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ABSTRACT

Optical lithography has been the dominant patterning process for semiconductor fabrication for over 40 years. The
patterning process evolved initially from methods used in the printing industry, but as integrated circuits became more
complex, and as device geometries shrank, sophisticated new imaging methods evolved. Today’s optical lithography
systems represent the highest resolution, most accurate optical imaging systems ever produced. This remarkable
evolutionary process continues to this day, paced by “Moore’s Law”. The evolutionary development of lithography
systems over the last 40 years is reviewed along with a brief discussion of options for the future.
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1. INTRODUCTION

The production of microelectronics has made incredible strides over a period of nearly 50 years. The main driver of
lithography improvements is reduced device cost. This has come about through improvements in resolution, resulting in
more chips per wafer, higher performance devices, and improvements in productivity, all of which continue to reduce
the cost per function in integrated circuits. We review and update an earlier history on this subject from 1997" with a
new emphasis on progress in the last 10 years and offer a rationalization for major changes. This paper cannot cover all
aspects of the lithography process, but concentrates on the evolution of optical imaging systems and technology.

2. EARLY LITHOGRAPHY

2.1. Shadow Printing: 1960 — 1975

Shadow printing, also known as contact or proximity printing, is a process well known in the printing industry and also
for patterning printed circuit boards. The steps in the process involve first defining the pattern in a master mask which is
the same size as the substrate. Print media and PC boards are composed of features and dimensions where pattern
generation and replication are easily defined at final size. When printing integrated circuit geometries, even in the early
1960’s, Sum geometries could not be accurately generated without first creating a larger sized pattern master, followed
by one or more photo-reduction steps.

Rubylith was the master pattern substrate used in the 1960’s. This is a two-layer material composed of a heavy
transparent Acetate base layer, onto which a thin ruby-red layer lightly adheres. The ruby layer is cut with a surgical
blade and pealed away, leaving a pattern that is optically opaque or clear to the incident exposure light. Rubylith is still
used today for color separations in the graphic arts industry and is still supplied by the Ulano Corporation. Pattern
generation, while initially manual, was later replaced by automated “Coordinatograph” cutters. Inspection and repair of
the Rubylith master, however, was a tedious, manual process as shown in Figure 1(a). The large Rubylith master then
needed to be reduced 10 — 50 times using a large reduction copy camera such as shown in Figure 1(b). The reduced
print was recorded on a glass photographic emulsion plate, usually 2 or 4 inches on a side. This photographic process
yielded a precision reticle that was then used to replicate the circuit image multiple times onto a glass master-mask with
a further 10:1 reduction, as shown in Figure 1(c). The master mask produced was too valuable to be used without
backup, so production wafer contact prints were made from working copies produced from multiple sub-masters on a
simple contact copier as shown in Figure 1(d).
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Figure 1. (a) Rubylith master, (b) Reduction copy camera, (c) Step and Repeat Camera, (d) Mask contact copier

2.2. Second Generation Mask-Making: 1970 — 1980

The mask making process described above was really quite clumsy, often combining multiple pieces of equipments from
different manufacturers. Some of the larger semiconductor manufacturers made substantial investments to improve the
mask making process. One particularly significant effort by Bell Laboratories included development and
implementation of an integrated mask making system that included integrated pattern layout and mask management
software, a fast laser pattern generator, reduction camera and step-and-repeat camera for the creation of master masks’.
Three such pieces of equipment are shown in Figure 2.

The Primary Pattern Generator, shown in Figure 2(a) used a single-mode Argon Laser operating at 514nm with external
acousto-optic modulation at 2 MHz. The 26,000 pixel, 32,000 line primary pattern was recorded in photographic
emulsion on an 8” x 10” x %4” Kodak High Resolution Plate (HRP). A 7um Gaussian spot was scanned by a rotating 10-
sided polygon and scan lens, optically corrected for constant spot-size and exposure along the scan-line. A precision
step-motor and ball-screw advanced the plate, perpendicular to the scan-line in 7um increments during the dead-time
between facets. 5 spots, or address units, made up a minimum width line on the plate. Figure 2(b) shows a precision
reduction camera, operating at a reduction ratio of 3.5:1. The function of this camera was to produce a reduced image
reticle from the 8” x 10” primary pattern plate onto a 4” x 5” HRP for use at a later step. The camera lens and
illuminator were highly corrected for distortion, uniformity of imagery, and uniformity of illumination intensity over the
image field. The address size at the reticle was 2um and the minimum feature-width was 10um. The reticle so produced
served as the input to a 10:1 reduction step-and-repeat camera shown in Figure 2(c). Using this reticle, the step-and-
repeat camera photo-composed a finished 1:1 master with an address size of 0.2um and a minimum feature size or
critical dimension, CD, of 1.0um. The maximum image or chip-size was Smm x Smm, but multiple patterns could be
arrayed onto a plate up to 100mm x 100mm. This pattern array was then used as a master for contact or projection
printing onto wafers 85mm diameter or less. A mask from this period is shown in Figure 2(d).
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Figure 2. (a) Primary Pattern Generator, (b) 3.5x Reduction Camera, (c) Step-and-Repeat Camera, (d) Master Mask

