
Optical lithography: 

Where will 

it end? 
By John Bruning 

O pt ical l i thography is one of the most cost ly and 
highly leveraged technologies in the complex pro
cess of manufacturing integrated c i rcui ts (ICs). 
The leverage comes from the number of IC "ch ips" 

that fit on a s i l icon wafer and the densi ty of c i rcui t funct ions 
on the chip. The number of wafer process ing steps is 
unchanged by the number of ch ips on the wafer. As IC 
features become smaller, device funct ional i ty and speed 
improve while power consumpt ion decreases. These factors 
all improve value and reduce the cost per ch ip . The inte
grated circuit process is much like a mult i layer c i rcui t 
board, only more complex. Some of the more complex 
devices l ike dynamic memory or D R A M conta in as many as 
20-25 different layers. Any gains in performance or pro
duct iv i ty at each layer are mul t ip l ied by the number of 
layers. 

Opt ical l i thography has been the major method used for 
print ing IC patterns s ince the beginning of the IC over 25 
years ago. Opt ical l i thography started wi th contact pr int ing 
on s i l icon wafers one inch in diameter at l inewidths of 10-20 

µm (which nearly matches l inewidths on pr inted c i rcui t 
boards today). As l inewidths shrank and circui t complex
ity grew, it became necessary to move away from contact 
pr int ing to project ion pr int ing to avoid the contaminat ion 
introduced by contact. The movement to project ion print
ing began 20 years ago wi th full-wafer project ion imaging at 
unity magnif ication. The rapid progress of integrated cir
cuit technology soon precluded imaging of the entire wafer, 
wh ich was increasing in size whi le l inewidths were decreas
ing. Step-and-repeat pr int ing entered the picture in the 
mid-70s wi th lenses that reduced the mask by a 10:1 or 5:1 
reduct ion ratio. Th is temporar i ly lessened the burden on 
the lens maker and the mask maker. The reduct ion lens 
projects the image of several ch ips at a t ime f rom the mask 
onto the wafer, steps to another area on the wafer, and 
repeats the process in a grid-like fashion. This process has 
been refined to uncanny levels of prec is ion and sophis t ica
t ion in the last 15 years and shows no sign of resignation to 
more exotic l i thographic technologies employing electrons, 
ions, or x-rays. 

The "steppers" of today have become the "machine too l " 
of the semiconductor industry. Opt ica l l i thography cont in
ues to evolve to unexpectedly high levels of performance 
pr imar i ly through advances in metrology and prec is ion 
engineering. This rap id growth rate, however, has made it 

nearly impossib le for new l i thographic technologies to 
industr ia l ize to the matur i ty levels needed for high vo lume, 
high y ie ld , and cost effective manufacturing. The levels of 
investment needed to keep up wi th the rapid and cont inual 
improvements in stepper technology, whi le high, are smal l 
compared to that needed to change to another l i thographic 
technology altogether. The complex i ty of the IC process 
resists dramat ic changes and seeks to extend technology 
and investment as long as possib le. 

First a precision metrology platform 
Integrated c i rcui ts cannot be shrunk s imply by pr int ing 
smal ler l ines on a ch ip. Of equal importance to the size of 
the l ine is the accuracy of placement of the l ine wi th in the 
circui t . A rule of thumb is that the pr inted l ine must be 
placed to wi th in an accuracy of one fourth of the narrowest 
l ine. At today's technology of 0.6 - 0.8 µm l inewidths, an 
image placement accuracy of 0.15 - 0.20 µm is required over 
the entire area of the wafer, now typical ly 150 - 200 mm in 
diameter. This is an al l inc lusive overlay error budget, be
tween any layer, wh ich represents contr ibut ions f rom the 
stepper plat form, the wafer stage, and its metrology, as wel l 
as distort ions in the mask and those int roduced by the 
opt ica l imaging system. The requirements for greater pro
duct iv i ty and performance have led to a dramatic increase 
in the number of "p ixe ls" that must be pr inted, as wel l as the 
placement accuracy of these pixels. Wafer sizes have grown 
f rom 25 mm in 1965 to 200 mm today at some manufacturing 
sites. Wi th in five years it is speculated that wafer sizes may 
grow to 300 mm. 

