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Chapter 1

Introduction

In December 1947 three researchers - William Shockley, John Bardeen, and Walter 

Brattain - demonstrated a device called transistor that changed the way humankind 

work and play in the second half of the twentieth century. After the early paper-clip- 

size transistors, miniaturizing and integration became the main streamline for inserting 

more and more transistors into the same place.

Today’s advanced computer chips contain millions of transistors on a surface not 
even half the size of a postage stamp. In 1965, seven years after the integrated circuit 
(IC) was invented, Gordon Moore observed that the number of transistors that semi­
conductor makers could put on a chip was doubling every year. In 1975 the pace slowed 

to a doubling of transistors every 18 months. The National Technology Roadmap for 
Semiconductors developed by the Semiconductor Industry Association extrapolates cur­
rent trends to the year 2010, when 0.07 цm minimum feature size enable 64Gb DRAM 

chip production. The question is what technology can provide such resolution?

Integrated circuits or chips are probably the most complex of man-made products. 
These three-dimensional structures are the result of a multi-step process. Each step, 
from design to packaging must be executed perfectly if the chip is to work. Optical 
lithography is a crucially important and critical step in the present IC manufacturing 

process. During this process the patterns on the mask are imaged into a photo-resist 
by means of a computer controlled machine called stepper. The system and process 

parameters determine the obtainable critical feature size (CD). Reduction of the illu­
mination wavelength and/or the use of higher numerical aperture projection lens are 

two traditional methods to enhance the resolution of the optical system. However, these 

techniques significantly decrease the depth of focus (DOF) of the image. This issue can 

be addressed by means of new methods and technological processes that could enhance 

both the spatial resolution and the depth of focus. This thesis focuses on a comparative
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study of five resolution enhancement methods. The first technique to be discussed is 

an advanced phase shifting technique called interferometric phase shifting com­
bined with off-axis illumination. This technique does not require any phase shifting 

layers on the mask, and therefore it is free from any undesirable effects caused by the 

phase shifting layer. The second (annular illumination) and third (coated objec­
tive) techniques are historically used to enhance optical resolution in various areas of 

science from microscopy to astronomy. Here they are studied and evaluated from the 

lithography point of view. The fourth technique (image duplication by means of 

a birefringent plate) utilizes the fact that a birefringent plane-parallel plate inserted 

behind the projection lens shifts the foci generated by the ordinary and extraordinary 

rays to different extents. The hnal image is the superposition of these images. The fifth 

technique (coherent multiple imaging by means of a Fabry-Perot etalon) uses 

a Fabry-Perot etalon between the mask and the projection lens. The etalon generates 

multiple virtual lx images of the mask along the optical axis, and the projection lens 

creates their superimposed image. The resolution and depth of focus could be enhanced 

simultaneously using appropriate initial system parameters.
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Chapter 2

Previous Research and Scientific 

Background

Optical lithography has been the primary patterning technology for IC production for 
30 years [1]. The death of optical lithography has been often predicted by industry 

pundits, incorrectly so far. At the present time, all non-optical lithography techniques 

are far behind the overall production capability of optical techniques [2]. Nonetheless, 
the fact remains that diffraction imposes limits on the potential of optical lithography. 
The critical dimension (CD) and depth of focus (DOF) limits of optical lithography 

can be given by the well-known Rayleigh equations [3, 4]:

Л (2.1)CD = hm

A
(2.2)DOF — k2NA2’

where A is the illumination wavelength, N A is the numerical aperture of the projection 

lens and k\ and k2 are system and process dependent parameters. There are two tradi­
tional ways to increase the spatial resolution of an optical system. The hrst approach is 

the shrinking of the illumination wavelength [5, 6, 7, 8, 9]. A large international research 

effort, informally coordinated by SEMATECH, is currently aimed at the transition from 

present 248 nm KrF excimer laser technology to the next generation 193 nm ArF ex- 
cimer laser technology [10, 11, 12]. Pilot line tools will be available in 1999, and full 
production is likely to begin in the 2002 time frame. Applying high numerical aperture 

projection lens is the second approach to improve resolution. The practical limits of 

NA are probably in the 0.7 to 0.8 range, considering the difficulty of lens fabrication 

with the required low aberrations over large field sizes. However, the main limitation of

3



these approaches is the decreased depth of focus. Many advanced and exotic techniques 

for enhancement of both the resolution and the depth of focus have been invented over 

the past 20 years (especially before a new generation is introduced), and a few of these 

have been developed quite extensively [13, 14]. The principal requirements for these 

techniques are: efficient resolution and DOF enhancement, low price, and minimal 

stepper modification. Figure 2.1 shows a schematic view of an optical stepper and the 

insertion points of some resolution enhancement techniques. A high intensity UV light 

source, such as a mercury arc lamp (g-line@436nm or i-line@365nm) or an excimer laser 

(AfrF@248nm or АгТШЭЗпт) is used to illuminate the photo-mask. The illumination 

beam is homogenized (producing a spatially uniform beam) and its spatial coherence 

is controlled by means of the filter of the condenser lens. Using special condenser fil­

ters, different modified illumination techniques (off-axis illumination etc.) can be 

introduced. The mask (or reticle) can be a simple binary chrome mask manufactured 

by e-beam technology. Optical proximity correction (OPC) masks are more complex 

chrome masks designed to compensate feature distortions (linewidth variation, line-end 

shortening etc.) that occur during imaging [15, 16, 17]. OPC masks improve the quality 

of the imaged pattern but do not enhance the resolution. Phase shifting masks, which 

apply different phase shifting layers on the mask, significantly improve the resolution.

Mirror -*»

Light Source Excimer Laser(248/193 nm)►

Filter Modified Illumination
•Off-axis illumination

Condenser Lens

•OPC
- «Phase Shifting Techniques
.•Super-FLEX (II.)

^ »Super-FLEX (I.)
•Coherent Multiple Imaging

Mask

Pupil-Plane
Filter

-*■

Projection Lens 
System

•Anti Reflexion Coating 
•Chemical Mechanical Polishing

Wafer with 
Photoresist

Figure 2.1: Schematic structure of an optical stepper and insertion point of some super 
resolution methods.
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The most critical and expensive (> $1 million) part of a stepper is the projection lens. 
A modern stepper lens may be a meter in length and weigh 300 kg or more. The imag­
ing performance of a lens is limited by diffraction ultimately, but aberrations could also 

degrade the lens performance. Pupil-plane filtering techiques (Super-FLEX etc.) in­
troduce special amplitude-phase filters that modify the spatial Fourier components of 

the mask pattern. However, the feasibility of these methods is questionable, since the 

pupil-plane in microlithographic lenses is usually inaccessible. Application of top and 

bottom anti-reflexion coatings (ARC) could further improve the image quality minimiz­
ing the undesirable interference effects inside the photo-resist. The chemical mechanical 
polishing (CMP) method introduces an extra process step before every optical litho­
graphic exposure. During this process the surface is polished, therefore the topology 

of the semiconductor structure does not limit the value of DOF seriously. A smaller 

limit in DOF means that projection lens with larger NA can be used, and larger N A 

means better resolution. The following four sections will focus on four super-resolution 

techniques that were the most important for my research.

2.1 Modified Illumination Techniques

2.1.1 Spatial Coherence

The control of spatial coherence which affects the resolution and the depth of focus, 
has historically been used to optimize the performance of a lithographic projection tool 
[18, 19]. Spatial coherence (a) is defined as the ratio of the numerical apertures of the 

condenser and projection lens’, respectively:

AAcondenser
(2,3)<7 X Aproj ector

Fully coherent illumination (<r=0) means that the mask is illuminated by a normally 

incident plane wave. In this case the adjacent patterns interfere and undesirable high 

intensity peaks could appear. The illumination is incoherent if the incident angle of the 

continuous spectrum of plane waves ranges from -90° to +90°. If the incident plane waves 

have a finite range (smaller than 90°) then the illumination is called partially coherent. 
A typical value of spatial coherence in optical microlithography is around <r=0.5. The 

value of spatial coherence can be easily controlled by means of an adjustable aperture in 

the condenser. Using partially coherent illumination the modified Rayleight resolution 

limit is [20]:
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л
(2.4)klNA(l + aY

and the depth of focus for line-space patterns can be given as :

CD =

XX
(2.5)DOF = if pitch =fe(l a + f) NA2 NA’

1 Л ЛЛ
(2.6)DOF = < pitch <кч—( ^ [pitch-N A

if NA’2 NA
NA2

where the pitch size means the period of a line/space pattern (line width + line separa­
tion). Optimization of spatial coherence is an important task in advanced lithography. 
However, it is very difficult to arrive at an absolute statement, since it strongly depends 

on the type of the structure. While the optimal imaging of contact holes requires rel­
atively small a, using equal line/space structures better imaging performance can be 

obtained with higher a value. In the present time every major manufacturer of step- 

and-repeat projection lithography tools has introduced a ’’flexible” stepper, a model 
with variable numerical aperture and spatial coherence.

