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Optical microlithography has been used for over 30 
years as the preferred method of image formation 
in the manufacture of silicon devices and other 

semiconductor components. Its demise as the premier 
imaging technology, was predicted at about 1 µm feature 
sizes by proponents of alternative imaging technologies 
and others who underestimated the ability of optical tool 
manufacturers to improve optical and mechanical system 
performance to the degree necessary to support the 
production of increasingly complex devices with ever 
smaller features. 

Nevertheless, optical lithography continues to be the 
dominant imaging technology used in manufacturing 
semiconductor components. It is used today for high 
volume production of products demanding features of less 
than 1 µm. There is a clear expectation in the industry that 
it will support several more generations of silicon technol
ogy, with suceeding generations of technology occurring 
every two to three years and resulting in approximately a 
180% improvement in component packing density (one 
third of this due to lithographic improvements) and a 
quadrupling of the functional complexity of devices. 

In 1989, worldwide semiconductor device sales were 
almost $49 billion and the large majority of these were 
manufactured using optical lithography. M O S memories 
alone, which use the most advanced lithographic manu
facturing processes, accounted for $16 billion of the 1989 
total. Since semiconductor device sales are growing and 
are projected to exceed $70 billion in 1993, and since 
microlithographic imaging is probably the single most 
important enabling technology to the achievement of 
these projections, it is apparent that miscalculation of the 
direction of technology can have profound consequences 
for the competitiveness of companies and indeed for 
nations, in an era of governmentally targeted technologies. 

To discuss the future of manufacturing with optical 
microlithography, it is necessary to have an understanding 
of volume manufacturing in the semiconductor industry, 
and particularly of the requirements placed on the 
lithographic process. A modern volume production inte
grated circuit wafer fabrication facility o f average size 
produces about 5,000 wafers of 150 mm diameter every 

week. Each wafer typically takes 15 lithographic masking 
steps for completion, of which about half are critical and 
require minimum feature sizes and/or precise positional 
placement and dimensional control. Most layers are 
imaged using 5x reduction step and repeat aligners (wafer 
steppers), producing about 2 c m 2 images with each 
exposure. In all, about 6.5 million such images are 
produced each week. The smallest features within each 
typical 2 cm 2 exposure field are about 1 µm. They must 
be positioned with respect to related features on other 
layers to better than ±0.35 µm, and the most critical layers 
have feature sizes controlled to better than ±0.07 µm. 

In addition to these requirements, the side wall of the 
1 µm thick photoresist image must be no more than 5 
degrees from vertical for control of etching processes and 
no particles larger than 0.3 µm can be tolerated at 
frequencies of occurence greater than once in every 5 cm 2 . 
A l l of these attributes of the lithographic process have to 
be achieved simultaneously at all points in the exposed 
field and throughout the normal tolerances for exposure, 
focus, and wafer flatness , regardless of whether the image 
is of an isolated line or space, or any combination of 
features of various sizes and separations. Tools must 
operate 24 hours/day and 7 days/week with minimal 
downtime and there can be no time wasted on processing 
test wafers to establish optimum process set-up conditions 
to process the more than 20 wafers/hour required for a 
reasonable return on the $1.5 million cost of each tool. 

The industry is moving toward volume production on 
0.8 µm devices and toward 200 mm diameter wafers. 
Wafer steppers are still the dominant tools and are now 
available with larger field diameters, faster wafer position
ing stages, and internal metrology for improved produc
tivity. The best tools are achieving well over 100 hours of 
operation between failures. 

Selection of microlithographic technology 
Reviewing the past use of optical lithography in semi

conductor device manufacturing can help in predicting the 
future since many of the forces that shaped our technology 
decisions in the past are still at work. For almost 20 years, 
starting in the late 1950s, contact printing was used for 
manufacturing devices. During this period, wafers went 
from 1 / 2 " diameter up to 3" diameter. Masks progressed 
from silver emulsion on soda lime plates to chromium films 
on harder, more stable, borosilicate glass with anti-relec
tive coatings to improve resolution. Resists were predom
inantly negative working isoprenes, and the mask/wafer 
alignment tools went from "hard" contact printing 
machines costing about $ 1,500 to proximity/soft contact 
machines costing about $25,000. 

