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Abstract. Water-based immersion lithography using ArF illumination is
able to provide optical solutions as far as the 45-nm node, but is not able
to achieve the 38- or 32-nm nodes as currently defined. Achieving these
lithographic nodes will require new, higher refractive index fluids to replace the water used in first-generation immersion systems. We have
developed a number of such second-generation high-index fluids for immersion lithography at 193 nm. These highly transparent fluids have
193-nm indices up to 1.664. To understand the behavior and performance of different fluid classes, we use spectral index measurements to
characterize the index dispersion, coupled with Urbach absorption edge
analysis and Lorentz Oscillator modeling. Interference imaging printers
have long been available, and they now have a new use: a rapid, costeffective way to develop immersion lithography, particularly at extremely
high resolutions. Although interference printers will never replace classical lens-based lithography systems for semiconductor device production,
they do offer a way to develop resist and fluid technology at a relatively
low cost. Their simple image-forming format offers easy access to the
basic physics of advanced imaging. Issues such as polarization of the
image-forming light rays, fluid/resist interaction during exposure, topcoat
film performance, and resist line edge roughness 共LER兲 at extremely
high resolutions, can all be readily studied. 32-nm 1 : 1 line/space 共L/S兲
imaging is demonstrated using two of the second-generation fluids.
These resolutions are well beyond current lens-based system capabilities. Results on the performance of various resists and topcoats are also
reported for 32-nm L/S features. © 2005 Society of Photo-Optical Instrumentation
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1

Introduction

Optical lithography has been the semiconductor industry’s
major imaging technique for the past 30 years, and resolution requirements have driven system development. Figure
1 shows the 2004 updated1 ITRS lithography requirements
for both production and leading-edge devices. Optics developments allow current equipment technologies to be
pushed as far as the 65-nm node by increasing numerical
1537-1646/2005/$22.00 © 2005 SPIE

J. Microlith., Microfab., Microsyst.

apertures and decreasing the illumination wavelength to
193-nm 共ArF兲. In addition, lithographic techniques such as
off-axis illumination allow processing at k factors as low as
0.30. Introducing water-based immersion lithography in
ArF laser-illuminated step-and-scan systems supports the
achievement of the 45-nm node.
1.1 Immersion Lithography with Water (FirstGeneration Fluid)
Immersion lithography is being established as a production
technology using converted conventional systems such as
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define the key requirements for successful immersion lithography at the 32-nm node, and clarify some of the technical issues associated with achieving the 32-nm lithographic node.
The roadmap shown in Fig. 1 indicates that to achieve
the 32-nm node with immersion lithography, the optical
system numerical aperture will have to be increased to 1.8
for operation with a processing k factor of 0.30. If more
aggressive k factors can be used, the target numerical aperture can be lower.
Fig. 1 Half-pitch linewidth nodes from the 2004 updated ITRS lithographic roadmap.

AT1150i and AT1250i. Initial results 共Fig. 2兲 demonstrate a
significant improvement in depth of focus for immersion
exposure compared with dry exposure, and they confirm
notable improvements in process latitude.
These AT1150i and 1250i systems allow the development of resist systems that are compatible with water as the
immersion fluid. The full production introduction of immersion lithography will be on systems such as AT1400i
with a numerical aperture of 0.93.
There do not appear to be any show-stoppers to achieving the 45-nm node using immersion lithography. Calculations indicate that a numerical aperture of approximately
1.3 will be required to operate at a k factor of 0.30. Lens
design engineers indicate that existing designs meet this
requirement, but cost is a concern. It is expected that the
45-nm node will be achieved on the schedule indicated by
Fig. 1, with leading edge immersion production in place by
2007.
1.2 Pushing the Limits of Optical Lithography
The 38- and 32-nm nodes will be required for leading-edge
development work in 2008 and 2009, respectively, representing the next major challenge for optical lithography development. We report early development work designed to

