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ABSTRACT

The evolution of optical lithography is traced back more than 30 years to its beginnings with contact printing. As
the complexity of integrated circuits increased, the intolerance for defects drove the industry to projection printing. Projection
printing was introduced in the early 1970's by imaging the full wafer at 1:1 magnification. The rapid increase in wafer sizes
was accommodated by annular field scanning using 1:1 imaging mirror systems. Decreased linewidths and tighter overlay
budgets combined with larger wafers created huge difficulties for the mask maker which weren't relieved until the introduction
of reduction step-and-repeat printing of small blocks of chips in the late 1970's. Further demands for smaller linewidths and
larger chips have driven optical lithography to shorter wavelengths and to scanning the chip in a step-and-scan printing mode.
Future advancements in lithography will likely combine novel scanning techniques with further reductions in wavelength.

1. INTRODUCTION

Accommodating the exponential growth of microcircuit components required optimizing the image transfer process
from the mask to wafer. This is complicated by the competing dynamics of smaller features, larger chips and larger wafers.
Today, Moore's Law is recognized as the defining explanation for the exponential growth of nearly anything related to the
semiconductor industry. Optical lithography has followed Moore's Law', but it is becoming increasingly more difficult to
stay on the curve in spite of its validity for the past 30 years. What follows is a personal perspective of the evolution of
optical lithography and a rationalization of its development over the last 30 years. It is instructive to trace this evolution in
an effort to better understand potential future options.
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Figure 1. Wafer Lithography as practiced in the mid 1960's
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2. CONTACT PRINTING

Let us start the discussion from the mid 1960's when the process for transferring patterns onto the wafer was
dominated by contact printing. Figure 1 diagrams the lithography process in use at that time®. Rubylith, a lamination of
dark red and clear plastic foils was used to define the master pattern for replication. A starting scale was chosen such that the
integrated circuit layout could be delineated with sufficient geometric accuracy by pealing off the red plastic features
representing circuit details with a razor blade and straight-edge. The accuracy of this process was approximately 100-200 um
and the circuit pattern (in the early 1960's) was usually no larger than the standard drafting board. This master pattern was
then reduced in size onto a high resolution photographic plate with a large format copy camera used "backwards". The
reduction ratio was in the range of 10-50:1. The photographic plate was then developed and used as a master pattern in a
reduction photorepeater (usually 10:1) which replicated the circuit pattern hundreds of times onto another high-resolution
photographic plate. This plate served as a contact printing master. This master mask was too valuable to use directly so sub-
masters were made from which working copies were produced. The size of the production run determined the number of
working copies required. Working copies were used from 1-25 times depending on the complexity of the circuit and its
vulnerability to defects from contact. The need for more robust master masks led to the conversion of photorepeaters from a
photographic emulsion medium to photoresist on chrome. The switch was made because silver-halide emulsion is soft and
fragile whereas a chrome-on-glass pattern is extremely robust and, unlike emulsion, could be cleaned and reused many times.

The mask making process has gone through a fascinating evolution in itself which we do not have the space to
elucidate here. Greater detail can be found in a recent account by Levy*. Suffice it to say that the clumsy process described
above was quickly replaced by several approaches to computerized and automated optical pattern generators which has been
described by the David W. Mann Company in 1968°, Bell Laboratories in 1970° and Philips in 1972". These systems took
advantage of the availability of the first affordable digital computers for the real-time management of large volumes of data
and machine control. Computerized optical pattern generators eliminated manual layout and streamlined the process of
creating the integrated circuit master pattern.

3. LENSES FOR MASK MAKING

The first major challenge to optical technology came during this same period (mid 1960's) with the manufacture of
lenses used in copy cameras and photorepeaters. These lenses required very tight control of distortion and necessitated state-of-
the-art component fabrication and assembly. Lenses were available from a number of companies but the quality was highly
variable. Compared to mic.oscope objectives, these lenses were perhaps the first large field multi-element lenses requiring
diffraction limited performance and uniformity of imagery across the field. Previous applications which required microscope
objectives or traditional camera and enlargement lenses tolerated the normal axial sweet-spot and falloff in performance at the
edge of the field. Achieving simultaneously high uniformity of imagery and high geometric accuracy in an image was a very
tall order. It was at this time that lens design codes and computers were stressed to be able to handle the optimization of such
complex lenses. The design task required simultaneously optimizing 20-30 variables.

