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P hotolithography, a vital stage in the 
manufacture of microelectronics, 
is in principle a simple process. An 

image of a mask containing the structure of 
an integrated circuit (IC) is projected onto 
a silicon wafer, which is coated with a light-
sensitive material known as a photoresist. 
When the complete wafer is exposed, either 
the illuminated or the non-illuminated 
regions of photoresist are removed and 
the exposed regions of the wafer are then 
etched and processed to form parts of the 
circuit. These steps are repeated 40 times 
or more to build up the complete three-
dimensional structure of the IC. At present, 
about 600 ICs can be simultaneously 
produced in parallel on a single wafer, a 
disk measuring 300 mm in diameter.

Over the past 40 years, manufacturers 
have succeeded in making increasingly small 
transistors and squeezing more of them into 
a silicon chip to make chips increasingly 
powerful. This trend is often referred to as 
Moore’s law1

, an expression coined in 1965 
that prescribes that the number of transistors 
on a silicon chip will double every two years. 
In fact, since 1975, the microelectronics 
industry has actually managed to out-
perform this trend, with a 30% reduction 
of the structure size every 1.5 years. The 
International Roadmap for Semiconductors 
(ITRS, refs 2,3) assumes a three-year 
lithography cycle, with current programmes 
focused on 193-nm-wavelength deep-UV 
(DUV) immersion lithography, extreme-UV 
lithography (EUV, the expected successor 
to DUV, which operates at a far shorter 
wavelength of 13 nm) as well as other 
promising technologies.

Interestingly, DUV lithography at a 
wavelength of 193 nm has dominated the 
field much longer than originally expected, 
with a continual series of improvements 
prolonging its lifespan.

The resolUTion bATTle

The attainable structure size in 
photolithography is a straight-forward 
consequence of the diffraction-limited 
resolution of the projection optics. The 
lateral optical resolution is given by the 
quotient of the illumination wavelength, 
λ, and the numerical aperture, NA, of the 
projection optics according to the famous 
Rayleigh formula

where ĸ1 is a process factor determined by 
the exact details of the optical system.

Over the years, each of these factors 
(λ, NA and ĸ1 ) has been addressed to 
increase the attainable resolution of a 
photolithography system (Fig. 1). For 
example, the illumination wavelength has 
been reduced from 436 nm — the g-line 
of a mercury lamp — to the current value 
of 193 nm, which is generated with an 
argon fluoride laser. The expected move 
to EUV lithography would involve a 
dramatic jump to just 13.5 nm, an order of 
magnitude smaller.

At the same time, the values for 
the NA of projection optics have risen 
to reach a maximum of 0.93 for dry4 
and 1.35 for water5 immersion lenses. 
In fact, we have now reached a point 
where the vector nature of light becomes 
important for photolithography, with 
polarized illumination being required 
to obtain sufficient contrast for the most 
critical structures6.

Photolithography at a wavelength of 193 nm in the deep UV with water immersion lenses can 
now produce microelectronics containing features with a half-pitch as small as 40 nm. The big 
question is how much further can the technology be pushed?
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Figure 1 increasing the resolution of photolithography. data courtesy of Zeiss.
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The figure of merit for the polarization 
quality of the illumination is the IPS — the 
‘intensity in preferred state’ defined as the 
quotient of the intensity in the preferred 
polarization state divided by the overall 
intensity. Today’s systems are capable of 
offering a mean IPS value of more than 98%. 
To achieve this performance, lens mounting 
and material, as well as the antireflection 
coatings, have to be carefully optimized for 
minimum induced birefringence.

The factor ĸ1 is determined by 
experimental parameters, such as the 
illumination and detection techniques used 
and the stability and transfer function of 
the optical system. It has a physical limit of 
0.25, which is reached when two diffraction 

orders, the minimum number to generate 
an image, are present at opposing edges 
of the pupil. Current volume-production 
processes of the critical layers of an IC 
reach down to κ1 = 0.28.

To achieve the required 10% uniformity 
of the printed linewidths even for 
low-ĸ1 processes, the aberrations of the 
lithography lenses have to be reduced 
to an extremely low level of just a few 
thousandths of a wavelength. In fact, 
high-end lithography lenses may be 
considered as being sub-subdiffraction 
limited. Obtaining this remarkable 
performance requires a continuously 
tightened error budget in terms of 
design, manufacture, mounting and 
assembly — lenses for nanotechnology 
require nano error budgets.

Today the state-of-the-art is a 
1.35-NA immersion scanner operating 
at a wavelength of 193 nm (Fig. 2, ref. 5). 
Using polarized illumination it is capable 
of printing down to a 36.5-nm half-
pitch at full scan speed under laboratory 
conditions. That provides enough safety 
margin for large-scale-production printing 
with a 45-nm half-pitch, as will be required 
from 2010.

An interesting and important question is 
what’s next? In particular, which technology 
will be used to print features with half-
pitches of 32 nm and 22 nm? An obvious 
choice is a switch to EUV lithography 
operating at a wavelength of 13.5 nm, and 
ultimately this is extremely likely to happen.