2 Hyper-NA Imaging for the 32-nm Node
2.1 Imaging with the Interferometric Test Rig
Two interferometric test rigs for immersion interference lithography are now being used for 45-nm node process development to facilitate the testing of topcoats, fluids, and
resists. The version 1 prototype test rig is configured with
the resist facing downward; Fig. 3 shows the optical path
from the side and under the top plate. Fluid is contained in
a well in the test rig and is in contact with the resist surface
on the wafer. The test rig is configured with a simple grating beamsplitter to divide a laser beam into three beams:
one zero order and two first orders. The zero-order beam is
blocked, and the two first-order beams are reflected from
mirror surfaces, through a quartz block, and into the fluid
well, to recombine and form interference fringes. This is a
basic Talbot interferometer. The test rig is configured so
that the fringe pattern forms in the fluid at the resist/fluid
interface and exposes a line/space pattern in the resist. The
fringe spacing 共L/S resolution兲 is controlled by the mirror
surface positions. Excellent L/S patterns can be printed and
studied. Film stack exposures on an interference test rig
allow a number of experiments to be run, and the viability
and compatibility of fluids, topcoats, and resists can be assessed under a variety of imaging conditions. Test rigs also
allow the testing of new immersion fluids in showerhead
configurations on resist-coated wafers.
The version 2 test rig has the resist-coated wafer facing
upward and can be used in a two-beam configuration 共Fig.

Fig. 2 Comparison of the wet and dry depth of focus for 90-nm dense lines, scanned on a Twinscan AT: 1150i. AT1150i data were supplied
from the ASML-Veldhoven wafer processing group.
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Fig. 3 Version 1 interference test rig showing the optical path.

4兲 to print L/S patterns or in a four-beam configuration
共Fig. 5兲 to print contact holes. A beamsplitter and reflecting
surface configuration is used similar to the version 1 test rig
共Talbot interferometer兲, but the interferometer resolution is
varied by interchanging an optics module, rather than by
moving mirrors.
Using an interference immersion test rig allows key
hyper-NA imaging factors, including polarization effects, to
be explored.
2.2 Polarization in Hyper-NA Imaging
Simulations of 32-nm L/S printing run on a Solid-C v6.4
simulation program indicate that polarization is a key parameter in image formation and must be set to transverse
electrical 共TE兲 mode for adequate image contrast. Figure 6

indicates image contrast for TE and transverse magnetic
共TM兲 mode illumination polarization in addition to image
contrast for unpolarized light.
For 32-nm L/S printing, the image-forming beams are
angled at approximately 70 deg. to the normal vector in the
resist. The two imaging beams are almost orthogonal, and
for the beams’ TM components, this precludes interference
and, therefore, imaging. Only the TE polarization beam
component gives an acceptable image. Normalized image
log slope 共NILS兲 is simulated using Prolith V9.0 for 45-,
38-, and 32-nm L/S. Figure 7 indicates that image NILS is
maximized for s polarization 共TE兲. For p polarization 共TM兲,
image-inversion effects are evident on the NILS plot. Polarized light in lithographic imaging systems has been used
for many years 共ASML/SVGL Micrascan Series Step and
Scan Systems兲. Issues associated with polarized light are

Fig. 4 Two-beam interferometric imager. Sin共兲 and, hence, resolution is set by adjusting the positions and angles of the mirrors.
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Fig. 6 Image contrast against imaging beam angle for TE and TM polarizations.

well known2–5 and can be readily controlled. The use of
improved, low birefringent glass in lenses, illuminators,
and mask blanks is quite usual.
Imaging tests in resist on the immersion test rig have
been conducted using TE polarized light to give the maximum image contrast for 32-nm 1 : 1 L/S patterns.
2.3 Resist/Immersion Fluid Film Stack for SecondGeneration Immersion Lithography
2.3.1 Optical requirements
To assess the implications of this hyper-NA requirement,
we must look closely at the resist/fluid film stack 共Fig. 8兲.
For light to enter the resist and form the image, it must pass
from the lens to the fluid and then to the resist topcoat, and
finally, into the resist itself. Snell’s law must be obeyed at
each interface, and for planar interfaces, the numerical aperture must be maintained.

NA = nglasssin共glass兲
= nfluidsin共fluid兲 = ntopcoatsin共topcoat兲 = …
Clearly, sin共兲 must be less than 1, so the minimum refractive index of the layers in the stack becomes the maximum
NA that the film can support. Typical refractive indices for
stack materials are: water, 1.44; resist, 1.69; topcoat, 1.65;
and quartz glass, 1.56. It is clear that a water immersion
fluid with a refractive index of 1.44 will prevent NAs
greater than 1.44 from being achieved. Figure 9 plots the
resolution against the film stack’s minimum refractive index for a range of k factors.
Note that the calculation includes 0.90 as the practical
optics limit for sin共兲. This requires that the immersion
fluid’s refractive index be at least 10% higher than the theoretical minimum value. It is also assumed that all other
refractive indices in the stack are higher than the fluid’s
refractive index. There is a relationship between the numerical aperture and the k factor at which the process must
operate to give 32-nm node imagery: for an NA of 1.64, the
k factor would be 0.27; for an NA of 1.8, the k-factor
would be 0.30. The NA is limited by the minimum refractive index in the film stack. Table 1 summarizes the tar-