Off-axis Illumination2.1.2

The three-dimensional aerial image of a lithographic projection system is influenced 

by the method of illumination [21, 22, 23]. In classical projection systems, Köhler 

configuration [24] is generally applied to illuminate the photo-inask. In this method 

the source is imaged into the entrance pupil of the projection lens. Fig. 2.2 depicts a 

comparison of conventional and off-axis illumination for line/space patterns. Using a 

conventional illumination system, line/space patterns can be resolved if at least three 

(the zero and the ±1) diffraction orders contribute to the final aerial image. Using a lens 

close to its resolution limit, the ±1 diffraction orders transmit through the edge of the 

aperture, while the higher intensity zero order falls in the middle of the aperture. The 

intensity ratio of the beam diffracted into the zero and first orders for an ideal equal 
line/space pattern (Ronchi grating) is known to be 1 : (2/n)2, resulting in an image 

contrast of:

(i + f)2-(i-i)2H -1minmar = 90.6%. (2.7)
(i + i)2 + (i-?)2+ Iminmax
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And the cut-off frequency of the system is:

1 Л
(2.8)fcut — off --

2 NA'

The second and higher diffraction orders are not transmitted by the lens, and they do 

not contribute to the final image. Obviously, for features with a pitch size larger than 

X/NA. higher diffraction orders must be considered.

Off-Axis IlluminationConventional Illumination
/

Photo-Mask

(ITT^X
pitch j

CD=~•— !4 NA I
C = TMl. = 90.6%|

-1.я
+2.NA = sin иш = tfl.^1-' О,0.pitch

Projection Lens
1 Я1CD = — pitch = — ■

2 2 NA Photo-
Resist

C_ 4«0«l

у q,i + 4a,2
= 97.1%

Intensity in the |||j 
Pupil-plane \

Figure 2.2: Comparison of conventional and off-axis illumination.

For off-axis illumination, the zero-order Fourier component of a mask pattern pro­
duces an off-axis spot of light in the pupil of the projection lens. One of the first-order 

diffraction spots appears nearly symmetrically on the other side of the optical axis, and 

the other first-order diffraction spot is lost. In an optimum case the cut-off frequency 

improved to

1 Л
(2.9)fcut—off

4 NA’

so that the smallest resolvable feature size doubled. However, the contrast of the image 

degraded to 0.90, owing to the intensity difference between the zero and the first diffrac­
tion orders. Off-axis illumination improves both the resolution and depth of focus of 

periodic patterns, however the effect of the illumination on the performance of isolated 

lines is very small. ’’Two beam imaging” degrades the image contrast and reduces the 

illumination power.
For most integrated circuit applications, features are limited to horizontal and ver­

tical orientation, and a quadrupole configuration may be more suitable. Poles are now
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only at diagonal positions with respect to horizontal and vertical mask features, and 

each pole is off-axis to all mask features.

2.2 Phase Shifting Techniques

Control of the phase information at a mask may allow for the manipulation of the imaging 

performance. Phase shift masking uses destructive and/or constructive interference to 

improve the image quality of different feature types [25, 26].

2.2.1 Phase Shifting Techniques Using Phase Shifting Masks

s Phase Shifting LayerС/Э Chrome Phase Shifting LayerCL.
Chromea

s8
S Си

Он>
8

4 ÖJ3

III иa
13 оa
8
4^

<

Phase Shifting LayerPhase Shifting Layer (T=0.04-0.15)
Chromes

СЛ sCl.
C/3

■a o.
Sa

3
Сй3

b. e.

Phase Shifting Layer Dark Field Grating
(PS Layer)

§

4s S 0. Phase Shifting Method without 
Phase Shifting Layer.

t/3
'UOh - -]
Um

m V
Вai

9о£ и
о eS

845u
HH f.C.

Figure 2.3: Phase shifting techniques.

Fig. 2.3 depicts five different phase shifting methods. The alternating phase shifting 

mask (Fig. 2.3.a) proposed by Levenson and Shibuya in 1982 [27, 28], introduces a 

7Г phase difference between adjacent features. Due to destructive interference between

8 V
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opposite fields, the final aerial image performance could be improved. In case of equal 
line-space patterns, the zero order disappears and just the higher diffraction orders 

contribute to the aerial image. In an optimum case, when the feature size is close to the 

resolution limit of the optical system, only two diffraction orders (the ±1 ones) generate 

the image. However, this kind of ’’two beam” imaging does not degrade the image 

contrast, since the intensity of the ±1 diffraction orders is equal. The alternating phase 

shifting method is a very candidate technique to improve the resolution and the depth 

of focus of periodic structures. However, designing alternating phase shifting masks to 

produce nonperiodic circuit patterns has proven difficult. To overcome this problem new 

phase shifting approaches were developed that are able to improve the image quality of 

both line-space patterns and isolated lines. The attenuated phase shifting method (see 

Fig. 2.3.b) is by far the most candidate technique [29]. The mask structure is simple; it 
contains only clear and attenuated/phase-shifting areas, respectively. The typical value 

of attenuation is in the range of 4 to 15%. Chromeless phase shifting masks (Fig. 2.3.c) 

contain only clear and phase shifted areas. Despite the fact that the phase shifting 

layer is transparent at the applied wavelength, dark areas, called dark field gratings 

can be produced. The period of these gratings is smaller than the resolution limit of 

the projection lens. The first diffraction orders fall outside the aperture, and no light 
diffracted on the dark field grating could pass through the lens. The outrigger and rim 

phase shifting techniques (Fig. 2.3.d-e) are two other alternative solutions for image 

quality improvement. Besides their advantages, the phase shifting methods suffer from 

several issues that limit their applicability in optical microlithography [30, 31, 32, 33]:

1. Phase shifting mask design and optimization is a complex process.

2. Phase shifting mask manufacturing is a complicate, multi-step process. The devi­
ation from the optimum phase value cannot be larger than 5°.

3. Phase shifting mask repair is an important process since the printability of trans­
parent phase shifting defects is significantly higher than the printability of opaque 

defects. Cleaning technologies are expensive and require special equipment.

Problems introduced by the phase shifting layers could be overcome by means of a 

new phase shifting technique that does not apply any phase shifting layers on the mask.

9



2.2.2 Phase Shifting Method Without Phase Shifting Mask - 

Interferometric Phase Shifting Technique

The interferometric phase shifting technique (IPST) proposed by Szabó, and demon­
strated by Kido in 1994 [34], uses a simple chrome mask that is illuminated from the 

front and the back sides using a Mach-Zehnder interferometer (see Fig. 2.4).
The value of the phase 

shift between reflected 

and transmitted beams 

could be controlled by 

the translation of the 

interferometer mirrors.
The amplitude ratio 

can also be aligned 

using a continuous at­
tenuator in one arm 

of the interferometer.
Theoretical and ex­
perimental results proved that the interferometric phase shifting technique has the simi­
lar resolution and depth of focus enhancement potential as the attenuated phase shifting 

technique. Since IPST requires optics with high surface quality, the thickness of the 

beam-splitter placed between the mask and projection lens is in the range of several 
centimeters. Such a thick and tilted plane-parallel plate introduces serious optical aber­
rations (astigmatism, spherical aberration and coma) into the system [35].