Toward the end of this period, problems with this 
method of image formation became serious enough that 
alternative methods had to be considered. The problems 
were r high defect levels that resulted in unacceptable 
device yields, 2 overlay accuracy between device layers, 
3 resolution, and 4 control of critical feature sizes. 
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...optical lithography 
continues to be the 
dominant imaging 
technology used in 

manufacturing 
semiconductor components. 
The most serious problem was that of defects due to 

particles generated during processing and handling the 
wafers. These transferred damage to both the mask and 
the wafers, destroying the costly mask and many die on 
each wafer. The economic incentive to convert to machines 
that could operate in a non-contact mode and improve 
yields while reducing the cost of masks became over
whelming. 

In the late 1970s, the industry started to convert to 1x 
scanning projection aligners for the production of the most 
advanced and complex devices. The cost of these machines 
was at least three times as much as a proximity contact 
aligner and they had significantly lower wafer productivity 
caused mainly by the poor reliability and stability of these 
much more complex machines. The industry adopted 
projection scanning not primarily for improved resolution, 
but because these tools solved the two major problems of 
defects and overlay and, despite their high cost and poor 
wafer productivity, enabled device manufacturers to pro
duce larger and more complex die and provide customers 
with more electronic functions for each dollar. 

Thus the industry moved into the next major phase of 
optical lithographic technology using l x scanners and a 
few 10x steppers exposing the resist with G-line illumina
tion and usually using positive resist. Initially, scanners 
predominated as the tool of choice in manufacturing, but 
stepper technology matured and 5x magnification became 
the standard, increasing stepper productivity and enabling 
large die to be imaged. When the industry moved to 100 
mm diameter wafers, 5x steppers took the larger share of 
the market for optical lithographic imaging tools, even 
though they cost two to three times more than 1 x scanners. 
This happened, not because of any fundamental limitations 
of scanner technology, but because the tools were not 
available early enough to keep up with the industry 
demand for processing capabilities for larger wafers and 
smaller features. A similar delay at 125 mm and 150 mm 
wafer sizes has resulted in scanners losing share of market 
for the most advanced lithographic tools. A similar 
situation applied to l x steppers where delays in capability 
and reticle availability also led to less market share than 
the basic technology could have achieved. 

The points to be learned from the past that are still valid 
today are: 
l Resolution is only one of several technical performance 
factors considered in the choice of an imaging tool—the 
other major ones are defects, pattern overlay precision, 

and critical dimension control, which all have to be 
considered together with tool cost and productivity. 
2 The semiconductor industry will accept major changes 
in the capital investment required for production tools if 
it leads to more electronic functions per dollar for their 
customers. 
3 In an industry where the technology is complex and 
advances rapidly, a delay in availability of required capa
bility, when there is a viable alternative, can result in an 
irretrievable shift in manufacturing technology because 
device manufacturers generally do not have time to go 
back and re-engineer a product technology for a different 
type of tool. 

In the past, the progressive reduction of feature sizes has 
been led by the requirements of memory devices. This will 
continue for the forseeable future. Figure 1 shows the 
industry's record of D R A M product introduction, the 
achievement of volume production, and the future pro
jections for these products. For the D R A M s discussed in 
this article, the term "product introduction" is used to 
define when production samples are readily available and 
at least one manufacturer is shipping devices at the rate of 
100,000 units per quarter. "Volume production" is 
considered to be when one or more manufacturers are 
delivering more than 1 million units per quarter. 

The industry forecasts of feature sizes for the 16MB and 
6 4 M B D R A M s have been very aggressive and will 
probably be relaxed before the products reach production. 
This is certainly the case for the 16MB, which will start 
production at 0.6 µm. Because of technology availability, 
there is a very good chance that the 64MB will be 
introduced at about 0.45 mm. Both alternatives are shown 
in Fig. 1. 

The 1 megabit D R A M followed a typical progression 
with "product introduction" occurring at the end of 1985 
using 1.2 µm features and with "volume production" 
starting at the end of 1986. It was then re-designed with 
1.0 µm features once the lithographic technology was 
available to support this. 

The 4 megabit D R A M was introduced with 0.8 µm 
features earlier this year and will reach volume production 
during the first half of 1991. During 1992, second 
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generat ion 4 M b i t D R A M s , w i th feature sizes o f between 
0.65 and 0.70 µ m , are expected to be in t roduced to the 
market. 

The 16 M b i t D R A M is currently i n p roduct develop
m e n t at most major memory manufacturers, w i th feature 
sizes o f 0.5 to 0.6 µ m being used in these efforts. It w i l l 
probably be in t roduced to the market i n late 1992 at 0.6 
µm and reach vo lume p roduc t ion in the second ha l f o f 
1993 , to be fo l lowed by a second generat ion product w i th 
0.5 µ m features i n 1995 . 