Fig. 7 NILS plot against polarization angle.
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Fig. 8 Immersion lithography film stack.
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In addition to the fluid’s refractive index requirement,
there are two further optical property requirements that are
dependent on the final lens element design: absorbance and
the temperature coefficient of refractive index. As summarized in Table 1, for a flat final surface, the fluid’s optical
absorbance should be ⬍0.15/ cm. If the final surface is
curved, a more stringent absorbance requirement of
⬍0.03/ cm is needed. In addition, the index change with
temperature 共dn/ dT兲 must be less than 250 ppm/ K for a
flat final surface, or 50 ppm/ K for a curved final surface.
The temperature coefficients of the refractive index and
viscosity must be within the design limits of the showerhead and wafer-scan velocity. Finally, the viscosity and surface tension must permit good fluid handling for fast scanning, and the additional cost of ownership must be
reasonable.
Fluid-wetting properties can be examined. Table 2
shows fluid contact angle results for the DuPont IF132 immersion fluid compared to water for a number of materials.
The data for water imply that the target contact angle value
of the high-n immersion fluid with resist or topcoat is 75
deg. Fluid performance under showerheads is being tested,
and the fluid fill and retrieval is being monitored. The transport of fluid volumes over the wafer/resist surface can be
tracked. Figure 10 shows a showerhead compatibility test.

Fig. 9 Half-pitch resolution plotted against immersion fluid refractive
index.

geted immersion fluid properties for the 38- and the 32-nm
nodes. Not only must the fluid’s refractive index be high,
but its absorbance at 193 nm also needs to be low—ideally,
comparable to that of water. Table 1 also indicates the required immersion fluid properties for the case of a planar
final lens surface and for the case of a concave lens surface.
For the final lens surface to be planar, high refractive index
lens glass must be available.6

3 Optics of Immersion Fluids
3.1 VUV Spectroscopy

2.3.2 Physical property requirements
The fluid must also be compatible 共and preferably completely noninteracting兲 with resists and topcoats. The fluid’s
surface-wetting and surface-tension properties on resist and
topcoat films are important for immersion system showerhead design and for containing and controlling the fluid.

In this work, the refractive index was measured by a prism
minimum deviation technique using both a J.A. Woollam
Company VUV-VASE® and a DUV-VASE spectroscopic
ellipsometer system capable of measuring over the spectral
ranges 140 to 1700 nm and 187 to 1100 nm, respectively.
The optical absorbance was measured by using a relative

Table 1 Properties of immersion fluids for 38- and 32-nm lithography.
Flat last lens
Half-pitch
Fluid refractive index 共n兲
Fluid absorption
Fluid dn/ dT

Concave last lens

艋38 nm

艋32 nm

⬍38 nm

⬍32 nm

⬎1.65

⬎1.9

⬎1.65

⬎1.9

⬍0.15/ cm

⬍0.03/ cm

⬍250 ppm/ K

⬍50 ppm/ K
⬃1 to 2 $ / layer

Differential cost of ownership
Rheology

Comparable to water

Viscosity

⬍0.003 Pas

Surface tension

Similar to water

Lifetime

Minimal photochemical effects

Imaging

No degradation impact on imaging from interactions with resist/TC

Other boundary conditions:
• in case of flat lens element high-n glass 共⬎1.65 or ⬎1.9兲 is needed
• for 32-nm resolution high-n resist 共⬎1.9兲 is needed
J. Microlith., Microfab., Microsyst.
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Table 2 Immersion fluid contact angles measured on resist and showerhead materials.
IF132

Quartz

Initial

1 min.

