
Lithographic lenses for 
microcircuit fabrication 
by John H. Bruning 

R eduction lenses used in the high
tech cameras known as "step

pers" to produce today's complex mi
crochips represent one of the greatest 
set of challenges to optical engineers 
in design, as well as manufacturing 
science and technology. Lens technol
ogy has tracked the explosive growth 
that we have seen in microcircuit 
complexity in the past decade, but it 
is difficult to predict just how much 
further optical technology can be 
pushed. 

To date, optical lithography has 
been able to forestall the onset of 
more exotic lithographic technologies 
for the production of integrated cir
cuits using X-rays, electrons, and ions 
because of cost and momentum fac

tors. Four megabit memory chips are 
in production today with steppers us
ing 5:1 reduction lenses that can im
age nearly 400 million pixels over a 
field size of about one inch in diame
ter. These lenses are diffraction limit
ed and have high numerical apertures 
for high resolution, not for light col
lection as in photographic camera 
lenses. Circuit features must be re
solved with consistent dimensional 
control all over the field, i.e., with no 
"sweet spot." 

A rule of thumb for minimum fea
ture width is Wmin = k λ/NA where λ 
is the exposure wavelength and N A is 
the numerical aperture on the image 
side. The perimeter k is a proportion
ality factor that indicates the contrast 

FIGURE 6. Evolution of reduction stepper lenses for microlithography. Produc
tion resolution is defined as .8λ/NA. Curves of constant complexity indicate 
trade-off between field size Φ and resolution for π(ΦNA/2λ)2 Rayleigh resolu
tion pixels within the field. The year of first introduction for lenses of the de
fined complexity is indicated. Dots correspond to lenses made or proposed. 

THE OPTICS SHOPPE 

Previously owned optics 
equipment 

Have you hesitated about 
updating your lab because 
you're not sure what to do 
with the equipment you now 
have? Are you running out of 
storage space for equipment 
that's too good to discard but 
not quite what you need for 
your current projects? Have 
you ever wished your compa
ny would hold a garage sale? 

Optics News has a better 
idea. 

"The Optics Shoppe" gives 
you the chance to let more 
than 16,000 colleagues know 
that you have optics equip
ment to sell or trade. Here are 
the details on how to take ad
vantage of this new Optics 
News feature: 

• Type an ad of no more than 
25 words, including contact 
name and phone number. 

• Enclose a $10 check pay
able to The Optical Society 
of America and mai l it to: 
The Optics Shoppe, Optics 
News, 1816 Jefferson Place, 
N.W., Washington, D.C. 
20036. 

• Copy that reaches O S A by 
the 25th of the month wi l l 
appear in the issue mailed 
about five weeks later (i.e., 
copy received by June 25 will 
appear in the August issue). 

• Equipment advertised must 
be previously owned and 
must be in good condition. 

Questions? Ca l l Lar ry Lotridge 
or J i l l Adams at (202) 

223-8130. Then make a l ist of 
the items you want to sell and 
start typing up those ads— 
that is, i f you can find your 
keyboard under al l those ex
tra instruments! 
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requirement of the image recording 
medium or photoresist and ranges be
tween .5-1.0. Smaller values are ap
propriate for a laboratory environ
ment, whereas production generally 
requires a k factor of .8-1.0. The 
number of pixels imaged within a cir
cular field is given by N = π(Φ Na / 

λl)2. These relationships are summa
rized graphically in Fig. 6, which 
shows field size Φ vs resolution where 
one can be offset by the other along 
the lines of constant complexity, or 
pixels. Also indicated are the dates of 
first introduction for lenses of the in
dicated complexity, which highlights 
the accelerated technology pace. 

What is not indicated by this fig
ure, however, are the enormous con
straints imposed on the lens design 
and manufacturing technology. First, 
the lens must be highly telecentric on 
the image side so that small deviations 

from flatness in the wafer sur
face do not cause image displace
ments. Because the theoretical depth 
of focus is only a micrometer or two, 
the image field must be flat to a few 
tenths of a micrometer and astigma
tism must be corrected to the same 
degree in order to maximize the us
able depth of focus. The distortion of 
the lens must be substantially less 
than 100 nm over the entire field. Dis
tortion control to these low levels re
quires constraining all asymmetric 
image errors such as coma and lateral 
color, as well as all orders of distor
tion. Final confirmation of imagery 
requires two dimensional image simu
lation with partial coherent illumina
tion. 

Distortion residuals that do remain 
should be matched, lens-to-lens, to 
even smaller values. Lens matching is 
extremely important for reasons of 
manufacturing economy. Today's 
complex circuits require sometimes as 
many as 24 individual layers that 
must overlay each other to better than 
25% of the minimum circuit feature 
width. If image placement errors are 

Lens matching is extremely 
important for reasons of 
manufacturing economy. 

not small enough, then wafer lots 
must be dedicated to individual step
pers, imposing substantial productivi
ty and bookkeeping consequences. 

As indicated in the figure, demands 
for both resolution and image field di
ameter improvements over time are 
very aggressive, with now only a year 
or two between lens generations. 
Higher resolution is achieved with 
higher numerical apertures and 
shorter wavelengths. Since diffraction 
limited depth of focus varies as λ/ 
N A 2 , less focal depth is lost for the 
same resolution by going to shorter 
wavelengths than by increasing the 
numerical aperture. 

In reality, however, new lens de
signs are moving toward both shorter 
wavelengths and higher numerical ap
ertures. Most lenses in production to
day are designed for g-line (436 nm) 
and more recently i-line (365 nm) 
with numerical apertures of .35-.45 
and field sizes of 20—29 mm diame
ter. These lenses are achromatized 
over bandwidths of 5—10 nm. Glass 
choices at 365 nm, however, are 
much more restrictive than at 436 
nm. Below 350 nm there are very few 
glasses of high transmission and high 
index with good resistance to effects 
such as solarization and color center 
formation. From 200—300 nm, in ad
dition to fused silica, only the crystal 
halides transmit well which, because 
of manufacturing difficulties, has 
driven design efforts toward single 
material monochromats. Early work 
at 248 nm using the KrF excimer laser 
source with an all fused silica design 
has opened the doors to 0.5 µm lith
ography over large fields. The band

width requirement of these lenses is 
less than 5 pm (yes, picometers), 
which requires line narrowing of the 
laser source. Even though these de
signs are monochromatic, the chro
matic variation of aberrations must 
be considered in the design.2 

The construction of today's lenses 
involves 12-24 individual elements 
with clear apertures up to 150 mm 
and overall lengths of 500 mm. These 
large and complex assemblies, togeth
er with the tight image placement re
quirements, dictate centering toler
ances in some cases to a few micro
meters, surface figure tolerances to λ/ 
100 p-v, and optical homogeneity to 
1 ppm levels. Higher numerical aper
tures and larger fields will place even 
more stringent requirements on opti
cal materials, improved design and 
manufacturing methods, and tighter 
manufacturing and environmental to
lerances. 

Current estimates of maximum at
tainable complexity of refractive 
lenses in the deep U V place limits in 
the 1 X 10 9 pixel range with 1 ppm im
age placement accuracy. Dyson type 
unity magnification systems may be 
able to exceed these numbers, but a 
greater burden is then placed on the 
mask maker. To achieve even larger 
fields or shorter wavelengths may be 
unrealistic without subdividing the 
image and moving to reflective opti
cal systems.3 Reflective systems have 
many fewer degrees of freedom and 
thus cannot cover large instantaneous 
fields without linking together smaller 
subfields by stepping or. scanning. 
This approach, then, places a greater 
burden on precision mechanical sub
systems and controls. 
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