Mask
Mirror Beam Splitter II. Wafer

T-,
ib...........

A'

Projection
Optics

Beam Splitter I.

Figure 2.4: Interferometric phase shifting technique.

2.3 Filtering Methods

Changing the amplitude and/or the phase condition of the transmitted light in the 

aperture of the projection lens is a traditional method to enhance the aerial image 

quality.

Image Formation Based on Fourier Optics

Aerial image calculation in photolithographic simulation tools such as in Prolith/2 or 

in Solid-C is based on Fourier optics [36, 37], wherein the resultant electric field profile 

is calculated as an inverse Fourier transform of the product of the Fourier transform 

of the mask pattern (m(x,y)) and the coherent transfer function of the optical system

2.3.1
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(PU, ,/,))■■

E(x,y)=3 ‘(^{m(X:V)}-P(fx,f,)}, (2.10)

where (x,y) are spatial coordinates, (fx, fy) are spatial frequencies, and T and IF"1 
represent the Fourier and inverse-Fourier transforms, respectively. The properties of 

the optical projection system (numerical aperture, optical aberrations, pupil-plane filter 

etc.) can be described by means of the coherent transfer function. Advanced simulation 

software is able to controll the spatial coherence of the illumination.

2.3.2 Pupil-Plane Filtering Techniques

The final image quality can be modified by introducing a filter into the Fourier plane 

of the projection system (pupil plane filter). A complex filter changes the phase and 

amplitude condition between the spatial Fourier components of the mask pattern, and 

therefore has a deep influence on the aerial image.
The first major application of pupil-plane filtering technique in optical microlithog­

raphy is linked with the name of Fukuda. In 1991 [38, 39] he proposed a method called 

Super-FLEX that could effectively enhance the depth of focus by a factor of 3, and 

yields a resolution enhancement of 20% using contact hole patterns. The principle of 

the Super-FLEX method is described in the following.
Assuming coherent illumination, the electric field (E0(x, z)) of an image in the lateral 

x, and axial г directions can be described by the equation of

J MU)E0(x,z) = e^(2) • ■P0(r,z)-e2^xdf, (2.11)

where ф(г) is the phase of the light (= 4itz/NA2), f is the spatial frequency normalized 

by NA/X, M(f) is the spatial Fourier transform of the mask pattern, P0(r,z) is the 

coherent transfer function of the system and the defocus (z) is normalized by 2X/NÄ2. 
The coherent transfer function can be written as

P0(r,z) = circ(r) ■ e2nizr2, (2.12)

where r is the radial coordinate on the pupil-plane normalized by the pupil radius. The 

superimposed electric field (Etotai) of two images defocused by z — ±ß and phase shifted 

by ±Aф can be written as
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1Etotai(x, z) = - ■ [егАф ■ E0(x, z ß) + e-iA*-E0(x,z + ß)]. (2.13)

Substituting Equation (2.11) into Equation (2.13) the total electric field can be expressed
as

вI mu)Etotai = ■ _) . e2nif4f■ Po(r, z) • cos{2'Kßr2 (2.14)

where

8-7Г
(2.15)ß.в = 2A ф-

NA2

The cosU'Kßr2 — |) term can be explained in two different ways. First, the ’’extra” term 

belongs to the coherent transfer function and it can be considered as a pupil-plane filter 

(Super-FLEX I or spatial filtering method). Second, the ’’extra” term is connected to the 

mask function (Super-FLEX II or mask modulation method). The new mask is obtained 

by the inverse-Fourier transform of M(f) • cos(2nßr2 — |). This second approach can 

be considered as a special optical proximity correction (OPC) technique.
However, in practice it is rather difficult to produce a pupil-plane filter or photo-mask 

with a complex and continuous transmission/phase distribution. Therefore simplified 

filters and masks were used for the evaluation of the performance of Super-FLEX. It 
was shown that both approaches enhance the image quality in the same manner. The 

main limitation of the Super-FLEX method is that a pupil-plane filter cannot be inserted 

into a modern lithography stepper without significant system modification that reduces 

the lens performance.
In 1992 von Biinau et. al. [40] optimized an amplitude transmission pupil-plane filter 

that produced an approximately constant on-axis intensity profile, while maintaining a 

large value of energy within the central peak. The calculation applied scalar wave and 

paraxial approximations regarded to the point-spread function of the optical system. 
More complex patterns were not evaluated. The optimized amplitude filters were so 

complex that their technical feasibility was questionable.
In 1995 Horiuchi et. al. [41] also used a transmittance-adjusted pupil-plane filter to 

image different line-space patterns simultaneously. They managed to address some imag­
ing issues (pattern-end degradation and shrinkage in middle size patterns) by optimizing 

the radii of the transmission zones of the pupil-plane filter.
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Annular Illumination2.3.3

The intensity distribution near the focus of a projection lens with circular and annular 

apertures has been theoretically investigated by several authors [42, 43, 44]. This section 

summarizes the most important theoretical results.

Consider a lens of focus length / and let it be illuminated by plane waves of wave­

length Л. The radius of the lens aperture is R. To describe the intensity distribution 

near the focus two variables и and v are introduced which are defined as:

2тгД2 27rR
(2.16)u = Tz’ V = r,

A / A /

x2 + y2), and z is the axial distance from the focuswhere r is the polar coordinate (r2 

point.
The intensity distribution in the geometrical focal plane (u=0) is given by the well- 

known Airy pattern:

4тг2Д4 /2Ji(v) \ 2
(2.17)l{0,v) =

A2/2 v

where J\ is the first order Bessel function. The v value characteristic of the first dark 

ring is 3.832. Thus the resolution power can be given as:

RA
(2.18)NA = — => kj = 0.61 .CD = 0.61 • where

fNA

The intensity distribution along the optical axis (v — 0) is:

sin(\u)\24tT2RA
(2.19)Hu, 0) \uA2/2

The argument of the sine function equals 7r in the case of the first minimum. DOF can 

be expressed as the distance between the first minimum and the main maximum:

Л
(2.20)DOF = =r" ]<-2 — 2 .2‘ NA2

If the central portion of the exit pupil is blocked out so that the aperture consists of an 

annulus between circles R and eR - the obstruction ratio (e) can vary in the range from 

0 to 1 - the intensity distribution in the focal plane becomes:

13



2Ji(ü) _ 22Ji(6-u)\24tt2í?4
ДО,«) (2.21)

A2/2 ev

Equation (2.21) shows that the diffraction pattern of an annular ring is the diffraction 

pattern of the whole aperture extending to the outer circumference, minus that of the 

inner, opaque region. An increase of e leads to a decrease in the radius of the first dark 

ring. As б tends to unity, the expression inside the bracket of Equation (2.21) tends 

to (1 — e2) Jo(v), where Jq{v) is the zero order Bessel function of the first kind. In the 

limiting case the FWHM of the Bessel beam is 1.6 times smaller than the FWHM of 

the Airy pattern. The intensity distribution along the optical axis can be given as:

sin\u(l — e2) \ 24тг2Д4
/(«,0) (2.22)

\uA2/2

A comparison of Eq. (2.22) with Eq. (2.18) indicates that the separation of the successive 

dark points on the optical axis is increased by a factor of 1/(1 — e2), and tends to infinity 

as e tends to unity. Equations (2.21) and (2.22) show that the DOF and resolution can 

be enhanced simultaneously using an annular aperture. One of the main issues of this 

technique is that an n-fold gain in focal depth leads to an n-fold loss in the intensity of 

the illumination light.