The scenario for the 64 M b i t D R A M is more tentative, 
w i th many major technological problems requi r ing solu
t ion . H o w e v e r , i f the industry cont inues o n its current 
learning curve, then we shou ld expect p roduc t announce
ments in 1994 , fo l lowed by product in t roduc t ion in 1995 
and vo lume produc t ion i n 1996 . Th i s product is currently 
considered to need feature sizes o f 0.4 µm or smaller, but 
0.45 m m appears more l ikely for first p roduc t ion . 

D R A M s are the devices that pr imar i ly determine the 
l i thographic capabil i ty objectives that opt ical too l manu
facturers need to meet to support the industry. A summary 
o f the most important future requirements for D R A M s is 
given in Table 1. In addi t ion to supply ing tools for 
p roduc t ion , it is necessary that some tools be available early 
enough to be used in the development o f the processes 
and products. 

Table 1 
DRAM VOLUME PRODUCTION MICROLITHOGRAPHIC 
REQUIREMENTS 

YEAR 
4 MEGABIT 

1990 1992 
16 MEGABIT 

1993 1995 
64 MEGABIT 
1996 1998 

FEATURE SIZE (µm) 
OVERLAY PRECISION 

0.80 0.65 0.60 0.50 0.45 0.35 

(µm) ±0.25 +0.20 ±0.20 ±0.15 ±0.12 ±0 .10 
DIMENSIONAL 

CONTROL (µm) ±0.07 ±0.06 ±0.05 ±0 .04 ±0.04 ±0.03 
DEPTH OF FOCUS 

(am) ±0.7 ±0.6 ±0.5 ±0.4 ±0.4 ±0.35 
FIELD DIAMETER (cm) 

(min. for two die/field) | 2.0 1.7 2.4 2.0 2.8 2.4 

In developing a pro ject ion o f the future o f opt ical 
micro l i thography, major emphasis is placed o n the char
acteristics o f the optical imag ing too l . Th is is because the 
too l defines the characteristics o f the aerial image that have 
to be considered by the developers o f p roduct technolo
gies. The device technologist must develop device struc
tures w i th relatively flat surfaces for easy imag ing . T h e 
wafer fabricat ion technologist must develop processes that 
m in im ize loss o f surface flatness th rough several hundred 
process steps (some at temperatures i n excess o f 1000°C) . 
The aerial image also sets the flatness requirements for 
pol ished si l icon wafers and the characteristics required o f 
the photoresist. 

Technical compromises 
There are four major technical compromises that have 

to be considered i n establ ishing the viabi l i ty o f opt ical 

Resolution is only one of 
several technical 

performance factors 
considered in the choice of 

an imaging tool... 

imag ing techniques for the p roduc t ion o f features w i th 
smaller d imensions. These are between: 
• Reso lu t ion and depth o f focus ( D O F ) 
• F ie ld size and resolut ion and overlay 
• Feature d imensional cont ro l and resolut ion and D O F 
• Cr i t i ca l defect size and M i n i m u m feature size 

Resolu t ion a n d d e p t h of focus— In the past, most 
o f the gains i n resolut ion have come f rom improvements 
i n opt ical design and fabr icat ion, increases i n numer ical 
aperture, reduct ion o f mechanical v ibrat ion i n the systems, 
and , more recently, by the use o f shorter operat ing 
wavelengths. 

T h e resolut ion predicted for a given numer ical aperture 
( N A ) and wavelength (λ) depends o n what " k " value is 
assumed for the imag ing process i n the equat ion for 
resolut ion: 

( "k" be ing a convenient term used to include many 
process attributes). 

A l t h o u g h the research literature cites examples o f 
imag ing w i t h l o w " k " v a l u e s 1 , 2 , 3 (below 0.5 has been 
reported and 0.8 is generally accepted by process engineers 
as achievable i n manufactur ing) , a review o f those factories 
where true vo lume manufactur ing has been accompl ished 
in the past suggests that successful operations run w i t h 
m u c h larger margins. 