15.9

14.4

45.3

37.5

22.3

22.0

77.6

75.0

Silicon

共native oxide兲

15.9

13.9

4.4

2.7

7.0

5.0

76.6

61.2

Teflon 1

From holder

54.7

54.3

112.0

109.3

Teflon 2

From cassette

50.0

49.3

78.5

73.9

Topcoat 1

TCX-007 共30 nm兲

52.2

53.1

90.6

91.1

Topcoat 2

TSP-3A 共38 nm兲

66.0

66.4

120.0

118.9

3.1.1 Index of refraction measurements
The spectral refractive index is measured7,8 by using a
liquid-filled prism cell mounted on the sample stage. The
ellipsometer then determines the minimum deviation angle
for light transmitted through the prism at each wavelength.
The fluid refractive index nfluid共兲 is then given by

nfluid共兲 =

1 min.

PAR-817 共70 nm兲

transmission measurement. Optical parameters of various
immersion fluids studied are presented in Table 3.

冋

Initial

Resist

Stainless steel

sin

Deionized water

册

␣ + ␦共兲
2
ngas共兲,
␣
sin
2

冉冊

where ␣ is the prism apex angle, ␦共兲 is the measured
minimum deviation angle, and ngas共兲 is the index of the N2
ambient 共nnitrogen = 1.0003, approximately兲. The index measurement accuracy is typically ⬃3 ⫻ 10−4, even though the
method can, in principle, be accurate to ⬃1 to 10 ppm.
When designing high index immersion fluids, it is useful
to consider the different contributing factors to the refrac-

tive index at the lithographic wavelength. It is also useful to
consider the d-line index and the spectral dispersion of the
index independently, since these two terms can vary relatively independently with a fluid’s physical properties. For
example, consider the refractive index of a 17.6-megohm
water sample 共Fig. 11兲. The refractive index at 193 nm
共n193兲 is shown along with the d-line index 共nd兲 and the
dispersion ⌬n, where ⌬n is defined as ⌬n ⬅ n193 − nd. From
this figure, we see that the 193-nm index of water 共1.437兲
consists of a d-line index of 1.334 and a dispersion of
0.103. These two contributions to the lithographic index are
useful materials parameters when comparing different fluids.
3.1.2 Optical absorbance measurements
The fluid samples’ optical absorbances were determined by
measuring the transmission of fluid samples of different
thicknesses using a Harrick Scientific Corporation 共Ossining, NY兲 Demountable Liquid Cell model DLC-M13, or a
modified long-path length cell that permitted up to 10-cmlong optical paths. Teflon spacers of various thicknesses
were used to establish the desired path lengths up to 10 cm.
The spacers were sandwiched between two 2-mm-thick,
13-mm or 25-mm-diameter-CaF2 windows. The optical absorbance per cm 共base 10兲 was then determined by
A/cm =

log10共T1兲 − log10共T2兲
,
t2 − t1

where T is the transmission and t is the thickness or path
length in the fluid and A / cm is the absorbance per centimeter. If more than two path lengths are measured, using
Tn共兲 = T0共兲exp关− ␣共兲tn兴,

Fig. 10 Showerhead/fluid compatibility test.

J. Microlith., Microfab., Microsyst.

one can solve the resulting system of equations and arrive
at a standard deviation of the optical absorbance per centimeter reproducibility from the multiple measurements.
For the 17.6-megohm water sample, the measured absorbance is 0.101/ cm with a reproducibility standard deviation
031103-6
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Table 3 Optical parameters of different candidate immersion fluids for 193-nm immersion lithography.

Class

Fluid

n 共193 nm, 22 °C兲

⌬n 共193-d兲

Abs/ cm
共193 nm兲

Urbach Edge
pos. 共nm兲

Urbach
width 共nm兲

First generation Fluid

Water

1.437

0.103

0.101

185.2

3.5

Acid

Sulfuric

1.526

0.094

Acid

Phosphoric

1.537

0.102

Surfactants

SDS

1.472

0.109

QA salt

TMA acetate

1.426

0.09

Silicates

TEOS

1.5

0.114

0.25

184.9

3.2

Linear alkanes

n-decane

1.549

0.134

0.19

177.1

2.5

Linear alkanes

n-hexadecane

1.581

0.142

0.41

181.9

4.9

Cyclic alkanes

cyclohexane

1.571

0.141

0.09

180.7

2.3

Cyclic alkanes

cyclooctane

1.615

0.152

0.17

183.3

2.9

IF

IF131

1.642

0.166

0.17

190.4

2

IF

IF132

1.644

0.163

0.083

187.1

2.3

IF

IF169

1.656

0.165

0.16

188.3

2.9

IF

IF175

1.664

0.165

of 0.009/ cm 共Fig. 12兲. The 193-nm optical absorbance of
high purity water is typically 0.01/ cm, but the absorbance
varies strongly with the presence of small amounts of absorbing extrinsic impurities, as must be the case here.

address the issues that arise in these two properties as a
means to understanding and optimizing fluid performance.

