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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 gm 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 (C'D). 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



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 final 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 1x 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.



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 (C'D) and depth of focus (DOF') limits of optical lithography
can be given by the well-known Rayleigh equations [3, 4]:

A
= e 9.
CD = b (2.1)
DOF = ky—>_ (2.2)
- 2NA27 L

where ) is the illumination wavelength, N A is the numerical aperture of the projection
lens and k; and ko are system and process dependent parameters. There are two tradi-
tional ways to increase the spatial resolution of an optical system. The first 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
N A 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
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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
(KrF@248nm or ArF@193nm) 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 —
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Figure 2.1: Schematic structure of an optical stepper and insertion point of some super
resolution methods.




























































































































































































































































