for each Cartesian component, 

are then used to calculate the component electric fields. The use of forward and inverse 

transforms provides a normalization such that a clear object aperture of unit amplitude 

results in unit amplitude at the image. 

The simulations in this dissertation use Ao = O. 442 Jlm, fix the exit pupil sample 

interval at ~a=O.05, and use 256x256 FFfs. This results in an image sample interval of 

Ax=O.0345Jlm and a square field size of X=8.84Jlm. The CPU time of the program is 

limited by the speed of the FFf calculations. 



156 

REFERENCES 

Ahlquist, C.N., and P. Schoen. 1980. A Study of a High Performance Projection 
Stepper Lens. Proc. Kodak Microelectronics Seminar Interface '79. Rochester: 
Eastman Kodak, 94-102. 

Argentieri, D. 1956. Leonardo's Optics. Chap. in Leonardo Da Vinci, ed. E. Vollmer. 
New York: Reynol & Company. 

Berning, P. H. 1963. Theory and Calculations of Optical Thin Films. Chap. in Physics 
of Thin Films, ed. G. Hass, Vol. 1. New York: Academic Press. 

Born, M., and E. Wolf. 1980. Principles of Qptics. Oxford: Pergamon. 

Caligari, A, A. Pomerene, H. Hovel, E. Babich, S. Purushothaman, and 1. Shaw. 1993. 
Optical Properties of Hydrogenated Amorphous Carbon Film for Attenuated Phase 
Mask Applications. to be published in JVST B Nov.lDec. 

Chipman, R. A 1987. Polarization Aberrations. Ph. D. diss., University of Arizona. 

Chipman, R. A 1992. The Mechanics of Polarization Ray Tracing. Proc. SPIE 1746: 
62-75. 

Cojocoru, E., and R. Medianu. 1986. Interference Pattern in Photoresist Layer on 
Reflecting Substrates. Rey. Roym. Phys 31, no. 5: 523-527. 

Coyne, R. D., and T. Brewer. 1983. Resist Processes on Highly Reflective Surfaces 
using Antireflection Coatings. Proc. Kodak Microelectronics Seminar. Interface 
:8.3.. Rochester: Eastman Kodak, 40-51. 

Debye, P. 1909. Das Verhalten von Lichtwellen in der Nahe eines Brennpunktes oder 
einer Brennlinie. [Behavior of Light Waves in the Proximity of a Focal Point or 
Focal Line]. Ann, d. Phys. 20: 755-776 

Deforest, W. E. 1975. Photoresist Materials and Processes. New York: McGraw-Hill. 

Dill, F. H., A. R. Neureuther, J. A. Tuttle, and E. 1. Walker. 1975. Modeling Projection 
Printing of Positive Photoresist IEEE Trans. Electron Devices ED-22, no. 7: 
456-464. 



Flagello, D. G., and A. T. S. Pomerene. 1987. Practical Characterization of 0.5~m 
Optical Lithography. Proc. SPIE 772: 6-20. 

157 

Flagello, D. G., A. E. Rosenbluth, C. Progler, and J. Armitage. 1992. Understanding 
High Numerical Aperture Optical Lithography. Microelectronic Eneineerine 17: 
105-108 

Flagello, D. G., and T. Milster. 1992. Three-Dimensional Modeling of High Numerical 
Aperture hnaging in Thin Films. Proc. SPIE 1625: 246-261 

Fresnel, A. 1818. Oeuvres 2: 261, 479. 

Gaskill, J. D. 1978. Linear Systems. Fourier Transforms. and Optics. New York: John 
Wiley & Sons. 

Goodman, 1. W. 1968. Introduction to Fourier Optics. San Francisco: McGraw-Hill. 

Goodman, D. S. 1979. Stationary Optical Projectors. Ph. D. diss., University of 
Arizona. 

Goodman, D. S. 1989. Topics in Image Formation. (Short Course given at Optical 
Society of America Annual Meeting, October 19, 1989). 

Harvey, 1. E. 1979. Fourier Treatment of Near-Field Scalar Diffraction Theory. Am. J. 
flw.. 47 (Nov.) : 974-980. 