3.2 Analytical Approaches
With the immersion fluids’ two critical properties being refractive index and optical absorbance at the lithographic
wavelength, it is useful to have analytical approaches to

Fig. 11 Spectrum of the refractive index of 17.6-megohm water,
showing nd, ⌬n, and n193.
J. Microlith., Microfab., Microsyst.

Fig. 12 Optical absorbance of 17.6-megohm water, measured using relative transmission measurement at three thicknesses. The
Urbach edge fit to this absorption edge is also shown along with the
Urbach fit parameters.
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3.2.1 Lorentz oscillator modeling
The Lorentz oscillator9 共LO兲 is a useful tool for modeling
complex optical properties. The optical properties of a Lorentz oscillator model can be solved analytically, and they
represent an exact solution to Maxwell’s equations of light
for the response of a simple harmonic oscillator to an electromagnetic wave. Using the quantum mechanical form of
the Lorentz oscillator and allowing the construction of
models involving multiple oscillators, one can build models
and determine their complex optical property responses.
Consider the Lorentz oscillator equation for the complex
dielectric function 共兲 as a function of photon frequency
共兲;
ˆ 共兲 = 1 +

4Ne2
f
兺j 共2 − 2兲j − i⌫ j .
m
j

Here ⌫ j is the oscillator width,  j is the oscillator frequency, N is the electron density, and f j is the oscillator
strength. The plasma frequency  p is directly related to the
electron density N;

p =

4 Ne2
,
m

Fig. 13 The refractive index n and extinction coefficient k of a Lorentz oscillator model, using three oscillators, which mimics the index
and dispersion of water in the UV.

冉

␣共E兲 = exp −

and in the quantum mechanical Lorentz oscillator model,
the oscillator strengths are defined to sum to 1; 兺 j f j = 1.
When one has the dielectric function of the LO, one can
calculate the complex refractive index from the dielectric
function as follows: 1 + i2 = 共n + ik兲2. One can also calculate the absorption coefficient ␣ from the extinction coefficient: ␣ = 4k / .
We then construct an LO model using three oscillators to
represent low-, medium-, and high-energy bonding in the
material, and we adjust the plasma frequency and the oscillator energies, widths, and strengths, to yield a model that
has the same spectral refractive index as water. Such a
model, reproducing water’s index, is shown in Fig. 13. This
model is not unique, but it is useful to demonstrate the
coupled nature of a material’s absorption and its refractive
index. It allows us to vary the model parameters to see how
they affect the values of nd, n193, and ⌬n along with the
coupled absorption and the absorption edge. For example, it
allows us to see how a material’s density 共represented by
the plasma frequency兲 or the absorption edge energy 共represented by the energy and width of the first LO兲 can be
varied. It also shows how an increase in the oscillator
strength of the first oscillator 共f 1兲 can increase the dispersion of the refractive index.

冊

兩E − E0兩
,
W

where the absorption coefficient ␣ as a function E is characterized by the Urbach edge energy 共E0兲 and the Urbach
width 共W兲, which is related to the slope of the Urbach edge.
Figure 12 shows the Urbach edge fit to the optical absorption edge of 17.6-megohm water. The Urbach edge fits
underneath the measured absorption edge for energies below the fundamental absorption edge, the Urbach edge position is 185.2 nm 关using the nm⇔ eV conversion 共nm兲
= 1239.8/ E共eV兲兴, and the Urbach width is 3.5 nm. Typically, we find that the standard deviation of the Urbach
edge position is ⬃1.6 nm and of the Urbach edge width is
0.3 nm. There is a correlation of the Urbach edge position
with the optical absorbance of the sample and, therefore,
Urbach parameters should be compared for samples with
comparable absorbances. We can also compare the absorption coefficient at 193 nm for the measured absorbance
共0.101/ cm兲 and the Urbach absorption edge 共0.099/ cm兲.
Pure water’s optical absorbance at 193 nm is 0.01/ cm, so
in this case, the broad, diffuse nature of the extrinsic absorbers does not allow the Urbach edge fit to distinguish the
extrinsic contributions from the intrinsic contributions to
the optical absorbance.
4

3.2.2 Urbach analysis of absorption edges
Urbach edge analysis is a useful way to parametrically
characterize a fluid’s optical absorption edge and to distinguish intrinsic and extrinsic absorbance contributions.10,11
Urbach12 originally observed that a material’s optical absorption 共for energies below the fundamental optical absorption edge兲 is exponential in nature and can be characterized by
J. Microlith., Microfab., Microsyst.