Coated Objective

The theoretical investigation of the resolving power of a coated objective dates back to 

nearly 50 years [45, 46, 47]. The problem of coating the objective in order to obtain 

a diffraction pattern having the smallest central bright spot was studied by John W. 
Y. Lit in 1971 [48]. He pointed out that the diffraction pattern in the focal plane of 

the lens has the smallest bright spot when the aperture is divided into two zones, with 

the inner zone having a phase retardation of 7r rad with respect to the outer one. The 

transmission of both parts is unity. The total complex disturbance E(P) near the focus 

using a simplified two-zone annulus shown in Fig. 2.5 is:

2.3.4

1 1

P){T I e^2J0(vg)gde+(T' - T)e2 j e*™'?Mv'g)gdg} (2.23) 

о о

ikR2 e ikU-OE(P) — f

where: и = kR2z/f2, v = krR//, к = 2zr/A, r = (x2 + y2)1/2, g is the radius vector 

in the observation surface, О is the geometrical focus, and T and T' are the amplitude

14
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Figure 2.5: General and simplified two-zone annulus

transmittance of the outer and the inner zones, respectively. With respect to T = ег0 = 1 

and T' = ег7Г = — 1, the intensity in the geometrical focal plane (u = 0) and along the 

optical axis (v = 0) can be given as

2Ji(eu)l 27г2#4 Г2Ji(v) 

A2/2 v
- 2e2 (2.24)/(0,r)

ev

sinl/4u\2 sinl/Ae2u\ 22)VIT2 л4 r sml/4rt(l — e + 2e42(1 - e2)2Ф,0) = 1/4« l/4e2«1/4«(1 — e2)P A2 L
(2.25)

Figure 2.6: Intensity distribution in the focal plane and along the optical axis related to 
the obstruction ratio. (R = 5mm; / - 25mm; Л = 632nm)

The obstruction ratio strongly determines the intensity distribution in the focal re­
gion. In the case of e=0 and e=l the intensity distribution on the focal plane is the

15



well-known Airy pattern. If the obstruction ratio is increaded, the intensity of the main 

central peak begins to decrease and reaches its minimum value (=0) when 6=0.7. In this 

case the area of the central circle equals to the area of the surrounding ring (e = l/y/2). 
If the value of e is further increased, the intensity of the central peak begins to increase 

again. The intensity of the first diffraction ring grows continuously if e increases. The 

intensity distribution on the optical axis related to e is also depicted. In case of 6=0 

and e=l the axial intensity distribution can be described by a (sin(x)/x)2 function. 
There is a range of e where two foci appear. If we use the definition that DOF is the 

axial distance between the central main peak and the first minimum, a coated objective 

always has a larger DOF than an uncoated one, except when 6=0.7.

Nondiffracting Beams2.4

Non-diffracting beams represent a group of fields whose radial intensity distributions do 

not change during their propagation. In 1987 Durnin [49] showed that the field described

by

E(r,z,t) = A • J0(k±r) ■ e^z-ut) (2.26)

is an exact solution of the wave equation, where k\ + Щ = a;2/c2, and J0 is the zero 

order Bessel function of the first kind. The field described by Eq. (2.26) represents a 

non-diffracting beam because the transverse intensity distribution is independent of the 

propagation distance (z). However, such an ideal beam cannot be realized experimentally 

over large values of z and r, since this would represent a beam with infinite energy and 

spatial extent [50].
In the last twelve years several experimental arrangements have been proposed to 

create nearly non-diffracting Bessel beams and apply them in different domains of physics 

[51, 52, 53, 54, 55]. The first arrangement to create a nearly nondiffracting Bessel beam 

was also suggested by Durnin [56]. A circular slit (annular aperture) was placed at the 

focal plane of a lens. The slit was illuminated with collimated light. Each point-like 

source along the slit was transformed by the lens into a plane wave whose wave vector 

lies on the surface of a cone around the optical axis. The maximum z value, for which
D/tanO,the plane waves intersect and thus form a nondiffracting beam, was Z 

where D is the radius of the circular aperture, and 0 is the angle that к vector makes 

with the 2 axis (tanQ = kj_/kparauei). The maximum range of the Jo beam that could 

be realized experimentally was 85 cm, and it could be fitted by numerical simulations. 
In 1992 Cox et. ah, [57, 58] based on the theoretical considerations by Indebetouw

max
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[51], produced a similar nondiffracting beam using a Fabry-Perot interferometer. The 

ring system transmitted by the Fabry-Perot interferometer was collimated by a lens. 
An annular aperture placed at the focal plane of the lens transmitted only the first
ring and blocked all the others. A second lens located after the spatial filter had the 

same role as in the experiment reported in Ref [56]. It can be seen that the effective
= 2Fd, where F and d are the finessenondiffracting range using such a setup is Z 

and the thickness of the etalon, respectively. In fact, nondiffracting beams have also 

been generated by means of an axicon [59, 60], a holographic process [61, 62], and a new 

type of laser cavity. It is worth noting that already a century ago it was recognized that 
the diffraction pattern of a very narrow annular aperture can be described by the J0

max

function. However, previous work paid less attention to the depth of focus and therefore 

did not describe such patterns in terms of nondiffracting beams. Only a few applications 

of nondiffracting beams have been reported so far.
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Chapter 3

Objectives

1. Development of a combination technique of interferometric phase shift­
ing and off-axis illumination that minimizes the optical aberrations caused by 

the thick beam-splitter placed between the projection lens and the wafer, as well 
as by two-beam imaging.

2. Experimental demonstration of resolution enhancement by means of an 

annular aperture using an on-axis contact hole.

3. Coated objective optimization based on wave optics model from the aspect 
of resolution, DOF, light loss and side-lobe intensity, using a single point-like 

source. Simulation of extended contact hole arrays using an optimized filter 

with Solid-C.

4. Theoretical description of the aerial image of an on-axis hole when a 

birefringent plane-parallel plate is placed between the lens and the re­
sist.

5. Development of a new coherent multiple imaging technique based on 

application of a Fabry-Perot etalon inserted between the mask and the projection 

lens.

6. Development of an effective and fast simulation method of the proposed 

CMI technique, which does not require any software modifications.

7. Comparative simulation and experimental evaluation of the point-spread 

function of the optical system.

8. Spatial coherence optimization for contact hole arrays when the Fabry- 

Perot based CMI technique is used.
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9. Comparative simulation and experimental evaluation of the aerial images 

of extended mask patterns (off-set contact hole arrays and line/space patterns).
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Chapter 4

Scientific Results and Interpretation

4.1 Interferometric Phase Shifting Technique 

combined with off-axis illumination

The thick and tilted beam splitter between the projection lens and the wafer causes 

serious optical aberrations in the original interferometric phase shifting arrangement. To 

address this issue, the IPS technique was combined with off-axis illumination (IPS — 

О AI method). However, two-beam imaging - one of the most serious limitations of off- 
axis illumination - could significantly degrade the final image contrast. In this section, 
it will be shown theoretically and experimentally that the IPS — О AI combination 

technique could address both limitations mentioned above for line/space patterns [63, 
64, 65, 66, 67].

4.1.1 Theoretical Results

The mask illumination is a key process in the IPS — О AI method in which a Mach- 
Zehnder interferometer is used to illuminate the mask almost symmetrically from front 
and back sides simultaneously. The system is optimized so that only four diffraction 

the transmitted and the reflected zero and first orders - contribute to the finalorders
image (“four-beam imaging”). The imaging process can be considered as a coherent 
superposition of two images. The first (R) image is generated by the reflected zero and 

first orders, and the second (T) image is generated by the transmitted zero and first 
orders. First of all let us describe the interaction between these two images. Fig. (4.1) 
depicts a schematic view of the principle of four beam imaging. The off-axis angle is 

optimized so that the diffraction angle (ß) be closely equal to the off-axis angle (a). The 

transmitted zero (Eq(x, z,t)) and first (E{(x,z,t)), and the reflected zero (Eq(x, z,t)) 

and first (E[(x, z, t)) diffraction orders can be written as:
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л ( 27Г 2/Тг
Eq(x, z, t) = Eq- sin ojt---- —sin(a) ■ x — cos(a) ■ z (4.1a)

Л Л
2ir 27г

E\ (ж, z, t) = E{ • sin ( Lüt + —sin{oi) ■ x---- —cos(a) • г (4.1b)
Л Л

27Г2tt
Eq(x, z, t) = Eq ■ sin Lüt---- —sin(a) ■ (ж — A)---- —cos(a) • z + Ф (4.1c)

