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ABSTRACT 
 

The history of Nikon’s projection lens development for optical microlithography started with the first “Ultra Micro-
Nikkor” in 1962, which was used for making photo-masks. Nikon’s first wafer stepper “NSR-1010G” was developed 
with a g-line projection lens in 1980. Since then, many kinds of projection lenses have been developed for each 
generation of stepper or scanner. In addition to increasing numerical aperture (NA) and field size, there have been many 
technical transitions for the projection lens, such as shortening the wavelength, controlling Zernike aberrations with 
phase measurement interferometry (PMI) for low k1 lithography, using aspherical lenses, applying kinematic opto-
mechanical mounts, and utilizing free asphere re-polishing steps in the lens manufacturing process. The most recent 
advancement in projection lens technology is liquid immersion and polarization control for high NA imaging. NA now 
exceeds 1.0, which is the theoretical limit for dry (in air) imaging. At each transition, the amount of information that 
goes through the projection lens has been increased. In this paper, the history of the microlithographic lens is reviewed 
from several different points of view, such as specification, optical design, lens manufacturing, etc. In addition, future 
options of the projection lens are discussed briefly. 
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1. INTRODUCTION 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Trend of the number of the transistors per chip 
 

Figure 1 indicates the trend of the number of components per chip, which had been doubling every eighteen months. 
This trend is called Moore’s law because it was originated by Gordon Moore in 19651. Although the actual number of 
transistors may not be exactly on this line, the line indicates the trend. To catch up with this trend, microlithographic 
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lenses have been developed, which can transfer enough information to generate the required number of transistors on a 
chip for each generation or timing by increasing numerical aperture (NA), reducing wavelength, expanding exposure 
field and reducing the amount of aberration.  
 

2. LENS SPECIFICATIONS 
 
To explain lens performance in terms of the amount of information the lens can transfer, an extended definition of the 
Lagrange invariant may be convenient. The Lagrange invariant H is defined for paraxial rays in figure 1, which shows 
two paraxial rays through a lens2. 

 
Figure 2: Two paraxial rays (marginal ray and chef ray) in an imaging lens. 

 
( ) ( )H n uh uh n u h u h′ ′ ′= − = − ,        (1) 

Where n  is refractive index, u  is paraxial marginal ray angle, h  is paraxial ray height at refracting surface. A 

quantity associated with a chief ray is denoted by a bar, e.g., h , u . A primed quantity refers to the image space. 
At the image surface, the paraxial marginal ray height is zero, and the chief ray height equals the image radius η′ . 
Therefore, the Lagrange invariant simplifies to 
H n uη′ ′ ′= .           (2) 
The Lagrange invariant H is conserved in a lens and is one of the most important concepts in paraxial optics. The 
square of the Lagrange invariant is proportional to the total information transmitted by a lens. This concept may be 
extended to an actual projection lens. Then, the total transmitted information (TTI) by a lens in terms of a geometrical 
definition can be  

2
max( )geometric iTTI NA y= ⋅ ,         (3) 

Where, NA  is numerical aperture, maxiy  is maximum image radius. 
This quantity is also one of the parameters that express a difficulty level of the optical design in terms of its 
specification.  
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Since the resolution half pitch R of a lens is defined as 

1= kR 
NA
λ

,                 (4) 

where λ  is wavelength, and k1 is a constant process factor, the amount of total transmitted information should be 
inversely proportional to wavelength λ  and k1. 
The total transmitted information by means of wave optics may be  

2
maxi

wave
NA yTTI

λ
⋅⎛ ⎞= ⎜ ⎟

⎝ ⎠
.         (5) 

The quantity in the brace in equation (5) expresses the intrinsic capability of a lens, defined by primary lens design 
specifications, including wavelength. This is because the allowable residual aberration is proportional to wavelength. 

waveTTI of our microlithographic lenses, which have been on the cutting edge at each time or generation, are shown in 
figure 3, with a notation of “TTI_wave”, along with the trend of Moore’s law. As we see in figure 3, the slope of the 
trend for waveTTI  is much lower than that of Moore’s law. To reduce this gap, the k1 factor in equation (4) has been 
reduced. Reducing k1 factor has two meanings for imaging. One is to generate a finer pattern (or smaller half pitch) 
with lower contrast imaging, assuming the same imaging condition, such as NA, sigma, etc. In this case, the lens 
aberrations should be reduced, because low contrast imaging is more easily affected by aberrations. The second factor is 
usage of resolution enhancement techniques (RET) such as PMI, off-axis illumination, etc. to get higher contrast for a 
smaller half-pitch. Since the diffracted light is localized on or near the edge of the pupil for RET, aberration at the edge 
of pupil is more important. This also indicates that the wavefront at all positions of the pupil should be flat, since 
localized bumps of the wavefront, which are high order aberrations, are also not allowed. Therefore, the trend of the k1 
factor indicates the trend of lens aberration level. If we take into account k1, transmitted information becomes 

2

max
1

1

i
k

NA yTTI
kλ

⎛ ⎞⋅
= ⎜ ⎟⋅⎝ ⎠

.          (6) 