Photorepeater lenses for imaging in emulsion were usually designed to operate at the mercury e-line (577nm).
Photoresist materials more naturally operated in the blue so the lens designs and glasses were optimized for operation at the
mercury g-line (436 nm). Many companies struggled with the difficulties associated with designing and manufacturing these
lenses including Bausch and Lomb, Bell Laboratories, Cerco, Fuji, IBM, Leitz, Nikon, Olympus, Tropel, Wray and Zeiss,
but few were willing to discuss the details’. The introduction of the single-mode HeNe laser interferometer dramatically
influenced the manufacture of these precision lenses’.

It was not uncommon for lens manufacturers to provide its lenses to a variety of equipment manufacturers since the
lenses were often built to loosely agreed upon dimensional standards established by the lens manufacturers. A vintage 1968
step-and-repeat system for mask making is shown in Figure 2a. This system could use a selection of lens magnifications
interchangeably or simultaneously to print different circuit patterns and test patterns on the mask. Figure 2b shows a
production mask contact copier for producing sub-masters or working copies.
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Figure 2a. Jade step-and-repeat mask maker Figure 2b. Jade photomask contact copier

4. PROXIMITY PRINTING

The problem with contact or near-contact (proximity) printing is the inevitable transfer of defects from the mask to
wafer or wafer to mask. Physical contact clearly reduced wafer yield and was the major impetus for the development of
projection printing directly onto the wafer. The tradeoff encountered when moving off contact was reduced resolution.
Minimum resolution is related to the mask-to-wafer gap, g, by

R=k\Ag, )

where k = 1. This also clearly explains the value of a smaller wavelength 4, although the resolution improvement is not in
linear proportion as with projection imaging. The lure of the delightfully simple concept of shadow printing to produce
resolutions below lum at reasonable gaps drives the needed wavelength to the 1nm region. This falls within the realm of x-
ray lithography which has been summarized nicely by Smith'®.

5. 1:1 FULL-WAFER PROJECTION PRINTING

A number of companies developed systems for imaging the full wafer including Canon, Nikon, Olympus,
Optimetrix and Telefunken. One early system representative of the era was the Canon PPC-1 shown in Figure 3a. Figure 3b
shows the cross-section of the lens used in that system. It is a double-Gauss form operating at the g-line at a numerical
aperture of 0.14 and was specified to provide 2-3um imagery on wafers up to 50mm diameter. This lens was well comrected
but not telecentric. It soon became clear that the lack of wafer flatness and the inability to precisely set focus created overlay
errors with lenses that were not telecentric. A telecentric lens is designed so that the central or chief ray is normal to the
image plane everywhere in the field, not just on axis. Optical technology for 1:1 wafer imaging with refractive lenses was
not particularly challenged for image fields up to 35-50mm wafers. For wafers larger than 50mm diameter, lens production
became much more difficult, particularly with telecentricity as a new requirement. Figure 4 shows one such telecentric design
proposed by Perkin Elmer in 1970''. Telecentricity created the need for new approaches.
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Figure 3a. Canon PPC-1 Figure 3b. Canon PPC-1

The Dyson 1:1 optical design'?, invented in the late 1950's for replicating diffraction gratings, and later achromatized
for microcircuit imaging'’, provided a good short-term solution for 1:1 wafer imaging. Unit magnification imagery, with a
symmetric optical design, is completely free of distortion, coma and lateral color because of symmetry. This relieves the
optical designer of the difficulty of correcting these aberrations, but this advantage only results if through manufacturing,
perfect symmetry is retained. The Optimetrix Company was the first to exploit the Dyson design and introduced two
generations of the Unimag optical system, the last of which is shown in Figure 5. Tropel manufactured the lens and
illuminator. This lens represented the highest imaging performance achieved without scanning or stepping and terminated the
evolution of static 1:1 full-wafer imaging systems. A small number of systems were produced and this approach was
discontinued soon after the wafer scanning approaches took hold.
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Figure 4. The Perkin Eimer Trans-300 Lens Figure B. The Optimetrix Unimag Design
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