However, this will not be an easy 
transition to make, with several severe 
technical challenges to be overcome. For 
example, it will require an EUV source 
of sufficient power and a radical change 
in technology for the ray-path optics, 
as only mirrors in a vacuum are able to 
route EUV light7. Several development 
programmes are running worldwide to 
make that happen, but given the challenges 
involved, there is a considerable interest 
in extending the performance of DUV 
lithography to its maximum limits. As 
a result, several approaches are being 
considered to increase the resolution of 
DUV lithography yet further, and these will 
now be discussed.

hiGh-index iMMersion

The current maximum NA for projection 
optics of 1.35 is already the maximum NA 
attainable with water as the immersion 
fluid. The value is limited by the smallest 
refractive index in the path between 
the last curved surface of the optics and 
the photoresist. For materials used at 
present, the immersion fluid used is water, 
which has a refractive index of 1.44 at a 
wavelength of 193 nm, setting an NA of 
1.35 as a practical and economic limit.

However, high-index immersion 
fluids with a refractive index of 1.65 at a 
wavelength of 193 nm are already feasible. 
In principle this enables the development 
of a scanner with NA = 1.55, provided 
there is either a curved interface to the 
lens above or a material for the last lens 
element with a sufficiently high refractive 
index and of sufficiently high quality. A 
curved interface to the lens is unfortunately 
impractical owing to a number of reasons, 
such as its incompatibility with scanning 
the wafer and uniformity problems. Thus 
the only viable option for improving the 
NA is by ensuring the last lens element has 
a sufficiently high refractive index. In fact, 
materials with a refractive index up to 2.1 
for 193 nm do exist (Table 1), the problem 
is that they are not of a quality required for 
lithography and almost all of them suffer 
from a level of birefringence that is too 
high to be acceptable8.

Two options are in sight to overcome 
the obstructive birefringence effects. 
First, choose a lens material with a 
comparatively low birefringence and apply 
compensation schemes to reduce it further 

200 nm

Figure 2 The lens for dUV photolithography with the highest nA: starlith 1900 from carl Zeiss. The height of the 
lens is more than 1 m. The optical design and ray path are schematics and given only as an illustration. The inset 
depicts a resist structure of 36.5-nm half-pitch, obtained with the lens at full scanning speed. Main image courtesy 
of Zeiss; inset courtesy of AsMl.

Table 1 Overview of high-index materials at a 
wavelength of 193 nm.

Material index ibr (nm cm–1)

caf2 (for comparison) 1.50 –3.4
balif3 1.64 +25
Mgo 1.96 +70
crystalline spinel 1.92 +52
Polycrystalline spinel 1.92 none
luAG 2.1 +30
ibr: intrinsic birefringence
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to an acceptable level. This approach 
makes lutetium aluminum garnet (LuAG) 
a promising candidate, because for its 
intrinsic birefringence of 30 nm cm–1 
feasible compensation schemes, albeit quite 
elaborate, do exist. The second option is 
to use a polycrystalline material where 
birefringence is averaged out to a low level 
owing to the many crystal directions that 
are simultaneously present. However, the 
downside is a considerable increase in 
stray light owing to scattering at voids and 
crystal boundaries.

doUble PATTerninG

An alternative approach to increasing 
resolution is so-called double patterning9. In 
effect, this involves the use of two exposures 
and two laterally displaced mask images 
to increase the resolution beyond that 
obtainable with a single mask and a single 
exposure. The superposition of both mask 
exposures yields the complete intended 
pattern (see Fig. 3).

Double patterning is, as its name 
implies, a two-stage process. In the first 
step, the first mask pattern is projected 
onto the photoresist. The wafer is then 
processed as usual and a second layer of 
photoresist is then spun onto the wafer 
followed by a second step of illumination 
and processing. Depending on whether the 
mask information is targeted with respect 
to open areas or opaque areas, the process 
is referred to as a double-trench or double-
line process. Using the technique, flash 
memory patterns with 32-nm half-pitch 
have successfully been printed with an 
NA = 1.2 lens, corresponding to a process 
with ĸ1 = 0.19.

This indicates that double patterning 
offers a way to break the κ1 = 0.25 limit 
for conventional photolithography. 
However, the approach is not without 
its disadvantages. To be successful the 
alignment of the two mask exposures 
is critical, and as twice as many mask 
exposures are required, throughput is 

approximately halved. Another major 
drawback is that the wafer needs to 
leave the processing environment for the 
etching step, leading to process challenges 
and additional cycle time. To try and 
make double patterning more production-
friendly, the industry is now working 
on variants of the described litho–etch–
litho–etch process, where etching is 
only performed once as a final stage. 
Overall, double-exposure techniques 
are considerably more costly than the 
single-exposure technique, but achieve 
significantly higher resolution.

sUMMAry

Photolithography at DUV wavelengths 
has come a long way to enable 40-nm 
structure sizes with the development and 
introduction of aspherical optics, tightened 
budgets and implementation of immersion 
optics and polarized illumination. Now the 
field is at an intersection. Whether DUV 
lithography remains the main technology 

for the next one or two nodes (feature sizes 
prescribed by Moore’s law) or EUV takes 
over is not yet determined. But one fact is 
certain: photolithography will continue to 
enable developments in nanotechnology 
and be one of the most challenging — and 
at the same time fascinating — fields of 
high-resolution optical imaging.
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