ЛA
2tt 2tr

E[(ж, z, t) = E{ ■ sin ( út + —-sin(a) • (ж — A)---- — cos(a) ■ z + Ф (4-ld)
A A

4 * ) is the spatial shift between R and T images, Ф is an arbitrarywhere, A (

phase difference between the reflected and the transmitted beams, and (ж, z) are spatial 

coordinates defined in Fig. (4.1). In an ideal case, when the reflection of the chrome

layer and the transmission of the substrate are unity, the amplitudes can be given as 

follows:

if _ E{ _ 2 
Él - Er0 ~ 7Г

(4.2a)

Front 
Illumination

El (4.2b)= t
Er0

Reflective
where t is the amplitude 

ratio of beams that illuminate 

the mask from the back and 

front sides. However, if we 

take into consideration that 

the reflectivity of the chrome 

layer Rcr is not 1 but 0.71 

and the Fresnel reflection at

Chrome
Layer

►
X'/

*
Fused
Silica

Substrate

* a

if
• Back 

** Illumination**

the transmitting surfaces of
Figure 4.1: Four-beam imaging 

the mask is not 0 but i?Suft=0.032, then the amplitude ratio of the reflected first and

zero diffraction orders is modified as follows:

E[_ _ 2^ VRcr — VRsub 
Éq к VRcr + VRsub 

and the contrast reduces to about 70.5% from the original 90.6% value (Eq. 2.7). The 

total intensity distribution is represented by the time average value of the square of the 

sum of the electric fields (Eq. 4.1a-d):

(4.3)Rá 0.41
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n 2тг

2^y [El(x,z,t) + E[(x,z,t) + Er0(x,z,t) + E[(x,z,t)] d(ut).1 (4.4)H?,z) = —

The intensity distributions using different amplitude and phase conditions can be seen in 

Fig. (4.2). The first column shows the calculated results. In case a only the reflected zero 

and first diffraction orders, while in case b the transmitted diffraction orders contribute 

to the image. The two images are spatially shifted by half the period of the line/space 

pattern (A). It means that where the R image has minima, T image has maxima. 
The contrast of both R and T images is 70.5%. This limitation of off-axis illumination 

called ”two-beam imaging” was discussed in Section 2.1.2. However, using the four- 

beam imaging approach instead of two-beam imaging, the initial phase and amplitude 

conditions could be optimized so that the contrast of the final image could reach the 

maximum 100% value. The conditions that must be satisfied are the following:

Condition 1 The peak intensity of the transmitted pattern must be equal to the mini­
mum intensity of the reflected pattern.

Condition 2 The phase difference between R and T images must be n, i.e. the images 

must be in the opposite phase.

If these optimized illumination conditions are satisfied, then the contrast of the final 
image (Fig. 4.2.c) could reach the maximum 100% value. When the phase shift between 

the transmitted and the reflected images is set to 0 (or к • 2n , where к is an integer), 
the contrast could reduce to 30% (Fig. 4.2.d). These calculations show that the system 

is extremely phase sensitive. А Л/4 mirror translation (ss 0.11 pm @ 457.8nm) means 

that the system shifts from the optimum to the worst setup. Therefore, during the 

experiment special attention was paid to eliminate every undesirable vibration effect.

Experimental Results

The experimental arrangement can be seen in Fig. (4.3). The output from a continuous 

wave Ar+-ion laser operating at 457.9 nm was split into two beams and used to illumi­
nate the mask. The mask was a patterned evaporated, reflective chrome layer on a fused 

silica substrate, forming a line/space pattern, with a spatial frequency of 16 pm. The 

intensity and the phase of the back illumination was controlled by a variable attenuator 

and a piezo-controlled linear translator, respectively. A microscope objective (Lp mag­
nification Mi = 20X, NAi = 0.4) produced the image. The mask to objective distance

4.1.2
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Figure 4.2: Intensity pattern as observed by the CCD camera.

was adjusted to the manufacturer microscope tube length to ensure a nominal magnifi­
cation ratio and high image quality. The off-axis illumination angle of the mask was 1° 

and the first order diffraction angle was 0.7°. Thus, the microscope objective, which had 

a numerical aperture of 0.4/20 = 0.02 on the mask side, would accept only the 0 and 

+1 order beams propagating at a relative angle of 1.7° while all other diffraction orders 

were rejected. The image of the line/space pattern formed by lens Li was magnified by 

means of two microscope objectives L2 and L3 in tandem (M2 = 20X, NA2 = 0.5 and 

M3 = 40X,NA3 = 0.65). The imaging lens L2 was mounted on a precision translator 

allowing a direct measurement of the depth of focus of the image. The magnified image 

was projected onto a CCD camera by lenses L2 and L3, which were only used for image 

diagnostics. The second column in Fig. (4.2) depicts the experimental results recorded 

by a CCD camera. The measured value of contrast of the R image is 68.7% as shown 

in Fig. (4.2.e). This value agrees very closely with the calculated 70.5% value. In case 

/ (T image) the beam amplitude coming from the back arm of the interferometer was 

attenuated so that Condition 2 could be satisfied. In case g when both the reflected
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Figure 4.3: Experimental scheme for off-axis illumination combined with interferometric 
phase shifting.

and the transmitted diffraction orders play part in the imaging process under optimum 

conditions (both amplitude and phase conditions are satisfied), the contrast of the image 

is nearly 100%, i.e. the intensity minima between the main peaks are almost 0. When 

the phase difference between T and R images is 0 (case h), the contrast significantly 

decreases. The third column in Fig. (4.2) shows the images as were captured by the 

CCD camera as a reference.
The image of the line/space 

pattern was also recorded in 

an experimental Shipley XP 

94314 photoresist. An about 
0.5 /rm thick photoresist layer 

was deposited on a 1 inch di­
ameter silica wafer. During 

photoresist exposure, the re­
sist was placed directly in the 

image plane of lens Li. A 

beam with an energy density 

of 40 mJ/cm2 was used to 

expose the resist. The devel- 
opement time was 60 seconds with Shipley MF 320 developer. An atomic force micro­
scope (Park Scientific Instruments) image of the exposed photoresist is shown in Fig. 
(4.4). A significant fraction of the sidewall slope seen here is due to the limited resolv-

0.40-

0.20-

Figure 4.4: AFM photograph of the line/space pattern 
produced on photoresist.
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ing power of the AFM microscope tip. However, an upper limit can be given for the 

minimum feature size of the exposed line/space pattern that can be compared with the 

preliminary calculated value of CD. The calculated 0.4 /лп value agrees with the period 

of the exposed pattern. Since the theoretical resolution limit of a traditional imaging 

system with NA = 0.4 at A = 457.9 nm for line/space patterns (ki = 1/2) is 0.57 p,m 

(Eq. 2.1), we can say that the IPS — О AI technique can improve the resolution by 30% 

for line/space patterns. In addition to this significant resolution enhancement, due to 

the high spatial coherence of the illuminating laser beam, a high image contrast results 

in approximately 5 /im defocus in both directions.
Since the method does not require a phase shifting layer on the mask, it eliminates 

all issues related to phase shifting mask manufacturing and cleaning. The technique 

can be implemented into 248 and 193 nm stepper systems, however, innovative stepper 

design may be necessary.
The proposed combination technique, however, requires optical elements with flat­

ness smaller than A/72 @ 248nm. Due to these issues, the IPS — О AI combination 

technique can mainly be used as an effective and inexpensive test-bed for studying var­
ious phase shifting schemes combined with off-axis illumination, rather than a direct 
process installed into a stepper system.

Because of the ability to adjust the relative phase and amplitude of the two (front 
and back) illuminating beams, this method is capable of the evaluation of several kinds 

of PS — О AI combination techniques. The phase shifting masks can be substituted with 

a simple chrome mask using the following correspondences:

Interferometric ApproachConventional 

Phase Shifting Techniques

T r anspar ent part 

Phase shifting part 

Chrome part 

Dark field grating (with PS layer)

Transparent part 

Chrome part

Dark field grating part (with chrome) 

Dark field grating (with chrome)
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Annular Illumination — An Experimental 

Demonstration
4.2

This section reports on an experimental demonstration in which an on-axis hole was 

imaged by means of a lens with an annular aperture [68].