Heavens,o. S. 1970. Thin Film Physics. London: Methuen & Co. LTD. 

Hunt, R. P. 1967. Magnetic-Optic Scattering from Thin Solid Films. 1. Appl. Phys. 38 
(March): 1652-1671. 

Herchel, R. S. 1978. Partial Coherence in Projection Printing. Proc. SPIE 135: 24-29 

Hopkins, H. H. 1943. The Airy Disc Formula for Systems of High Relative Aperture. 
Proc. Phys. Soc. 55: 116-128. 

Hopkins, H. H. 1953. On the Diffraction Theory of Optical hnages. Proc. Roy. Soc. A 
217: 408-432. 

Hopkins, H. H .. 1977. Image Formation with Coherent and Partially Coherent Light. 
Photoeraphic Science and Eneineerin~ 21 (May/June): 114-122. 

Huygens, C. 1678. Trajte de la Lumiere (Leydon); Engl. transl. Thompson, S. P. 1912. 
Treastise on Light. London: Macmillan. 



Jackson, J. D. 1975. Classical Electrodynamics. New York: John Wiley & Sons. 

James, T. H. 1977. The Theoty of the Photo~raphic Process. New York: Macmillan 
Publishing. 

Johnson, L. F., G. W. Kammlott, and K. A. Ingersoll. 1977. Generation of Periodic 
Surface Corrugations. &1plied Optics 17 (April): 1165-1181 

158 

Jones, F., M. Hatzakis, and H. Rottman. 1980. Computer Aided Lithography Modeling 
of the Effects of Processing Parameters on Line Width Variations in the 
Fabrication of Chrome Masks. Proc. Kodak Microelectronics Seminar. Interface 
TJ.. Rochester: Eastman Kodak. 

Kant, R. 1991. A General Numerical Solution of Vector Diffraction for Aplanatic 
Systems. mM Technical Report, TR02.1713. 

Kapon, E., and A. Katzir. 1982. Photoresist Gratings on Reflecting Surfaces. J. Appl. 
~ 53 (March) : 1387-1390. 

Kirchoff, G. 1882. Sitz. Akad. Wiss. Berlin: 641; reprinted in Wied. Ann. 18 (1883) : 
663. 

Knittl, Z. 1976. Optics of Thin Films. London: John Wiley & Sons. 

Lalor, E. 1968. Conditions for the Validity of the Angular Spectrum of Plane Waves. 
IQSA 58 (Sept.): 1235-1237 

LaTulipe, D. C., A. T. S. Pomerene, 1. P. Simmons, D. E. Seeger. 1992. Positive Mode 
Silylation Process Characterization. Microelectronic Engineering 17: 265-268. 

Levenson, M. D., N. S. Viswanathan, and R. A. Simpson. 1982. Improving Resolution in 
Photolithography with a Phase-Shifting Mask. IEEE Trans. on Electron Deyices 
ED-29 (Dec.): 1828-1836 

Ling, H., and S. Lee. 1984. Focusing of Electromagnetic Waves through a Dielectric 
Interface. JPSA A 1 (Sept.): 965-973. 

Luneberg, R. K. 1964. Mathematical Theory of Optics. Berkeley: University of 
California Press, 1944; reprint, Providence: Brown University Press. 

Macleod, H. A. 1989. Thin Film Optical Filters. New York: McGraw-Hill. 

Mansuripur, M. 19~6. Distribution of Light at and near the Focus of High Numerical 
Aperture Objectives. roSA A 3 (Dec.): 2086-2093. 



159 

Mansuripur, M. 1989. Certain Computational Aspects of Vector Diffraction Problems. 
JOSA A 6 (June): 786-805. 

Mansuripur, M. 1991. Effects of High Numerical Aperture Focusing on the State of 
Polarization in Optical and Magneto-Optic Storage Systems. Applied Qptics 30 
(August): 3154-3162 

Moreau, W. M. 1989. Semiconductor Litho~raphy: Principles. Practices. and Materials. 
New York: Plenum. 