The quantity in the brace in equation (6) may be recognized as the required lens performance, including specifications 
and lens residual aberrations. These indicate the practical difficulty level of the lens design and its manufacturing 
process. We may call this quantity “extended Lagrange invariant”. Lens NA, maximum image height, k1 factor, and 
extended Lagrange invariant are shown in figure 4 (maximum image height and extended Lagrange invariant are 
normalized). It may be seen that the trend of the extended Lagrange invariant has been to increase exponentially. This 
indicates the difficulty of development of the lens, as well as the cost, which has also been increasing rapidly.  
In figure 3, 1kTTI of our microlithographic lenses are shown with notation of “TTI_k1”. We can still see a gap between 

the curve of 1kTTI and the trend of Moore’s law, especially after 1995. This gap had been reduced by applying a 
scanning exposure technique. By scanning exposure of a rectangular image field, the exposure area has been expanded 
by a factor of approximately four. This has been allowed by the development of scanning exposure tools, along with 
high-power, high-repetition-rate excimer lasers. Now, the total transmitted information by a scanning exposure tool is 

2

max

1

i
tool

NA yTTI s
kλ

⎛ ⎞⋅
= ⋅⎜ ⎟⋅⎝ ⎠

.         (7) 

Where s is a scanning factor defined by the ratio of areas between the rectangular image field of the lens and the 
scanned exposure field. 
The trend of toolTTI  is also shown in figure 3, along with the trend of our microlithographic lenses, with the notation 

of “TTI_k1”. The remaining gap between toolTTI  and Moore’s Law has been filled by technical innovations other 
than lithography.  
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3. OPTICAL DESIGN 
 
Optical design of the dioptric microlithographic lens was started by modifying a design of projection lens for micro 
films, which was named “Ultra Micro Nikkor”. This first generation microlithographic lens had a track length, or 
conjugate distance, of about 600mm. Maximum lens diameter was around 100mm. A design example is shown in figure 
5 (a), with its primary specifications. A lens with the same specification was developed in 1981 in Nikon. In this first 
generation, only the wafer side was telecentric, because the magnification criterion or distortion was not so critical at 
that generation.  

Figure 3: Trend of total transmitted information by a lens and Moore’s law 

Figure 4: Trend of primary specifications and extended Lagrange invariant (H) of microlithographic 
lens. Field size and H are normalized. 

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1980 1985 1990 1995 2000 2005

Year

N
or

m
al

iz
ed

 a
m

ou
nt

 o
f i

nf
or

m
at

io
n TTI_wave

TTI_k1

TTI_tool

Trend of Moore's Law

0
0.2

0.4
0.6

0.8
1

1.2
1.4

1.6
1.8

2

1980 1985 1990 1995 2000 2005

Year

Wavelength[um]
NA
k1
Normalized field size
Normalized extended H

Proc. of SPIE Vol. 6154  615403-4



Figure 5(b) shows a typical design example for the second generation microlithographic lens. From this generation, 
object (reticle) side has also been telecentric. This design example was the first optical system that had all of the primary 
characteristics of the modern microlithographic lens, such as both side telecentric system, high NA, wide field, 1/5x-
1/4x magnification, and relatively small residual aberrations. Therefore, this design became the original configuration, 
which is +-+-+ lens power distribution3, for all stepper or scanner lenses, until the advent of practical utilization of large 
sag aspherical surfaces in the lens design. Although there were various modifications and scalings for each projection 
lens in each generation, the primary configuration of this design example had been continuously used since 1987.  
Then, the wavelength of the microlithographic lens was moved into i-line (365nm) and field size was expanded to 
17.5mm squire (figure 5 (c)) and 22mm squire (figure 5(d)). Due to the wider image field and smaller aberration criteria 
(due to shorter wavelength), the lens size became larger than the previous generation.  
In the case of i-line or g-line, many conventional optical glass materials were used. These optical glasses have a tiny 
difference in refractive index between different lots or pots of glass manufacturing. (Actually, materials are 
manufactured by a continuously melting process, not using any pots.) The re-designing is performed for each pot (or lot) 
to compensate for design performance degradation due to material quantity difference from design value. Therefore, 
each pot design has small differences in radius of curvature of surfaces, as well as thickness of lens elements.  
For i-line and g-line lens designs, not only monochromatic aberrations but also chromatic aberrations must be corrected 
over several nm bandwidths. This is much wider than later excimer lasers, such as Krypton Fluoride (KrF) and Argon 
Fluoride (ArF). Therefore, the secondary color correction was a challenge for optical designers and material developer 
for extraordinary dispersion glass. For wide field lens such as the example in figure 5(c), third order lateral color 
correction was an additional problem for the lens designer.  
In contrast, a designer for deep ultra violet (DUV) lenses does not need to consider secondary color, because of the very 
narrow bandwidth, which is around 1pm, or sub-pm region. However, practically available lens material is limited to 
calcium fluoride (CaF2) and silica glass. Since these materials have relatively lower reflective indices than materials for 
i-line or g-line, almost the same number of lens elements and lens size were needed, because refracting power had to be 
split into a larger number of lens elements to achieve lower aberrations. A design example for a KrF projection lens in 
1997 is shown in figure 5 (e).  
For further increases of NA, practical restrictions of the size of the fused silica, and cost of the material, became issues. 
This brought us to utilization of a scanning exposure system. By scanning a rectangular imaging field, which has a 
smaller image height than the static exposure tool (stepper), 36mm x 25mm or 26mm exposure field is obtained. This 
technique allowed the optical designer to reduce maximum image height. The designer can use this room to increase 
NA. A design example in 1999 for a KrF scanning exposure tool is shown is figure 5(g). From this generation, 
wavefront aberration control became much more important, because of the start of low k1 lithography.  
The last example in this section is a 0.75NA KrF lens with aspherical surfaces. Thanks to the use of aspherical surfaces, 
0.75NA was achieved with the same size as, and shorter total track than, the previous KrF lens (0.68NA). This design 
uses only two aspherical surfaces and its configuration may be thought of as a modification of the second example, or a 
transition to the next lens type. In the most advanced ArF microlithographic lenses, several large sag aspherical surfaces 
were used to achieve a very large quantity of the extended Lagrange invariant. In this case, the aberration compensation 
concept may be different from the conventional all-spherical optical design. In the case of a conventional optical design, 
usually the designer tried to prevent the generation of aberrations on each surface, especially low order, and residual 
aberration may be compensated by aberration balancing between different surfaces. On the other hand, in the case of 
aspheric lens design, some aberrations remains on each surface, even for low order, and remaining aberrations are 
compensated by means of several aspherical surfaces. Therefore, the lens power distribution (or lens type) may be 
different from the conventional design, which is not allowed for conventional aberration compensation theory. Instead 
of generating the aberration on each surface, the lens dimension can be reduced, compared to a design without 
aspherical surfaces. An example of this type for 0.85NA ArF lens is shown in figure 5(h). 
A photograph of two lenses is shown in figure 6. One is a lens developed in 1985 and the other is the most advanced dry 
lens developed in 2004. The actual lens barrel is, of course, drastically enlarged. 
 