The requirements for improved accuracies over larger 
areas wi th smal ler l inewidths place great demands simulta
neously on the stepper platform and the opt ica l system. 
Improvements in the plat form and the opt ica l system can 
only take place wi th simultaneous improvements in metrol
ogy. The stepper plat form must itself be a superb metrol
ogy tool , s ince it must locate and align to features on 
indiv idual ch ips al l over the wafer pr ior to pr int ing the next 
layer. Al ignment is done wi th another opt ica l system de
signed speci f ical ly to acquire the al ignment mark, along 
wi th a very precise stage metrology system that records 
the locat ion of the wafer dur ing the alignment mark "map
p ing" process. The wafer stage and mot ion contro l system 
achieve an accuracy of better than 100 nm wi th a repeat
abi l i ty that is signif icantly better. 

Mapp ing a larger number of sites on the wafer improves 
metrology accuracy through improved stat ist ics. Stage 
posi t ion is metered in x, y, and yaw wi th laser interferom
eters that have a resolut ion of a few nanometers. P i tch and 
ro l l are also metered and contro l led to permit posi t ioning 
of the exposure site on the wafer paral lel to the image plane 
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Figure 1. Resolution trend of reduction lenses for step-and-repeat 
optical lithography. Open circles represent lenses using mercury arc 
sources at either 436 or 365 nm wavelength. Open squares 
represent deep-UV lenses operating with the KrF excimer laser at 
248 nm. The isolated point indicates when soft x-ray imaging at 14 
nm might enter the scene with 0.1 µm resolution on chip sizes of 25 
x 50 mm on a side. 

of the lens to wi th in a smal l fract ion of the depth of focus 
range of the lens. Contaminat ion under the wafer can ag
gravate the flatness of the exposure area enough to throw 
the image out of focus. Ach iev ing high metrology accuracy 
is difficult to maintain without stringent contro l of the 
environment and a thorough understanding of al l interac
tions of the machine wi th its environment. 

Self calibration 
Self cal ibrat ion is key to measurement and posi t ion cont ro l 
to nanometer levels. Attainment of accuracy levels in this 
range requires the analysis of large amounts of data that 

must be acqui red over a reasonably short per iod of t ime. 
The stepper metrology system provides a built- in capabi l 
ity to character ize the opt ica l system in terms of the opti
mum plane of focus, the precise opt ica l reduct ion ratio, and 
other control lable parameters in the opt ical co lumn. Superb 
platform stabi l i ty and performance can only be achieved 
through robust structural design, attention to kinematic 
pr inc ipals, and a thorough understanding and management 
of the environment surrounding the platform. For example, 
the stage metrology air paths must be careful ly contro l led. 
There must be adequate air movement to promote tem
perature stabi l izat ion and el iminate stagnation, yet not so 
much as to create turbulence and introduce noise in the 
laser metrology path. Heat sources must be understood as 
to their locat ion, intensity, and heat transfer mechanisms. 
Stage f ine-motion shou ld be fr ict ionless and without hys
teresis. The abi l i ty to complete ly character ize and cal i 
brate the stepper in-situ is essential so that sets of steppers 
on a manufacturing line can be opt imal ly matched in overlay 
character is t ics. This is desirable in order to provide the 
manufactur ing f lexibi l i ty of exposing any circui t layer on 
any stepper. 

The optical column 
The opt ica l stepper is a stunning example of the marriage of 
the highest prec is ion disc ip l ines in opt ics, mechanics, me
trology, and manufacturing. These interrelated disc ip l ines 
are al l at the state-of-the-art and tend to cont inua l ly "boot
st rap" one another. The speci f icat ions and performance 
levels for today's l i thographic lenses are at levels that only 
a few years ago were v iewed unl ikely or unmanufacturable, 
yet the complexi ty level in the last few years has increased 
more than at any other time. This has been dr iven largely by 
the demand for D R A M , the densi ty of wh ich has nearly 
doubled every two years for the last 20 years. There has 
been an unrelent ing quest in the electronics industry to 
sustain this phenomenal rate of progress. This has been 
achieved by increases in ch ip s ize, greater c leverness in 
c i rcui t design, exploi tat ion of the ver t ica l d imension on the 
wafer to increase density, and increasing density by de
creasing device d imensions wi th higher resolut ion l i thog
raphy. 