In vo lume memory p roduc t ion i n Japan, the 1 Megab i t 
D R A M w i th 1.2 µm features was p roduced o n G - L i n e 
steppers w i th 0.35 N A lenses y ie ld ing a process k factor o f 
0 .96. T h e next generat ion 1 megabit memor ies w i th 1.0 
µ m features were p roduced w i th 0.42 N A machines, again 
y ie ld ing a "k" factor o f 0 .96. U s i n g G- l ine i l luminat ion , 
the 4 Megab i t D R A M wi l l enter p roduc t ion w i th layers 
pr in ted o n machines w i t h 0.45 N A for a " k " value o f 0 .83 . 
B y the time true vo lume is reached, machines w i th N A s 
o f 0.54 and 0.55 wi l l be used to support the most 
demand ing images, resul t ing i n " k " factors o f 0.99 and 
1.01, respectively. W h a t is more , bo th these machines have 
larger fields, so there w i l l be an added incentive to use 
these machines to image more die per field and achieve 
greater product iv i ty . 

F o r those device manufacturers br ing ing the 4 megabit 
to p roduc t ion o n I-line machines, N A s o f 0.35 (k= 0.77) 
and 0.42 (k=0.93) were used init ial ly. Mach ines w i th N A 
o f 0.48 are n o w available that w i l l result i n a " k " factor o f 
1.05 i n vo lume p roduc t ion . 
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In the past, the progressive 
reduction of feature sizes 

has been led by the 
requirements of memory 
devices. This will continue 
for the forseeable future. 

With the future improvements to masks, resists, focus 
control, and wafer flatness, values of k of about 0.8 will be 
appropriate for "product introduction" (about 100,000 
units per quarter), but values of "k " of less than 0.9 are 
unlikely to prove satisfactory for economical high volume 
production. This not because lower values of "k " are 
impossible to achieve in production, but because the short 
interval between technology generations does not allow 
enough time to achieve them before the engineering effort 
is assigned to the newer technology with its potential for 
higher return on the investment of engineering resources. 

Improvements in resolution resulting from increase in 
numerical aperture have led to reduced depth of focus. 
This has made it necessary to use flatter silicon wafers and 
to develop more complex product technologies to preserve 
surfaces that are flat enough for lithographic imaging. 
Improvements to fabrication machinery have also been 
required to achieve more accurate focus and site by site 
leveling for each exposure field. A l l of these have contrib
uted to higher machinery and wafer processing costs. 

The Rayleigh depth of focus " D " is given by the equation 

The usable depth of focus " D * " takes into account the 
departures from field flatness of the optics. Typical stepper 
lenses today lose about 30% of the theoretical depth of 
focus due to departures from field flatness. In the future, 
as further improvements in lens material and fabrication 
technology are made, 80% (d= 0.8) of theoretical perfor
mance should be achievable. 

The usable depth of focus has to be allocated among 
several contributors to error. The major ones are wafer 
chucking errors, wafer leveling, non-planar wafer flatness 
variation, focus errors, and the effects of device topology 
on the flatness of the resist surface. Non-planar wafer 
flatness variation is the major concern. Typical 150 mm 
diameter wafers today have 15 x 15 mm fields with 
uncorrectable flatness variations between 0.3 µm and 0.9 
µm. In the future, particularly for larger fields of up to 4 
cm 2 , wafer surface flatness of between 0.2 and 0.5 µm per 
field is probably as good as can be expected on a 200 mm 
wafer without significant increases in the wafer cost. At 
feature sizes below 0.5 µm surface flatness considerations 
will almost certainly lead to the use of planarized surface 
imaging resist systems4 and require field by field leveling. 

Field size—The second issue is that of field size while 
achieving the required resolution, overlay, and depth of 
focus. Improvements in overlay have come from improve
ments in distortion control (which now accounts for 
between 50 and 80 nm of misplacement between images 
made on different machines) compensation for changes in 
atmospheric conditions, better alignment techniques, and 
higher precision stages. The need in the future for large 
field sizes while improving all other system performance 
attributes will make the manufacture of the optics increas
ingly difficult as shorter wavelengths are used and fewer 
suitable materials are available for optical element con
struction. 

Distortion in the optics is a large contributor to overlay 
errors in factories where wafers can be processed on any 
exposure tool because these errors sum arithmetically. To 
achieve the overlay required by future devices, it is highly 
likely that wafers will have to be processed on the same 
alignment tool for exposure of all critical layers to avoid 
the effects of distortion. This approach is very unpopular 
with most manufacturing organizations due to the un
reliability of optical tools and the resulting impact on 
production logistics. However, if reliability can be im
proved so that the mean time between failures exceeds 500 
hours and if the mean time to diagnose and repair failures 
is reduced to less than 2 hours, then, by an appropriate 
mix between critical (dedicated) layers and non-critical 
(mixed machine) layers on each tool, it should be possible 
to rapidly recover line balance after a failure. This 
requirement for very precise overlay will become the 
driving force for better machine reliability, rather than the 
simplification of operational logistics. 