Classes of Second-Generation Immersion
Fluids
To meet the Table 1 property requirements, several groups
have pursued candidates for second-generation 193-nm immersion fluids. Water additives are one large class being
reported in the literature. For example, researchers at Rochester Institute of Technology 共RIT兲13 have reported on sulfuric and phosphoric acids as second-generation immersion
fluid candidates, while researchers at Columbia14 have reported on surfactant additives to water. Also, researchers at

031103-8
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Fig. 15 Lorentz oscillator models that mimic the index dispersion
from d line to 193 nm for water and TEOS.

Fig. 14 Refractive index and absorption coefficient of immersion
fluid candidates at 193 nm. Fluids with absorbances above 1.4/ cm
are shown at the top line in the property map. The secondgeneration property goals are an index of refraction above 1.6 and
an absorbance below 0.2/ cm.

Clemson15 have presented nanoparticle additives to water,
and researchers at the University of Texas, Austin16 have
reported on quaternary ammonium salts as water additives.
In addition, researchers at Air Products17 and JSR18 have
also presented results on second-generation fluids.
We consider the high index fluid candidates in three
groups: aqueous, organic, and 共in Sec. 5兲 the immersion
fluids we have been developing. When considering
immersion-fluid groups, it is useful to develop an optical
property map that shows the lithographic index and the
optical absorbance at 193 nm. Figure 14 shows the index/
absorbance map for various fluids, the initial standard being
the first-generation fluid, water. We previously did similar
studies to survey candidate fluids for 157-nm immersion
lithography.19

models: one mimics the index and dispersion in the visible
and UV range of water; the other mimics the index and
dispersion of tetraethylorthosilicate 共TEOS兲 共see Sec. 4.2兲.
The difference between the models is in the energy and
broadening of the oscillators, and these changes lead to
differences in the complex refractive index. Using these LO
models and adding the oscillators in different ways, we can
develop two models that represent different possible mixture types of the dopant in water. We assume a 50: 50 ratio
of water to dopant.
Figure 16 shows the spectral refractive index for the
water and the dopant LO model and also shows the data for

4.1 Aqueous Candidates
As previously noted, RIT has presented work on acids such
as concentrated sulfuric and phosphoric acids. The indices
we measure are in the range of 1.5 to 1.55. Other groups
are looking at surfactants 共Columbia兲 and quaternary ammonium salts 共University of Texas, Austin兲. In our measurements, these classes have indices of less than 1.5 at
193 nm.
4.1.1 Optics of mixtures
In the case of aqueous blends of acids, salts, or surfactants,
it is useful to consider the possible impact of mixtures on
the refractive index at 193 nm using a Lorentz oscillator
model to simulate the mixture. Figure 15 shows two 3-LO
J. Microlith., Microfab., Microsyst.