4.2.1 Experimental Results

Using annular illumination the intensity distribution in the vicinity of the focus point 
has been theoretically discussed in Section (2.3.3). Equations (2.21) and (2.22) give 

the intensity distributions in the focal plane and on the optical axis, respectively. The 

optimum case with regard to the resolution is when the obstruction ratio (б) tends to 

unity. In this case the FWHM of the first-order Bessel beam is 1.6 times smaller than 

the FWHM of the Airy pattern obtained by means of a clear aperture. However, a thin 

annular filter introduces a serious light loss into the system. The filter blocks e2 of the 

incoming intensity, therefore the efficiency is 1 — e2. During the experiment the obstruc­
tion ratio of the filter was 0.85, which is a trade-off between resolution enhancement and 

light loss. The light loss introduced by the filter was e2=72% while the hlter remained 

appropriately narrow to reduce the resolusion. The experimental arrangement can be

Annular
aperture

Wafer with 
photoresistPinhole

Ar+ ion
1*

laser

Imaging
System

1

Figure 4.5: Schematic diagram of the experimental arrangement.

seen in Fig. 4.5. An Ar+ ion laser operated at 457 nm, illuminates a pinhole of 50 /im in 

diameter (D). Several other illumination arrangements (beam-expander, a single micro­
scope objective and lens) were proposed and used to illuminate the aperture, however 

only a pinhole could produce appropriately homogeneous illumination. The distance 

between the pinhole and the annular aperture (/) was chosen so that the radius of the 

first bright diffraction spot be larger than the radius of the aperture (l ■ X/D ж 3R). 
The outer and inner radii of the annular aperture were 4.75 mm and 4 mm, respectively,
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corresponding to an obstruction ratio of e = r/R & 0.85. The projection optics con­
sisted of a simple microscope objective (M = 40, NA = 0.65). During the experiment 
only 74% of the NA was used, so thus the effective numerical aperture (NA') was 0.48. 
Therefore, the theoretically predicted hole diameter without annular aperture was 0.58 

gm. If an above-defined annular aperture is used the predicted hole diameter is larger 

than 0.36 p.m. However, due to the nonlinearity of the resist, the diameter of the hole 

could in fact be further decreased by 36%.
The main issue of the ex­

posure procedure was the ex­
act alignment of the resist into 

the focal plane of the imag­
ing system. Insertion of the 

wafer with a l/rm thin pho­
toresist into the focal plane is 

practically impossible without 
a special alignment device. In 

the absence of this kind of 

tool, the image was exposed 

to the photo-resist using dif­
ferent wafer positions and eval­
uated by means of a scanning Figure 4.6: SEM picture of a 0.28 /яn contact hole ex­

posed in photoresistelectron microscope (SEM).
Fig. 4.6 depicts a 0.28 /rm contact hole exposed in photoresist (Shipley XP 94314).
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4.3 Coated Objective

The calculated radial and axial intensity distributions using a coated objective were 

discussed in Section (2.3.4) and depicted in Fig. 2.6. It was shown that the obstruction 

ratio strongly determines the final image profile. The main objective of this section is to 

optimize the obstruction ratio with regards to light loss, side lobes intensity, resolution 

and DOF improvement, and use the optimal filter for imaging contact holes by means 

of Solid-C, a commercially available lithography simulation tool [69].

4.3.1 Wave Optics Model

From the microlithography viewpoint, high intensity side lobes cause undesirable inter­
ference effects. In what follows, the maximum acceptable intensity of the first diffraction 

ring was defined as 10% of the central main peak (10% condition). This condition divides 

the range of e into three parts:

Part 1 : 0 < e < 0.3

Part 2 : 0.3 < e < 0.84

Part 3 : 0.84 < e < 1

The intensity of the side lobes is lower than 10% of the central peak in parts 1 and 

3. Since the intensity of the first diffraction ring continuously grows if e increases, it is 

very interesting that with a relatively high obstruction ratio (e >0.84) the 10% condition 

is still satisfied. This is due to the special topology of the surface; the intensity of the 

central maximum decreases if e increases to the value of e=0.7, and the radius of the 

first diffracted ring decreases continuously. If the value of e is further increased, the first 
ring closes (e >0.7) and produces a central peak. The two borderline cases, when the 

intensity of the first diffraction ring is 10% of the main peak, can be seen in Fig. (4.7). 
To make the evaluation easier, every figure depicts the original normalized Airy pattern. 
In case of 6=0.3, the loss of light is around 33% (see Fig. 4.7.a), while in case of 6=0.84 

the loss is around 83% (see Fig. 4.7.c). Independent of the value of the obstruction 

ratio, the DOF of a coated objective is always larger than the DOF of an uncoated 

objective, except in one case, when 6=0.7, and the intensity in the focal point becomes 

zero. The DOF enhancement in the borderline cases is 15% (Fig. 4.7.b), and 45% 

(Fig. 4.7.d), respectively. However, the axial intensity distribution in case of 6=0.84 

in not homogeneous. The resolution power of a coated objective is better than that of 

an uncoated objective if the obstruction ratio is smaller than 0.7. (The resolution was 

defined as the radial distance between the main peak and the first minimum.) Fig. 4.7.a
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shows a 17% enhancement of resolution. In the other borderline case (e=0.84>0.7) the 

resolution power decreases by 35%. The optimum obstruction ratio was found to 

be e=0.3.

1 1\/
(e=0.8_4)(e=0.3)a c/ / I\

£,0.67 &77 IИ и \
§ 6I

2 /
C\ 10% level

V/10% level ,
0.17z 7%

IT17 14 00
Relative Radial Distance Relative Radial Distance

1

b (e=0.84)
/

'M

g
■M

h-(

/
0

23 20
Relative Axial Distance

29 20
Relative Axial Distance

Ó0

Figure 4.7: Radial and axial intensity distributions in the two borderline cases.

Simulation using Solid-C

An optical lithography simulation software (Solid-C) was used to evaluate the optical 
enhancement applying the previously optimized filter. Table 1 lists the simulation pa­
rameters that were used to run Solid-C.

4.3.2

Image Model Normal
Wavelength 248nm

50 mJ/cm2sPower
Numerical Aperture 0.5

Magnification 5
Spatial Coherence 0

Flare 2
Pupil Shape Circle

Optimized TARTAR
ST3 Novolac positiveWafer

Optimized ARCUnderlaying Layer
Poly-SiliconSubstrate

Table 4.1: Input stepper parameters.
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The mask was a simple binary chrome mask with semi-isolated contacts. The 

Rayleigh limit of resolution (CD = 0.61A/AF4) using a stepper lens with parameters 

defined above is 0.3 pm. Therefore, during the first simulation the designed CD on the 

wafer was 0.3 pm and the distance between the contacts was 1.5 pm.
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Figure 4.8: Photoresist profiles with different values of e and exposure dose.

Since Solid-C does not scale the displayed calculated aerial image with the exposure 

dose, the final photoresist profiles had to be evaluated. The optimization of the process 

steps between the aerial image and the hnal resist profile calculation (wafer reflection, 
thin film effects, photochemical processes etc.) is beyond the scope of this work. During 

the simulation, I used optimized prebuilt process parameters (see Table 4.1).
Fig. (4.8) depicts the cross-section of the exposed and developed photoresist in the 

focus, using different obstruction ratios and exposure doses. The intensity change with 

the increasing e can be seen clearly. The figure does not show the cases of e=0.5-0.7, since 

in this range the intensity is practically zero. The figure does not depict the case of e=l 
either, since the wafer profile is the same when we use a clear, uncoated aperture. The 

thickness of the wafer was chosen to be 1 pm. The optimum case is around e=0.3. From 

the previous part we know that the intensity of the side lobes in this case does not exceed
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10% of the main peak. On the other hand, the required exposure dose enhancement (~ 

1.561 is not critical. In case of e=0.4. the 1.56 exDosure dose enhancement is not enough.

Coated Aperture (e=0.3)Clear Aperture
Exposure Dose [mJ/cm2]Exposure Dose [mJ/cm2]

510

496

482

468

454

440

426

412

398

384

370

Defocus [pm]Defocus [pm]

Figure 4.9: Focus-exposure process windows using uncoated and coated aperture. The 
resolution is 0.3 pm.