In the past, field diameters for G-line stepper lenses were 
increased at the same time as significant increases in 
numerical aperture were made. This has been a remarkable 
achievement, made possible in large measure by the 
enormous computational power of computers made with 
the very components that optical lithography made 
possible. The experience gained building G-line optics will 
be applicable to I-line and D U V lenses. However the 
situation at deep ultraviolet wavelengths will be much 
more difficult because there are few suitably transmissive 
materials available to the stepper lens manufacturer. In 
addition, there are coloring phenomena in fused silica 
exposed to D U V radiation that may impair transmission 
and, more importantly, lead to thermal changes to the 
refractive index. 7 If, as projected, fields of up to 4 cm 2 are 
required together with subhalf µm features and these 
effects lead to major problems in constructing optics based 
mostly on refracting elements, then there will be a 
significant opportunity for reflective or partially reflective 
systems of the step and scan type with fields of 20 x35 mm 
to challenge the laser steppers for a significant share of the 
0.5 µm and smaller imaging tool market. 

Critical feature dimensional control The third 
issue is critical feature dimensional control. The problem 
here is that as feature sizes get smaller in relation to 

14 OPTICS & PHOTONICS NEWS • OCTOBER 1990 



wavelength, they print differently depending on whether 
the feature is dark or light, on its shape, and on its spatial 
relationship to other adjacent features on the mask. This 
effect has been extensively analyzed2 by two-dimensional 
solution of Hopkin's formula for several combinations of 
features typically found in integrated circuits assuming an 
infinite contrast resist of negligible thickness and taking 
into account exposure dose control and accuracy of focus. 
The analysis of even this idealized case reveals the difficulty 
of achieving all features simultaneously with any acceptable 
manufacturing margin. For devices with features below 
0.5 µm, compensation for these effects will have to be 
made either by adjusting feature sizes on the mask, or by 
adjusting device dimensions during device design. 

Critical defect size—The final issue is that of the ratio 
of feature size to minimum printing defect size. As feature 
size has been reduced, it has been found that the size of 
the minimum printing defect has not scaled in propor
tion.5,6 The ratio of two which was satisfactory for optical 
lithography at 1.5 µm feature sizes rises to about three at 
0.8 µm. There are indications that it will reach between 
five and seven for 0.5 µm features and increase even more 
rapidly below 0.5 µm. In view of the nature of the 
population of defects this size, this could be a very serious 
impediment to the achievement of adequate device yields 
at small dimensions using optical lithography. Currently 
this represents one of the most serious and least considered 
of the possible constraints on the future use of optical 
lithography in manufacturing. 

Microlithographic imaging tools 
With the above issues in mind, it is possible to explore 

the consequences for each of the wavelengths at which 
optical microlithography is expected to operate. These are 
G-line (436 nm), I-line (365nm), D U V at 248 nm and 
D U V at 193 nm. 

Tables 2-5 show the numerical aperture required to 
image features of various sizes for three assumed values of 
"k" at each exposure wavelength together with the 
resulting depths of focus. A "k " value of 0.9 will support 
high volume production, " k " of 0.8 is suitable for 
manufacturing introduction of devices and to achieve 
production rates of around 100,000 devices per quarter, 
and "k " of 0.7 can be achieved with engineering care and 
used for product development, but is highly speculative as 
a basis for any volume production. The value of " d " of 0.8 
has been been used for depth of focus calculations. These 
tables will be used as the basis for evaluating each of the 
wavelengths in turn. 

G-line—Currently, G-line 5x stepper imaging technol
ogy using novolac-based positive resists dominates silicon 
integrated circuit manufacturing. This combination has 
shown remarkable technological stamina and has been the 
workhorse in our industry for about eight years. Four 
megabit D R A M s with 0.8 µm features using the newest 
generation of G-line stepper technology are beginning to 
be produced in volume. However, G-line technology is 

Improvements in resolution 
resulting from increase in 
numerical aperture have 
led to reduced depth of 

focus. 

approaching its limits and is being challenged by 1-Line 
for the production of devices with these and even smaller 
feature sizes. Even those equipment manufacturers that 
asserted that G-line could be extended to 0.5 µm have 
now introduced I-line machines. The reasons for this are 
apparent from the data shown in Tables 2 and 3. 