Osterberg, H., and R. A. McDonald. 1954. Diffraction Images Produced by Fully 
Corrected Objectives of High Numerical Aperture. Proceedin!:s of the Symposium 
on Optical Ima!:e Eyaluation. Washington, D.C.: U.S. National Bureau of 
Standards. 

Ourmazd, A., and 1. Bevk. 1987. The Structure of the (001)Si/Si02 Interface. M.&... 
Res. Soc. Symp. Proc. 105: 1-9. 

Owen, G., R. F. W. Pease, D. A. Markle, A. Grenville, R. L. Hsieh, R. von Biinau, and N. 

I. Maluf. 1992. 1/8 J.lm Optical Lithography. NST B 10, no. 6: 3032-3036. 

Rayleigh, Lord. 1897. On the Passage of Waves through Apertures in Plane Screens and 
Allied Problems. Phil. Ma!:. 43: 259. 

Reynolds, G. 0., J. B. DeVelis, G. B. Parrent, and B. J. Thompson. 1989. The New 
Physical Qptics Notebook: Tutorials in Fourier Qptics. Bellingham: SPIE Optical 
Engineering Press. ~_ 

Richards, B. 1956. Diffraction in Systems of High Relative Aperture. Proceedin~s of a 
Symposium on Astronomical Qptics and Related Subjects in the Victoria 
Uniyersityof Manchester. April 19-22. 1955. Amsterdam: North-Holland 
Publishing, 353-359. 

Richards, B., and E. Wolf. 1959. Electromagnetic Diffraction in Optical Systems II: 
Structure of the Image Field in an Aplanatic System. Proc. Roy. Soc. A 253: 
358-379. 

Sommerfeld, A. 1952. Electrodynamics. London: Academic Press. 

Sommerfeld, A. 1954. Qptj&,s,. London: Academic Press. 

Stamnes, J. 1. 1986. Waves in Focal Re!:ions. Bristol: Adam Hilger. 

Stratton,1. A. 1941. Electroma!:netic Theor.y. New York: McGraw-Hill. 



Thomson, L. F., C. G. Willson, and J. M. J. Frechet, ed. 1984. Materials for 
Microlithography. Washington, D.C. : American Chemical Society. 

Tyagi, R. C., and K. Singh. 1968. Improved Three-Beam Interferometric Method. 
Applied Optics 7 (Oct.): 1971-1974 

160 

Uetani, Y., M. Hanabata, and A. Furuta. 1989. Observation of Internal Structure of a 
Positive Photoresist Image Using Cross-Sectional Exposure Method. NST B 7 
(May): 569-571. 

Visser, T. D., and S. H. Wiersma. 1991. Spherical Aberration and the Electromagnetic 
Field in High Aperture Systems. IOSA A 8 (Sept.): 1404-1410. 

Visser, T., and S. H. Wiersma 1991. Diffraction of Converging Electromagnetic Waves. 
roSA A 9 (Nov.): 2034-2047. 

Weyl, H. 1919. Ann. d. Physik 60: 481. 

Welford, W. T. 1960. Use of Annular Apertures to Increase Focal Depth . .!QS.A 50 
(August) : 749-753. 

Wiener, O. 1890. Ann. d. Physik 40: 203. 

Wolf, E. 1959. Electromagnetic Diffraction in Optical Systems I: An Integral 
Representation of the Image Field. Proc. Roy. Soc. A 253: 349-357. 

Wolf, E., and Y. Li. 1981. Conditions for the Validity of the Debye Integral 
Representation of Focused Fields. Optics Communications 39 (Oct.): 205-210. 

Yaun, C., and A. Strojwas. 1991. Modeling Optical Microscope Images ofIntegrated
Circuit Structures. roSA A 8 (May) : 778-790. 

Yeung, M. 1988. Modeling High Numerical Aperture Optical Lithography. Proc. SPIE 
922: 149-167. 

Yeung, M. 1990. Photolithography Simulation on Non-Planar Substrate. Proc. SPIE 
1264: 309-321. 