Figure 4.9 shows the exposed wafer profiles (just the central contact) for different 
focal positions as a function of the exposure dose using a clear (e=0) and coated aperture 

(6=0.3), respectively. The shaded parts depict the range where the parameters are within 

the acceptable process tolerances (10% tolerance in CD). The sides of the maximum 

rectangles inside the focus-exposure process window show the DOF and acceptable 

exposure dose range. If a clear uncoated pupil is used, the DOF is only 0.5 pm and 

the useful energy range lies between 230 and 258 mJ/cm2 (AE=28 mJ/cm2). When 

using a coated objective, the exposure dose must be increased; the useful energy range 

is between 419 and 503 mJ/cm2 (AE=84 mJ/cm2). The increased exposure intensity is 

almost doubled when a clear aperture is used. The exposure dose scales in Fig. (4.9) 
are not the same! In addition, the DOF increases to 1 pm, i.e. becomes twice as large 

as without the filter. The efficiency of the filter was also studied using a mask with 

contacts smaller than the Rayleigh limit.
Figure 4.10 depicts the focus-exposure dose process windows for 0.25 pm contact 

holes. The process window belonging to the 0.25 pm contacts is smaller than when 0.3 

pm contacts are exposed. However, filtering enhances the process window significantly. 
The useful energy range without the filter is between 354 and 362.4 mJ/cm2 (AE=8.4 

mJ/cm2), while with the filter it lies between 554 and 594 mJ/cm2 (AE=40 mJ/cm2). 
On the other hand, the DOF is 0.6 pm, 1.5 times larger than without the filter.
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Clear Aperture Coated Aperture (e=0.3)
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Figure 4.10: Focus-exposure process windows using uncoated and coated aperture. The 
resolution is 0.25 /шl.

It should be noted that the simulation results and the wave optics model agree. 
Both calculations show that the optimum obstruction ratio is 0.3. In this case, the 

focus-exposure process window is enhanced significantly (the DOF increases by a factor 

of 1.5-2, while the useful energy range grows by a factor of 3-4), and the intensity of the 

first diffraction ring is below 10% of the main peak, while the required energy increases 

by 60-80%. For simulation, isolated contacts were used (the distance between the holes 

was 5 times the diameter of the holes), and hence the interference effects between the 

first diffraction rings were eliminated. Due to the enhanced process window, the optical 
system is less sensitive to the exposure dose, so dense contact holes and isolated contacts 

can be imaged easier simultaneously.
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4.4 Double exposure by means of a birefringent plate

In the previous sections three coherent multiple imaging techniques were discussed, 
where the final image could be obtained by a coherent superposition of two fields. In 

this section a fourth technique will be discussed theoretically, where the final image is 

resulted of two incoherent fields [69].

Geometrical Optics Model

The displacement of the focus point when a plane parallel plate is placed behind a lens 

is a well-known fact. Based on geometrical optics considerations, the shift of focus (Af)

4.4.1

is:

x _ cos(a)
yjn2 — sin2 (a) J

(4.5)А/ = d ■

where d is the thickness, n is the refractive index of the plate and a is the incident angle.
As the focus shift depends on the refractive index, we expect that using a birefringent 

plane-parallel plate instead of the isotropic plate, two focal points will appear (o/e 

images): one created by the ordinary, and the other created by the extraordinary ray. 
We deal with the case when the optical axis is perpendicular to the surface’s normal (see 

Fig. 4.11). The intensity distribution after the birefringent plate in the vicinity of the 

focal point was calculated using scalar wave optics model. The angle dependent phase 

error introduced by the thin plane-parallel plate is:

(4.6)ф(а) = к ■ (n2cos(ß) — 7iiCOs(a:)),

where ß is the refractive angle inside the plate, n2 is the refractive index of the plate and 

ni is the refractive index of the environment (we assume that the system is in vacuum, 
hence ni=l). Let us introduce a new variable: s = sin(a)/2, and let us expand f(s) 

in terms of a power series in s. By means of this new variable, the defocus can be 

represented by a single term.

nfn?
ß(s) = к ■ d(n2 - ni) 1 +

V n2
2ni 9
----- s bs6+ 2(rq + n2)—|s4 + 4(ni + n2)—g-

77-2 77-2

The term in s1 represents the defocus introduced by the slab, while the term in s4 

represents the primary spherical aberration. Using the scalar theory, the intensity in the 

focal region is [70, 71]:

(4.7)
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2<*o

. е-^тШ^. sin{a)da ,
sin(a0)

(а) ■ e^a) Jo (4.8)I(u,v) = cos

о

where и = 4kzsin2(a0/2), v — krsin(a0), and a0 is the semi-angle of convergence. Using 

the new variable, the intensity distribution on the optical axis is:

2sin(ao/2)
s2

/

0

— § iu (4.9)B(s)-P(s)-eI(u) sin2(a0/2) sds

where B(s) = 4(2s2 — l)1^4 and P(s) = is the wavefront aberration function.

During the calculation we 

assumed that the extraordi­

nary refractive index is con­

stant and does not depend on 

the direction of the ray. We 

have two reasons for using this 

simplification. On the one hand 

we use only part of the re­

fractive index ellipsoid which 

is determined by the numer­

ical aperture of the projec­

tion lens. In case of NA=0.3 

(a0=18°) the maximum re­

fractive index difference in­

side the illuminated cone is 

0.0012 for MgF2 and 0.014 for calcite, which is smaller than 10% of the difference be­

tween the ordinary and extraordinary refractive indexes for both cases. On the other 

hand, distortions introduced by the non-cylindrical symmetry of the system can also be 

addressed, if instead of a single ’’thick” slab, we apply a slab containing several plates, 

for which the optical axes are rotated against each other.

Figure 4.12 shows the normalized intensity distributions for MgF2 and calcite slabs 

using different plate thickness. The numbers adjacent to the peaks display the intensity 

maxima comparing with the case when no birefringent plate is used and the intensity 

maximum is 1. The insets depict the two-dimensional intensity distribution on the op­

tical axis. The solid thin lines show the images created by the ordinary rays, the thin

Birefringent 
plate

Substrate
ni 4 n2 "l

4: e ray oray

Photoresist
4

Last element 
of the projection 

lens system

Figure 4.11: Focusing through a birefringent plate.
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CalciteMgF2

Figure 4.12: Calculated intensity distribution in the vicinity of the focus point using a 
birefringent slab inserted behind the lens.

dashed lines show the images created by the extraordinary rays, while the thick solid 

lines depict the total intensity distributions. Since MgF2 is a positive uniaxial crystal 
(n0 < ne), the image created by the ordinary ray precedes the image generated by the 

extraordinary ray. Calcite is a negative uniaxial crystal, hence the order of the o/e 

images are exchanged. The refractive index difference between the ordinary and the 

extraordinary rays significantly determines the final image profile. Calcite is a strongly 

birefringent material (n0=1.656, ne=1.485, An=0.171), hence a thin, almost 155 /лп
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plate is sufficient. In Fig. 4.12-e the separation of the o/e images almost equals their 

DOF, hence the DOF of the final image is twice as large as the separated images. Using 

a thinner plate the o/e images came closer to each other, hence the DOF enhancement is 

not significant. In case of a thick slab, the o/e images are separated and DOF enhance­
ment cannot be obtained. MgF2 is a slightly birefringent material (n0=1.378, ne=1.39, 
An=0.012), therefore a thicker plate is necessary to reach the same effect. Figures 

4.12-a,b,c show the intensity distributions using MgF2 plates with different thickness. 
Since a thick slab beyond the projection lens causes undesirable aberration effects (see 

Fig. 4.12-c), the intensity distributions are not as smooth as they were using calcite 

plate. The optimum thickness of the MgF2 plate was around 1000/um (see Fig. 4.12-b). 
Hence the application of a thin but strongly birefringent material is a better candidate 

than that of a slightly birefringent but thick plate, since aberrations proportional to the 

thickness of the plate become insignificant. Since a birefringent plate located between 

the projection lens and the wafer cannot be defined in the present microlithographic 

simulation tools, we plan to evaluate the process experimentally.
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Coherent Multiple Imaging Technique by means 

of a Fabry-Perot Interferometer
4.5

In the previous four sections lithography techniques based on image duplication were 

described. The final image profile was determined by the phase, amplitude ratio and 

the distance between the images. In this section a coherent multiple imaging method is 

reported in which the final image is the superposition of not two but many images of 

the mask shifted along the optical axis [72, 73, 74, 75, 76].