Table 2 
G-LINE (436 nm) MICROLITHOGRAPHY 
Feature Minimum Numerical Aperture / Depth of Focus 
Size Production k=0.9 Introduction k=0.8 Development k=0.7 
(µm) NA DOF NA DOF NA DOF 
1.00 0.39 ±1.13 0.35 ±1.43 0.30 +1.87 
0.80 0.49 ±0.72 0.44 ±0.92 0.38 +1.20 
0.75 0.52 ±0.64 0.47 ±0.81 0.41 ±1.05 
0.70 0.56 ±0.55 0.50 ±0.70 0.44 +0.92 
0.65 0.60 ±0.48 0.54 +0.60 0.47 ±0.79 
0.60 0.65 ±0.41 0.58 ±0.52 0.51 ±0.67 

G-line will be able to perform satisfactorily in production 
at 0.7 µm with a "k " factor of close to 0.9 and provide 
±0.55 depth of focus with numerical apertures no larger 
than those currently available. To achieve 0.65 mm 
features, a N A of 0.6 is required and results in a D O F of 
only 0.48 mm This is inadequate for satisfactory volume 
production. In comparison, I-line can achieve 0.65 mm 
features at k=0.9 with ± 0.57 D O F and has the potential 
to produce even smaller features. The users of G-line tools 
will either limit feature sizes in production to 0.7 µm or 
will supplement their factories with some I-line tools for 
higher resolution printing and make smaller devices. In 
either case 0.7 µm will be the smallest feature that will be 
economically produced with G-line lithography. 

I-line—For I-Line the situation is better because D O F 
increases as the reciprocal of the wavelength. Currently 
lenses with N A of 0.48 are available and NAs well over 0.5 
are in development. It is reasonable to presume that large 
field lenses with NAs of about 0-55 will be sucessfully 
produced. These will support volume manufacturing of 
second generation 4MBi t D R A M s at 0.65 and 0 7 µm and 
also the first 16MBit D R A M s at 0.6 µm. At 0.6 µm, the 
D O F will be only ±0.49 µm but the 16 MB i t D R A M s will 
have a flatter surface topology and there should be 
adequate margin for tools equipped with field by field 
wafer leveling and good focus detection and control. 8 

It does not appear that I-Line lithography can be 
extended to 0.5 µm in a true volume production mode 
because it combines the need for an extremely high N A 
with an unacceptably small depth of focus for production. 
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One of the most interesting 
aspects of X-ray imaging 
technology is its apparent 
insensitivity to particulate 

contamination. 

H e n c e the vo lume produc t ion o f devices w i th 0.5 µm 
features wi l l depend o n the availabil ity o f D U V tools 
work ing at 248 n m . 

Table 3 
1-LINE (365 nm) MICROLITHOGRAPHY 
Feature MinimumNumerical Aperture / Depth of Focus 
Size Production k=0.9 Introduction k=0.8 Development k=0.7 
(µm) NA DOF NA DOF NA DOF 
0.80 0.41 ±0.87 0.37 ±1.10 0.32 ±1.43 
0.70 0.47 ±0.66 0.42 ±0.84 0.37 ±1.10 
0.65 0.51 ±0.57 0.45 ±0.72 0.39 ±0.94 
0.60 0.55 ±0.49 0.49 ±0.62 0.43 ±0.81 
0.55 0.60 ±0.41 0.53 ±0.52 0.46 ±0.68 
0.50 0.66 ±0.34 0.58 ±0.43 0.51 ±0.56 

DUV 248 nm and 193 nm—Volume produc t ion at 
0.5 µm using D U V imag ing at 248 n m requires a 
numerical aperture o f only 0.45 and results in a D O F o f 
±0.5 µm. Despite the very restricted range o f opt ical 
materials available to the stepper lens manufacturer, the 
required N A shou ld be achievable and prov ide adequate 
depth o f focus. F o r the products that w i l l be made at these 
feature sizes, there are many that wi l l require f ield sizes up 
to 25 m m diameter. Th i s may be diff icult to achieve w i th 
purely refractive optics. H o w e v e r , there are alternative 
optical systems that use reflective elements together w i th 
refracting components , such as the step and scan system, 
that can provide large fields (20 x 35 m m ) and that have 
the potential for achieving even larger fields. These systems 
operate by scanning a narrow slit field across the reticle 
and wafer at 4:1 reduct ion ratio and trade of f some o f the 
problems o f construct ing large ful l field optics against a 
requirement for 4:1 synchronous movement o f the wafer 
and reticle stages. Th i s scanning o f a narrow slit field across 
the wafer surface has the potent ial for better focus cont ro l 
and even correct ion o f departures f rom field flatness i n the 
optics. 