Fig. 16 Lorentz oscillator models, representing 50: 50 mixtures of
water and a TEOS-like dopant, based on two approaches: a noninteracting 共additive兲 mixture and an interacting 共broadening兲 mixture.
Note the changes in the nd and n193, and the dispersion for the two
different models.
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two cases: first, a noninteracting mixture; and second, a
mixture in which there is an interaction between the water
and the dopant.
In the noninteracting mixture, we simply sum the oscillators of the water and dopant materials, while reducing the
oscillator strength of each oscillator to represent its 50%
contribution to the new mixture. This noninteracting “additive” mixture represents a case in which the water and dopant species do not modify each other’s properties, and the
50: 50 mixture shows a refractive index that is halfway between the two components. In this case, the dopant’s higher
refractive index is reduced in direct proportion to the concentration of the lower-index component, water.
Although this gives rise to simple rule-of-mixture behavior, the case of a noninteracting mixture may well represent a special, and even unusual, case. The more general
case is one in which the dopant shows some interaction
with water and each undergoes some modification, be it
simple complexation or a more fundamental chemical reaction. Here, we expect that the different LOs in the resulting
mixture are modified from the component materials by interaction. To represent this case, we take the six oscillators
present in the two LO models for water and dopant, and
produce a mixture model that consists of three oscillators
having energies between those of water and dopant, and
widths that are determined by the sum of the component
materials’ widths and the energy difference between the
component oscillators. We call this an interacting broadening mixture model, since the interactions between the two
components lead to a broadening of the oscillators in the
mixture. In this case, we see a radical change in the model’s
refractive index: the behavior no longer follows the rule of
mixtures, but instead shows a reduced d-line index and a
refractive index that is less than water’s at 193 nm. So,
unlike the rule of mixtures 共under which we obtain a refractive index that is between that of the two components兲,
in the interacting broadening model, the index of the mixture is actually less than the indices of either component at
193 nm. This results because, although the broadening does
not change nd dramatically, it does significantly reduce the
dispersion from 0.107 for the noninteracting model to 0.034
for the interacting model.
LO modeling thus suggests that mixtures may show
counterintuitive changes in refractive index when the components of the mixture interact chemically or physically.
This is because the refractive index consists of nd and the
dispersion, and the magnitude of the dispersion varies with
the width and broadening of the absorption features. The
close relationship between absorption and index 共as defined
by the Kramers-Kronig relations20–22兲 suggests that a more
complete analysis is required. Indeed, simple LO models,
which maintain Kramers-Kronig consistency in absorption
and index, may usefully predict optical performance in real
systems.
4.2 Organic Candidates
Beyond the materials classes already referred to, the optical
properties of hydrocarbons such as alkanes merit consideration. In Fig. 14, the index of refraction for four linear and
cyclic alkanes is shown, and these fluids have indices of
more than 1.55. An organosilane, tetraethylorthosilicate
J. Microlith., Microfab., Microsyst.

Fig. 17 Optical absorption edge and Urbach edge for IF132 showing a low absorbance second-generation immersion fluid.

共TEOS兲, has an index of refraction on the order of 1.5, and
therefore does not achieve the n193 = 1.6 criteria for a
second-generation fluid.
4.3 High-Index, 193-nm, Second-Generation
Immersion Fluids
We have developed second-generation candidate fluids that
exceed the refractive index requirement and some that also
meet the optical absorbance requirement.
4.3.1 Low-absorbance fluids
Figure 17 shows the optical absorption edge of IF132 along
with an Urbach edge fit. This fluid has an absorbance of
0.083/ cm. Its Urbach edge position is 187.1 nm, whereas
water is 185.2 nm, and the Urbach width is 2.3 nm, while
the Urbach width of water as shown in Fig. 17 is 3.5 nm.
4.3.2 High-index fluids
Figure 18 shows a comparison of water’s spectral refractive
index with that of a second generation candidate, IF175.
IF175 has a d-line index of 1.499, and water has an index
of 1.33. The dispersion of IF175 is 0.165, which is much
larger than the dispersion of 0.103 for water. From this, the
refractive index of IF175 at 193 nm is 1.664, a substantial
improvement on water’s index of 1.437.
5

Resist and Topcoat Testing with SecondGeneration Immersion Fluids
Imaging tests on an interferometric immersion test rig with
DuPont’s IF131 and IF132 immersion fluids indicate very
good compatibility with current resists and topcoats. The
refractive index of 1.65 and absorbance value of 0.08/ cm is
useful in the context of technology development for the
32-nm node on an interferometric test rig.
Initial tests were run with showerheads, and fluid wetting characteristics on resist and topcoat were studied 共Fig.
10兲. Measurements of fluid contact angles were made;
Table 2 compares contact angles with water for a range of
materials.
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specified for resist post-apply 共PAB兲 and post-exposure
共PEB兲 bakes. Coating thicknesses are also specified. Wafers
were exposed on the test rig and developed using a standard
aqueous 0.26 normal tetra methyl ammonium hydroxide
TMAH solution. The topcoat was removed using the standard develop process.
Initial tests with topcoats indicated a problem: topcoats
such as TOK TSP-3A had a refractive index that was too
low for 32-nm work; 32-nm testing using the topcoats with
the highest reported refractive indices has been done. Resist
systems generally have refractive indices of approximately
1.7; this allows 32-nm printing.
We tested a number of resist samples with topcoats, and
the initial results are shown in Figs. 19 and 20. These results were obtained with photoresist film thicknesses of 63
nm on bottom antireflection coating 共BARC兲 共typically
ARC29, 85 nm thick兲 and with an immersion fluid thickness of 4 mm. The two DuPont fluids, IF131 and IF132,
were successfully used to print 32-nm L/S using TE mode
illumination at a 193-nm wavelength. The results were
good: the two fluids showed similar resist profiles, and
there was no deterioration or observable fluid effect on either the topcoats or the resists. The Sumitomo resist PAR817 was used, and we estimate from these figures a line
edge roughness 共LER兲 of 3 nm, but more accurate LER
measurements will be done in the future.
Further tests were conducted with a variety of different
topcoats and a different resist 共Fig. 21兲. We saw differences