4.5.1 Principles of the Fabry-Perot based CMI Approach

In a traditional imaging process only one image of the mask is generated in a photo­
sensitive layer (resist) on the wafer. The principle of coherent multiple imaging techiques 

is that an optical device generates multiple images of the mask which are then superim­
posed by the projection lens. The scheme of the proposed technique can be seen in Fig. 
4.13. A point-like source (Jo) illuminates a scanning Fabry-Perot interferometer which 

produces a concentric ring system behind the etalon. The aperture of the projection lens 

placed after the interferometer is adjusted so that it transmits only the first Fabry-Perot 
ring (at the rim of the aperture) and blocks all the other. (This is an optimum case 

from DOF and CD viewpoints, as will be discussed later.)

FOCAL PLANEFABRY-PEROT

R R
I
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b I bb l

2d 2d 2d ... I' I' q i;
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b h b b

intensity of 
individual images2

£
Й

phase difference between 
individual sources
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Optical Axis (z-axis) DOF
i .

£ aim of
individual images2

8 = I
-►

Optical Axis (z-axis)

Figure 4.13: The image produced by the objective lens is the superposition of the images 
(Iq, I[, I'2,...) of the individual point sources.

Due to multiple reflections in the interferometer, several virtual images (ii, /2, /3,...)
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of the real point-likethe real point-like source I0 are created. The distance between these 

images is 2d [77], and the intensity ratio is R2 between adjacent individual sources, where 

R is the reflectivity of the Fabry-Perot mirrors. The distance between the virtual point 
sources can be changed easily as the separation of the interferometer mirrors is adjustable 

with a piezo translator. The relative phase difference (5) between the adjacent point 
sources is related to d by:

2d (4.10)5 = 2iг • —
A '

The image produced by the objective is the superposition of the images of the individual 
point sources. The distance between these points is 2dM2, where M2 is the longitudinal 
magnification of the projection lens. A useful descriptor of a CMI technique is the 

relative image density (N). This parameter is defined as the ratio of the depth of focus 

of an individual image to the spacing between the images (N = DOF/2dM2). When N 

is greater than 1, images are blended together and form one continuous image (see inset 
in Fig. 4.13). When N is less than 1, individual images can be observed.

Despite both the relative image density and the phase difference between the images 

depend on the mirror separation of the Fabry-Perot mirrors (d), in most practical cases 

they can be considered as independent parameters. A A/2 mirror separation change 

means a total period in phase, while the relative image density practically does not 
change. It is worth noting here that there is a connection between the relative image 

density and the number of rings inside the aperture of the lens. The maximum angle 

belongs to the n-th Fabry-Perot ring is

(4.11)f) =

Using the expressions of magnification, the image separation can be written as:

n\/d DOF .
— = n(=iV)’

A
d' = 2dM2 S3 2d (4.12)= n ■ DOF =»= n ■ 2

4f? NA2

where a is the radius of the aperture, and / is the focal length of the lens. According 

to Eq. 4.12, the relative image density is the reciprocate value of the number of rings 

inside the aperture. The individual images overlap if there is only one ring inside the 

aperture. In other cases the images are separated along the optical axis.
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4.5.2 Simulation of a Fabry-Perot Interferometer by means of 

a Pupil-Plane Filter - Evaluation of the Point-Spread 

Function of the Optical System

The final image profile using a single on-axis point-like source was calculated numerically 

using a wave optics model. The detailed description of the calculation can be found in 

the Ph.D thesis of my colleague Dr. Zoltán Horváth [78]. The developed model worked 

fine for a single on-axis point-like source, however, was not able to handle arbitrary 

and more complex patterns, such as line/space patterns or contact hole arrays. For 

evaluation of a technique for more complex, and realistic mask patterns, a simulation 

tool such as Prolith/2 or Solid-C must be used. These tools however, are not configured 

in such a way that they can be immediately adapted to simulate the Fabry-Perot CMI 

approach.
One approach to determine the final intensity distribution is to calculate the image 

of each individual mask (source) independently, and then superimpose their electric 

fields in the proper way along the optical axis [79]. This approach requires a software 

modification of the original tool so that the vector image field can be obtained. (The 

commercially available lithographic simulation software could output only the intensity 

of the aerial image.) On the other hand, this approach is quite time consuming and 

labor intensive, since a large number of simulation runs must be executed in order to 

model the effect of a Fabry-Perot filter with appropriate accuracy. A more elegant and 

efficient approach to modeling the Fabry-Perot CMI technique is to represent the effect 
of the etalon with an appropriate pupil-plane filter [80, 81, 82, 83, 84, 85].

It was discussed previously that microlithographic simulation tools calculate the final 
aerial image based on Fourier optics (Eq. 2.10). The resultant electric-field profile is 

calculated as an inverse Fourier transform of the product of the Fourier transform of the 

mask pattern and the coherent transfer function of the optical system (P(fx, fy))-

E(x,y) = T 1{3r{m(x,y)}P(fx,fv)} = J j Т{т(ж,у)} • circ(r' / p) ■ е27Гг(Ax+fyy)dfxdfy.

(4.13)

The spatial frequencies fx and fy are given by x'/(LX) and у'/(LA), where x' and y' 
are coordinates at the plane of the lens, and L is the distance from the mask to the 

lens. For a perfect, aberration-free lens, P(fx,fy) becomes a circ(r'/L) function that 
equals 1 when r' = (x'2 + y'2)1/2 < p, the radius of the lens, and equals zero elsewhere. 
It is convenient to normalize some of the variables in this expression. The numerical 
aperture NA is defined as sm(0), where 0 is the maximum angle that a ray may have
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and still enter the pupil of the lens. For most optical systems, sm(0) « p/L = N A. 
Thus if we normalize the spatial frequency by NA/X, circ[r'/p) becomes circ(r), where

r = (f'l +
It was shown in Section 2.3.2 that if there is a focal shift Д2: of the image, accompa­

nied by a phase shift Аф, than the resultant image may be expressed as:

• circ(r) ■ АР(Аф, Az, r)e2*i{f*x+fyy)dfxdfy (4.14)E(x,y) =

with

gi4w(z—Az)/N A2 _ ^2nir2(z—Az) _ ^—гАф (4.15)АР(Аф, Az, г)

A Fabry-Perot interferometer with mirror spacing d and reflactance R placed between the 

mask and the projection lens generates a series of images of the original mask pattern 

whose axial spacing is 2d and amplitude ratio is R. Since the mirror separation is 

significantly smaller than the lens-mask distance, the image separation behind the lens 

can be approximated by 2dM2, where M is the magnification of the lens. These multiple 

images can be accounted for by replacing АР(Аф, Az, r) in Eq. (4.15) with a new 

transfer function:

АР(ф, d, r) = Re-^dS) + д2е-а<ВДАг) + дзе-аф(*Лг) + (4.16)

where
2 2-x + r2 • 2 dM2. (4.17)Ф (ф, d, r) = ф — 2-7Г

NA2

4.16 can be written as

1
АР(ф, d,r) = -ЛгГ®*'4'1 • (4.18)Ле-гФ(ф,а,г) _ I ‘

A Fabry-Perot interferometer can be regarded as a spatial filter that transmits certain 

spatial Fourier components while blocking others. Thus, the similarity between a Fabry- 

Perot filter and a pupil-plane filter is not surprising. The calculation of a Fabry-Perot 
transmission function is similar to Eq. (4.18) but with a different phase factor.

To simulate a particular Fabry-Perot filter in a conventional simulator, the pupil 
radius p is divided into a number of equal parts. The complex function of АР(ф, d,r) 

is then used as a lookup table to define the pupil-plane filter function in the simulator. 
The conditions under which the Prolith/2 simulations were run are shown in Table (4.2).

40
































































