 
 
 
 
 
 

Proc. of SPIE Vol. 6154  615403-5



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) NA =0.3, yimax = 10.6mm, λ =436nm (g-line) 

(b) NA =0.54, yimax = 10.6mm, λ =436nm (g-line) 

(c) NA =0.54, yimax = 12.4mm, λ =365nm (i-line) 

(f) NA =0.68 yimax = 13.2mm, λ =248nm (KrF) JP-2000-121933(A) 

Figure 5: Optical configurations of microlithographic lenses 

(d) NA =0.57, yimax = 15.6mm, λ =365nm (i-line) JP-H8-190047(A) 

(e) NA =0.55 yimax = 15.6mm, λ =248nm (KrF) JP-2000-56218(A) 

(g) NA =0.75 yimax = 13.2mm, λ =248nm (KrF) JP-2000-231058(A) 

(h) NA =0.85 yimax = 13.8mm, λ =193nm (ArF) JP-2004-252119(A) 
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4. OPTOMECHANICAL DESIGN 
 
In addition to the improvement of lens design, high lens mounting performance and its robustness are needed to make a 
high-performance imaging system. This is because lens element deformation due to lens mounting stresses severely 
degrades imaging performance.  
We here briefly review the history of our lens holding mechanisms (see Fig. 7). In Nikon, a line (ring) seat has 
previously been used as a mount in the lens cell. The amount of peak-to-valley (P-V) lens deformation was in the sub-
micron region, due to the limited processing accuracy of the ring seat, which is about 0.2 – 0.5 micron. Usually, the 
shape of the lens deformation was astigmatism-like, but the amount and the azimuthal angle could never be predicted. 
Hence, we could not predict the wavefront aberration of a lens system that used ring seat lens cells. Subsequently, three-
pointed seats were used. In this case, it was possible to predict the shape and the amount of the lens deformation due to 
gravity. However, this three-pointed-seat generates trefoil wavefront aberration, which can not be corrected by lens 
element re-spacing or decentering. Consequently, the first deformation-free lens mounting was finally realized. We 
started to use a kinematic mounting mechanism4 from the beginning of the low-k1 lithography generation. 
A kinematic lens mounting is one of the ultimate lens mounting mechanisms, because it has high robustness against 
many kinds of disturbances from outside of the lens cell. A body in space has six degrees of freedom. These are 
translation along three axes of X, Y, Z coordinate axes (X-shift, Y-shift, Z-shift) and rotation about X, Y, Z-axes 
(pitching, yawing, rolling). A body is fixed when these six degrees of freedom are constrained. However if more than 
seven degrees of constraint are applied, the seventh constraint can be a force to deform a body. A kinematic lens 
mounting inhibits exactly six degrees of freedom. In other words, a kinematic lens mounting can not deform a body, 
because it does not have the seventh constraint. This kinematic mount is applied to our lens mounting.  
 
 
 

Figure 6: Photograph of microlithographic lenses developed in 1987 (Black) and 2004 (Silver) 
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