The level of diff iculty has increased because of the s imul
taneous need to increase resolut ion and field size of the 
lens whi le reducing al l d istort ions in the lens. Improve
ments in al ignment and stage prec is ion, along wi th reduced 
lens d is tor t ion, led to improvements i n over lay capabi l i ty 
of the stepper. Whi le perhaps contrary to intui t ion, as the 
size of the pr inted features gets smal ler, the lens must get 
larger. A state-of-the-art l i thographic lens weighs more 
than 200 ki lograms! Ach iev ing improvement in all charac-
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teristics in a larger physical structure taxes all aspects of 
precision engineering and the design sciences. Nonethe
less, great progress has been made and the opportunity for 
further improvement remains. Figures 1 and 2 summarize 
the progress in lenses over the last 10 years and extrapolate 
current trends for the next decade. The dramatic increase 
in performance of optical systems in the last few years is 
evident. This has been achieved primarily by improve
ments in optical design,1 metrology, precision engineering 
practice, new manufacturing methods, and tooling. 

Resolution is defined by the simple equation W m i n = kλ/NA, 
where k is a factor that ranges from 0.5 to 1.0, depending on 
the device manufacturing application and process charac
teristics, λ is the wavelength of operation of the lens and 
illumination system, and NA is the numerical aperture of 
the lens on the image side. Higher resolution is achieved 
with a smaller wavelength, a higher NA, or both. The total 
range of sharp focus for such lenses is approximately λ/NA2. 
From this, it is clear that focal depth is lost more quickly 
when resolution is improved by increasing NA than by 
reducing the wavelength. In practice, however, new lens 
designs are moving toward both shorter wavelength and 
higher numerical apertures. The total focus budget avail
able in production applications ranges from 1-2 µm. This 
budget is so tight that there are strong development efforts 
to evolve production processes that operate effectively at 
smaller k-factors so that the lowest NA lens consistent with 
the resolution requirements can be used. 

State-of-the-art lenses for lithography today have NAs of 
0.45 - 0.55 and operate at wavelengths of the mercury g-line 
(436 nm), i-line (365 nm), or the KrF excimer laser wave
length of 248 nm. 2 , 3 Mercury arc illuminated lenses are cor
rected for color aberrations over a bandwidth of 5-10 nm, 
the natural bandwidth of the spectral lines of the arc lamp. 
These color corrected lenses use a variety of different 
glasses to achieve the appropriate color correction. The 
choice of glasses for the g-line is quite broad, but very 
restrictive for the i-line, due to higher absorption. The 248 
nm lenses are not color corrected, principally because 
there is only one suitable glass that has adequate transmis
sion at that wavelength. These lenses are made entirely of 
fused silica and are monochromats. To avoid chromatic 
aberrations, the bandwidth of the laser source must be 
restricted to no more than a few picometers! This requires 
narrowing the free-running bandwidth of the laser source 
without a detrimental loss of illumination intensity. These 
systems have been in use for some time now for 0.5 µm 
imagery and will likely be the dominant method used for 
production in the 0.25 µm regime within the next five years. 

Productivity and reliability are expected to increase and 
technical specifications will improve. Productivity rates of 

25-50 wafers per hour are a common requirement that has 
been maintained in recent years in spite of increasing wafer 
sizes. Reliability requirements approaching 1000 hour mean-
time-between-failure are anticipated. 