Fig. 18 Spectral refractive index of IF175 compared to the refractive index of water. Note IF175’s increased nd, dispersion ⌬n, and
n193.

Topcoats are now used in development laboratories to
isolate resists from the effects of the immersion fluid and
from airborne, amine-type contamination. Many companies
have supplied the topcoats and resists for imaging tests
with the new immersion fluids. Table 4 lists some of the
resists and topcoats tested along with details of the processing settings used. Hot-plate times and temperatures are

Table 4 Resists and topcoat tested.
Supplier

Resist

Thickness 共nm兲

PAB

PEB

JSR

AR1941J

70

115C / 90 s

115C / 90 s

Sumitomo

PAR 817

70

130C / 60 s

110C / 60 s

Sumitomo

AJ4385S45

70

110C / 60 s

115C / 60 s

Fuji Arch

HI1010-03

70

115C / 60 s

130C / 90 s

Rohm & Haas

XP1020A

70

120C / 90 s

120C / 90 s

Supplier

Top Coat

Thickness 共nm兲

Refractive index at 193 nm

TOK

TILC019

130

1.4759

TOK

TILC016

70

1.6651

JSR

TCX007

130

1.53

TOK

TSP-3A

38

1.43

Central Glass

AC-1

38

1.502

Central Glass

AC-2

30

1.502

Central Glass

AC-12

30

1.591

Central Glass

AC-13

30

1.614

Central Glass

AC-14

30

1.618
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Fig. 20 Immersion interference imaging showing 32-nm 1 : 1 line/
spaces using IF132.

Fig. 19 Immersion interference imaging showing 32-nm 1 : 1 line/
spaces using IF131.

in fluid wetting effects with different topcoats. It became
clear that certain topcoats interact with the resist, and resist
profile height is lost in development. This may be an intermixing effect.
Further tests of a matrix of topcoats and resists are now
being done. We are assessing image quality, fluid contact
angles, and wetting. Line-edge roughness, though present,
has been better than expected for a chemically amplified
resist. This kind of test allows the continued optimization
of the resist, both in formulation and in processing parameters.
6 Conclusions
We have developed a number of second-generation highrefractive index fluids for immersion lithography at
193 nm. These highly transparent fluids have 193-nm indi-

ces of up to 1.67. To understand the behavior and performance of the different fluid classes, we use spectral index
measurements to characterize the index dispersion, with
Urbach optical absorption edge analysis, and LO modeling.
The DuPont fluids with refractive indices of 1.65 and absorption at 193-nm wavelength ⬍0.1/ cm will allow 38-nm
node imaging, potentially in production. These fluids allow
32-nm node technology development.
We demonstrate 32-nm 1 : 1 line/space imaging using
two second-generation candidate fluids. This represents a
major advance in optical lithography and immersion fluid
development.
For production viability at 32 nm, a number of improvements are required in fluid, topcoat, and resist. The refractive indices for resist and immersion fluid must be pushed
up toward 1.9 to allow 32-nm lithography to be conducted
at k factors of approximately 0.30. The application of the
methods used to produce and identify the secondgeneration immersion fluids is likely to yield refractive index increases in both resist and topcoat systems.

Fig. 21 32-nm imagery using ASML interference immersion test rig with DuPont IF-132 immersion fluid for a matrix of resists and topcoats.
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If process window size becomes an issue for 45-nm
node imaging, the availability of new, high-index immersion fluids may mean an early replacement of water as the
immersion fluid.
Lens costs must be addressed; they are related to the size
of the optics, and hence, the numerical aperture. This is
likely to become the major issue with ArF immersion for
the 32-nm node. This issue may drive smaller field sizes
and an 8⫻ stepper reduction ratio for the 32-nm node.
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