2.3. Projection Printing: 1970 — 1985

One of the obvious problems with contact printing is the inevitable damage to the wafer by contact and the cumulative
damage to the mask with each additional contact. While contact printing is a simple process, projection printing is
deceptively complex. Initially, projection printing was done with a custom 1:1 imaging lens between the mask and
wafer when 2” diameter wafers were the norm. But even at this field size, the optical challenges were great. Several
refractive lens systems built by Canon, Telefunken and others, demonstrated instabilities associated with long air paths,
optical glasses with high absorption and poor homogeneity, rendering these systems unworthy for production’.

The next generation of 1:1 systems was based on a unique concentric lens design invented by Dyson’. Variations on this
design gave a larger working distance and overcame the problem that object and image shared the same space. The
Dyson relay is catadioptric, incorporating both refractive and reflective components. Systems based on this concept,
such as one by Optimetrix shown in Figure 3, were ultimately plagued by some of the same issues that limited
performance of earlier 1:1 full-wafer dioptric or all-refractive systems. The transition of wafer size from 50mm to 75Smm
put a greater burden on layer to layer overlay, which was compounded by further improvements in resolution. A rule of
thumb then, and now, is that layer-to-layer overlay error should be 20% of the minimum CD or less. This became a
more serious issue with larger wafers due to differential expansion between the mask and wafer, differing film stresses
on the wafer, changes in lens distortion during exposure and mismatches in lens distortion from tool-to-tool.

During the mid 1970’s optically based mask generation tools began to reach their limits because 1:1 masks needed to
grow in size to match the larger wafers. This trend continued until wafers reached 6 in diameter. This capped the
growth of masks to 6” x 6”. 1:1 masks were preferentially produced by e-beam at final dimensions on 6 substrates.
This eliminated the need to make more than a single mask or reticle substrate for wafer exposure. Bell Laboratories
developed three generations of successful electron beam exposure systems called EBES*. These were licensed and
successfully commercialized in the early 1980’s.
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Figure 3. Optimetrix 1:1 full wafer printer for 75Smm wafers (1974)

Economic pressures eventually drove device makers to larger wafers, higher resolution and higher throughput, which in
turn drove optical designers toward more stable imaging systems with greater control of overlay. In 1970, the Perkin-
Elmer Corporation introduced a novel all-reflective (catoptric), 1:1 scanning system that changed the lithography
landscape for more than a decade. This new exposure system, the Micralign 100, was based on the Offner relay’, an
elegant and simple 1:1 imaging system composed of two concentric spherical mirrors and three plane fold mirrors to
bring object and image planes into useful positions. This system is shown in Figure 4.
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Figure 4. Perkin Elmer Micralign 100 (1974)

The optical simplicity of the system is evident, but making it work relied on superb figure, proper assembly and
alignment of all mirrors, along with a high precision scanning carriage. The optical system has a perfectly flat image
field because of its zero Petzval sum. The large concave mirror is used twice, while the smaller convex mirror with
twice the curvature, is used only once. This unique system is also telecentric in both object and image spaces. The
numerical aperture of the system is, however, restricted by vignetting to no more than 0.16. The image is well corrected
only over a narrow annular width of 1mm when the median diameter of the annulus is 150mm. The lens is illuminated
by a high-pressure Hg capillary lamp bent into a circular arc, whose image on the wafer has a cord length equal to the
wafer diameter. The illuminator, its circular segment image of the arc, and the imaging lens are stationary. A carriage
supporting the mask and wafer in parallel planes, is pivoted about an axis parallel to a line joining the centers of the
mask and wafer. Axial symmetry of the optical design theoretically provides uniform imagery along the annulus, which
when combined with scanning, nominally perpendicular to the chord of the annular segment, provided very uniform
imagery over the full extent of the wafer, without a “sweet-spot”. Several competitive systems, with the minor
variations shown in Figures 5 and 6, were legally blocked and appeared on the market only briefly.
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Figure 5. Canon MPA-500FA (1978) Figure 6. Cobilt CA 3000 (1978)

A larger, final evolution of the Micralign is shown in Figure 7. This system, commercialized in 1984, had no fold
mirrors, but an annular field large enough to sweep out a 6” wafer.
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Figure 7. Perkin Elmer Micralign 500 (1984)

Several other approaches to 1:1 printing were attempted with varying degrees of success. The Micralign systems were
ultimately limited by overlay, primarily because there were few practical methods to compensate overlay errors over a
large wafer. In 1976, Bell Laboratories developed several prototypes of a 2-dimensional Scanning Projection Printer®
(SPP) as shown in Figure 8.
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Figure 8. Bell Labs 1:1 Scanning projection printer (1976)
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