The weather matters 
The high performance of lithographic lenses today is 
achieved only as a result of a very delicate balance of 
residual design aberrations, the use of many individual 
elements, and strict adherence to tight tolerances on ele
ment surfaces during fabrication and assembly. A change 
in the temperature of the lens of many degrees would 
adversely alter performance, but that is of little consequence 
since the lens and stepper operate in the controlled envi-

Figure 2. Lens capability trend for reduction lithography lenses 
measured in pixels corresponding to the resolution in Figure 1. This 
represents the number of pixels that can be imaged by the lens 
field either in a step-and-repeat or scan-and-step mode. The latter 
mode will likely to be required for soft x-ray imaging. 
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ronment of a chamber that maintains temperature constant 
to wi th in 0.1° C. The environmental chamber , however, 
does not contro l barometr ic pressure. Weather- induced 
pressure variat ions alter the refractive index of the air 
between the elements enough to change focus and reduc
t ion ratio of the lens. If not compensated for, barometr ic 
pressure changes would int roduce out of to lerance cond i 
t ions for this exact ing imagery. 

Managing the aerial image 
A tradit ional cr i ter ion for design of a l i thographic lens used 
to be that geometr ical lens aberrat ions had to be reduced 
to less than 0.25 λ. Under these condi t ions, the lens satisfies 
the Rayleigh cr i ter ion and is cons idered to be diffraction 
limited, meaning that further improvements in imagery 
were l imited by diffraction, not geometr ical aberrat ions. In 
the realm of large NA, large field s ize, and super- low distor
t ion, this cr i ter ion is no longer adequate. Residual distor
t ion in the design of the lens (attr ibutable to imperfect ions 
in imaging a perfect grid) must be held to less than 10 nm 
everywhere in the image f ield. There must be no sweet spot 
in the lens and there must be no signif icant var iat ion of the 
residual aberrat ions over the image field that wou ld create 
changes in l inewidth at the image. Ast igmat ism and field 
flatness should be held to levels less than a few hundred 
nanometers at any point in the f ield. 

These requirements put l imits on geometric aberrat ions 
that are far more stringent than the Rayleigh cr i ter ion. In 
the final design stages of these lenses, the aerial image must 
be modeled wi th features and shapes typ ica l of customer 
appl icat ions at all posi t ions in the field and through focus 
under part ial coherent i l luminat ion to more accurately 
simulate condi t ions of use. Modern s imulat ion tools model 
the transfer of the aerial image into the exposed and devel
oped photoresist materials used in manufactur ing. 4 , 5 

Tolerances employed dur ing the fabr icat ion and final 
assembly of elements are also modeled to simulate the lens 
manufacturing process. The tolerance in radius, th ickness, 
refractive index, and surface figure required for al l elements 
(sometimes 20 or more) to go together wi thout adjustment 
would be impossib ly tight. To achieve final performance 
targets and assure that al l lenses of the same type match 
each other and can be used interchangeably, the assembly 
process must be fine tuned for each lens. Present day 
tolerances on opt ical surfaces are at the 10 nm level in form 
and at the 1 nm level for roughness. Center ing and spacing 
requirements for elements are at the more " re laxed" toler
ance level of 1 µm. 

What's next? 
The enormous progress in prec is ion engineering and me

trology has led to l i thographic lenses of unprecedented 
qual i ty and performance. B i l l ion pixel lenses are being 
used in the early stages of development of the 64 M b D R A M . 
How much farther can the technology be pushed? It seems 
fairly certain that the 256 M b and perhaps even the 1 Gb 
D R A M wi l l be manufacturable wi th opt ica l l i thography us
ing reduct ion lenses operat ing in the deep-UV region. Get
t ing there wi l l require c leverness and exploi tat ion of novel 
process ing techniques that can tolerate the use of smaller 
k-factors. In addi t ion, al terat ion of the aerial image has 
recent ly shown promise through the use of "phase shift" 
mask techniques. 6 , 7 Th is promis ing new technique gives a 
new degree of f reedom to the l i thographer by al lowing 
cont ro l of the phase in the mask plane in addi t ion to the 
ampl i tude. This cou ld improve resolut ion up to 30 or 40% 
under ideal condi t ions. 