Be low 0.5 µm, depth o f focus decreases rapidly. 
Numer i ca l apertures o f 0.5 shou ld be achievable, but for 
0.45 µm features this results i n on ly +0.4 µm D O F and 
wi l l almost certainly necessitate the use o f some fo rm o f 
planarized surface imag ing resist 4 together w i th active 
wafer support to compensate for small variations in the 
surface flatness o f the pol ished wafers. These non-planar 
wafer surface variations w i l l be a few tenths o f a m ic ron . 
They typically take place over distances o f several mill imeters 
and could be corrected by relatively simple mechanisms. 

Table 4 
DUV (248 nm) MICROLITHOGRAPHY 
Feature Minimum Numerical Aperture / Depth of Focus 
Size Production k=0.9 Introduction k=0.8 Development k=0.7 
(µm) NA DOF NA DOF NA DOF 
0.70 0.32 ±0.98 0.28 ±1.35 0.25 ±1.61 
0.60 0.37 ±0.72 0.33 ±1.00 0.29 ±1.18 
0.55 0.41 ±0.60 0.36 ±0.84 0.32 ±1.00 
0.50 0.45 ±0.50 0.40 ±0.69 0.35 ±0.82 
0.45 0.50 ±0.40 0.44 ±0.56 0.39 ±0.67 
0.40 0.56 ±0.32 0.50 ±0.44 0.43 ±0.53 

T o achieve feature sizes be low 0.45 µm in vo lume 
p roduc t i on , either N A s greater than 0.5 at 248 n m wi l l be 
required or exposures shifted to 193 n m i l luminat ion. 
Effective N A s o f 0.7 have been reported for an exper imen
tal ho lographic imag ing system 9 but this w o u l d have a 
D O F o f only ± 0 . 2 µm and w o u l d require a very complex 
device technology and extraordinary mechanical cont ro l . 

A t 193 n m (Table 5 ) , 0.35 µm is achievable w i th an N A 
o f 0.5. H e r e also the depth o f focus is very small (±0 .31 
(µm), requ i r ing complex device tecnology and active wafer 
chuck ing to stay i n focus. It is probably at the very l imits 
o f feasibility. 

A t d imensions be low 0.5 µm there wi l l also be the 
signif icant issue o f pr intabi l i ty o f defects. W i t h sensitivity 
increasing as the inverse square o f feature size, and defect 
popu la t ion increasing as the square o f defect s ize, the task 
o f the contaminat ion engineers i n too l and materials 
manufacture, as wel l as at the device manufacturer, w i l l be 
enormous and thus may wel l be the factor that l imits the 
future use o f opt ical l i thography. 

Table 5 
DUV (193 nm) MICROLITHOGRAPHY 
Feature Minimum Numerical Aperture / Depth of Focus 
Size Production k=0.9 Introduction k=0.8 Development k=0.7 
(µm) NA DOF NA DOF NA DOF 
0.60 0.29 ±0.92 0.26 +1.17 0.23 ±1.52 
0.50 0.35 ±0.64 0.31 ±0.81 0.27 ±1.06 
0.45 0.39 ±0.52 0.34 ±0.66 0.30 ±0.86 
0.40 0.43 ±0.41 0.39 ±0.52 0.34 ±0.68 
0.35 0.50 ±0.31 0.44 ±0.40 0.39 ±0.52 
0.30 0.58 ±0.23 0.51 ±0.29 0.45 ±0.38 

Alternative imaging technologies 
T h e major challenges to opt ical l i thography come f rom 

X-rays and electron beam technologies. Steady progress 
has been made o n X- ray technology over the years. A s 
opt ical imag ing more closely approaches the l imits o f its 
capabil i t ies, more emphasis is shi f t ing to this alternative. 
There are major efforts underway in Germany , Japan, and 
the U . S . , and smaller activities in several other countr ies. 
M o s t X-ray work has been conducted us ing radiat ion f rom 
synchrotrons operat ing at r o o m temperature, but the 
t rend is toward compact units based o n cryogenic magnets. 
These are be ing p ioneered by C O S Y in Germany , I B M / 
O x f o r d i n the U . S . , and N T T and S u m i t o m o in Japan. 