The use of wavelengths shor ter than 248 nm awaits the 
development of more robust and highly transparent opt ica l 
materials. Work is ongoing here and abroad. There are no 
known materials that are s imul taneously transparent, ho
mogeneous, and isotropic that refract light at wavelengths 
much below 200 nm. Diffraction-l imited imaging for l i thog
raphy in the extreme ultraviolet or soft x-ray region has not 
been ser iously cons idered to date because of inadequate 
materials for refractive systems or poor reflectivit ies in 
reflective systems. Reflect ivi ty in the extreme ultraviolet 
and soft x-ray wavelength region has improved through the 
use of new mult i layer techniques and holds great promise 
for extending opt ica l l i thography to very high resolut ions. 8 

Diffraction-l imited imaging in the soft x-ray region at 14 
nm has been demonstrated recently using a precisely fabri
cated Schwarzschi ld mirror design wi th multi layer coated 
mirror surfaces. 9 , 1 0 This demonstrat ion has shown basic 
feasibil ity of reduct ion imaging at the 0.1 µm resolut ion level. 
The scal ing of soft x-ray opt ical systems to pract ical sizes 
needed for l i thography wi l l be very challenging and is under 
study. The metrology and precis ion engineering technolo
gies developed for opt ical steppers wi l l play a vital role in 
extending opt ical l i thography into this excit ing new area. 
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Soft x-ray 

projection 

lithography 
By the Bell Lab Soft X-ray Projection 
Lithography Group* 

A s the VLSI (very large scale integration) industry 
demands cameras that can produce images of 
ever greater resolution, lithographic technology 
has responded by developing lenses capable of 

diffraction limited imaging. When the need arose for sub-
half micron features, the industry sought higher resolution 
by using shorter wavelengths, the near UV in the mercury 
i-line at 365 nm, and soon the deep UV using excimer lasers 
at 248 nm and, eventually, perhaps even 193 nm. However, 
as we increase resolution we decrease the depth of focus, 
and patterns produced by poorly focused imaging is a 
major source of defects in the final circuits. The relation
ships for resolution, Res, and depth of focus, DOF, are given 
by the well known formulae: 

where λ is the wavelength, NA is the numerical aperture of 
the projection lens—usually between 0.4 and 0.5—and K1 is 
a constant determined by practical considerations like 
resist contrast and processing details, and may range from 
0.8 to 0.6 when using conventional masks that have opaque 
patterns and 0.5 or less when using phase masks. The value 
of K 2 also depends on processing details, but is typically 
equal to 0.5 and somewhat greater. 

It is impossible to push the wavelength of ordinary lenses 
to much shorter wavelengths. Quartz becomes opaque at 
wavelengths in the 150 nm range. To achieve greater 
resolution by increasing the numerical aperture reduces 
the depth of focus. For high resolution, the DOF becomes so 
small that it is necessary to planarize the surfaces, an 
expensive operation. 

To achieve projection lithography with a tenth micron 
resolution, and using K1 = 0.8 and K 2 = 0.5, we must go to 
much shorter wavelengths. Figure 1 plots regions of sub 
tenth micron resolution and DOF greater than ± 0.5 µm vs. 
the numerical aperture and the wavelength. The cross-
hatched regions are where both conditions are satisfied. 

To make a tenth micron projection system with a sizeable 
DOF, we are compelled to make a camera that works in the 
soft x-ray region below several tens of nm in wavelength. 
Since we ultimately want to make a printer that is produc
tion worthy, we must choose a wavelength with which we 
can produce a large quantity of quality product. Wavelength 
will be determined by factors like resist sensitivity, camera 
losses, and x-ray source power. As we will see later, the best 
compromise between these factors is in the 10-15 nm range, 
with 13-14 nm being the current favorite because of our 
ability to make mirrors that have high reflectivity in that 
region. 

Experiments 
Experiments to test feasibility of x-ray projection lithography 
at 14 nm have been done by our group at Bell Labs.1 One of 

*The Bell Lab Soft X-ray Projection Lithography Group 
comes from the research and the development areas 
bringing together experience in optical lithography, laser 
physics, electron microscopy, thin films, lens design, etc. 
The purpose of their project is to determine, by theoretical 
and experimental studies, if soft x-ray projection is a 
practical solution for the needs of the VLSI industry when, 
near the end of the decade, it is anticipated that a tenth 
micron lithography will required. The background of most 
of the team is that of an individual scientific investigator 
and this is their first experience as part of a large group 
effort. 
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