Over the years many o f the problems o f imp lement ing 
X- ray l i thography have been overcome. Masks can n o w be 
made that are g o o d enough to produce 0.5 µm devices. 
They are stable under radiat ion exposure and have g o o d 
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life. Distortion levels have been reported that are typically 
between 40 and 100 nm, with the best masks showing 
about 20 nm. 

The problems of resist sensitivity have been largely 
surmounted and several satisfactory resists are commer
cially available. A benefit of 1x masking using synchrotron 
radiation is the very large depth of focus that allows bulk 
imaging resists to be used with simpler processing. 

In 1988, I B M reported 1 0 the first realistic demonstra
tion of the commercial potential of X-ray imaging by 
building a 64 Kbit S R A M with 0.5 µm features and with 
12 of the critical layers imaged by X-rays. 

One of the most interesting aspects of X-ray imaging 
technology is its apparent insensitivity to particulate 
contamination. Since the majority of particulates encoun
tered in wafer processing are carbonaceous or comprised 
of other low molecular weight materials, they are semi-
transparent to X-rays and many do not print. This is a 
major advantage compared to optical systems where defect 
sensitivity is increasing, and may well be a major consid
eration in the choice of imaging systems below 0.5 µm. 

Although E-beam lithography is capable of producing 
finer and more precisely positioned images than either 
optical or X-ray lithography, its cost and productivity 
eliminate it from consideration for high volume produc
tion of commodity devices. It will continue to dominate 
leading edge mask generation, (although it may yield some 
of its reduction reticle business to laser pattern generation). 
It will also be used for direct writing of images for low 
volume special products and developmental devices. 

The future of microlithography 
The supremacy of optical lithography in the immediate 

future is unchallenged. Leadership is passing from G-line 
to I-line lithography as devices progress from 0.8 µm 
features down to 0.6 µm features. However, it is unlikely 
that I-line will dominate lithography in the way G-line did 
in the past, since many manufacturers may find it 
advantageous to continue with advanced G-line tools and 
then switch directly to D U V tools for production of 0.5 
µm devices. 

I-line will be used to support 0.5 µm product develop
ment but it will prove incapable of providing enough 
processing margin for volume manufacturing at this 
feature size. This will be done by D U V tools despite their 
higher cost. The need for larger fields to accommodate 
many of the projected device sizes at 0.5 µm feature sizes 
will add to the complexity of the task facing optical stepper 
manufacturers. It will present an opportunity for the large 
field step and scan systems to take a significant share of the 
market as manufacturers progress to full volume produc
tion, even though these tools cost about twice as much as 
a D U V stepper. 

At 0.4 µm, the requirements for large field size and 
concern about surface flatness within a field and the rapidly 
increasing influence of small particles on the lithographic 
process yields will lead major device manufacturers to 

adopt parallel approaches using both X-ray and optical 
techniques. By this time, the industry leaders will have 
accumulated a significant body of experience and have 
demonstrated the larger manufacturing margin of X-ray 
lithography. Several device manufacturers will commit to 
production using X-ray lithography at this feature size, not 
only for the potential yield benefits, but also to gain the 
expertise to progress to yet smaller feature sizes. Once this 
starts, the rest of the industry will rapidly follow as it has 
done with every major technology shift in the past. 

A l l predictions of the future are subject to question and 
this field is no exception. Why should this prognosis be 
any more accurate than those in the past that predicted 
that optical lithography would never get below 1 µm? 
Earlier predictions were based on an assessment of the 
capabilities of optical system manufacturers to achieve 
closer to theoretical performance when most systems 
achieved only a modest fraction of what was theoretically 
possible. Today, manufacturers of systems build them 
much closer to the theoretical limits and there is less margin 
for error between actual performance and perfection. 
Achievement of virtual perfection is most unlikely, not 
because it is unattainable but because the need for the next 
generation of devices does not leave the time to reach this 
goal before the effort is switched to the next tool. 

It is likely therefore that optical lithography will continue 
to dominate the volume manufacture of semiconductor 
components with feature sizes down to 0.4 µm half pitch, 
but that below this level it will yield to other imaging 
technologies that will not require extreme compromise of 
device technology simplicity and manufacturing tolerances 
to make imaging feasible. 
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