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1. Overview

Advancements in optical lithography tools, processes, and
patterning materials have been critical to the continued
performance increases of semiconductor devices as well as
to the overall economics of the semiconductor industry.!
Reducing the wavelength of the source radiation has been a
traditional pathway to increase resolution in optical litho-
graphy.! ™ In recent years, the technological challenges and
the soaring costs associated with developing new exposure
tools and new imaging materials have slowed the progress
of wavelength scaling, evidenced by the decision not to
commercialize 157 nm (F, excimer) lithography in 2004.*
Rather than reducing the vacuum wavelength of the il-
lumination, the semiconductor industry instead turned to
scaling the effective wavelength via immersion lithography
to extend the resolution capabilities of 193 nm lithography.
Immersion lithography, which utilizes a coupling medium
with a refractive index greater than that of air between the
last lens element (LLE) and the photoresist, provides an
increased depth-of-focus (DOF) and enables imaging systems
with numerical apertures greater than one.’~'* This approach
is economically attractive since it continues to use large
amounts of the existing lithographic tooling infrastructure
and patterning materials. In particular, the rapid development
and commercialization of 193 nm water immersion lithog-
raphy helped seal the fate of 157 nm lithography.

This article reviews the current understanding of the
interactions of water with photoresist materials as well as
the chemistry and lithographic performance of patterning
materials (e.g., immersion topcoats and topcoat-free photo-
resists) developed to control these interactions in 193 nm
water immersion lithography. In order to extend the pattern-
ing capabilities of 193 nm immersion lithography, further
reduction of the effective wavelength through the use of
immersion fluids with higher refractive indices than that of
water has been explored. This article also reviews the
development of high index immersion lithography, including
progress in high refractive index lens materials, high refrac-
tive index immersion fluids, and high refractive index
photoresists.
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2. Background
2.1. Optical Lithography

The photolithographic process used to fabricate semicon-
ductor devices is outlined in Figure 1. In photolithography,
a photosensitive material (i.e., a photoresist or resist) on a
substrate is exposed patternwise through a mask.'™® The
incident radiation induces a change in the material (typically
in its solubility) in the exposed regions. For the positive-
tone photoresist material shown in Figure 1, the solubility
of the photoresist in the exposed regions is altered such that
it can be selectively removed by a developing solvent,
typically 0.26 N aqueous tetramethylammonium hydroxide
(TMAH). The resultant photoresist pattern is then used as
an etch mask during subsequent pattern transfer steps in order
to define features on the wafer.

The minimum resolution (i.e., critical dimension or
minimum half-pitch) that can be achieved by a lithographic
process is described by the Rayleigh equation,

Ao

Rzkln-sine

&)

wherein R is the resolution or critical dimension, k; is the
Rayleigh coefficient of resolution, 4, is the vacuum wavelength,
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Figure 1. Lithographic process using a positive-tone photo-
resist.
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Figure 2. Capabilities of various lithographic technologies. For
each lithography technology, the resolution in half-pitch for various
combinations of NA and k; are indicated by a vertical bar. The
transition to subwavelength imaging (as indicated by the shaded
region) occurred with 248 nm lithography. Reprinted with permis-
sion from “The ending of optical lithography and the prospects of
its successors’’; Microelectronic Engineering; Lin, B. J., Ed.; Vol.
83, pp 604—613. Copyright 2006 Elsevier.

n is the refractive index of the incident medium, and 6 is the
angular aperture of the lens.'>> The product n+sin 6 is also
referred to as the numerical aperture (NA) of the imaging
system. The k; term is a process-dependent factor that is
determined by illumination conditions, mask technology, and
photoresist capabilities. The lower limit of k; is 0.25 for single-
exposure optical lithography.? Resolution has been traditionally
improved by reducing the exposure wavelength, improving
the photoresist materials, and using increasingly refined
optical illumination techniques. Past examples of wavelength
scaling include transitions from early 436 nm (g-line) and
365 nm (i-line) lithography to 248 nm (KrF) and then 193
nm (ArF) lithography.!—® The capabilities of these various
optical lithographic technologies are shown in Figure 2.

With each exposure technology, lithographers have em-
ployed a variety of optical techniques to improve process
windows at lower k; values in order to incrementally increase
the practical resolution limit. These resolution enhancement
techniques (RETSs) include optimization of the illumination
conditions (e.g., off-axis illumination (OAI), polarized il-
lumination, and source mask optimization (SMO)) and
photomask improvements (e.g., phase-shifting masks (PSMs),
optical proximity correction (OPC), and subresolution assist
features (SRAFs)) as shown in Figure 3.%!*15 The develop-
ment of higher NA imaging systems and the aggressive use
of RETs has prolonged the lifetime of 248 and 193 nm
lithography several lithographic nodes beyond initial projec-
tions. The progression of NA and k; in optical lithography
is outlined in Figure 4.

In order to view the development of immersion lithography
in the appropriate historical context, one can consult the
roadmap for potential lithography solutions outlined in the
2001 International Technology Roadmap for Semiconduc-
tors.!” At that time, 157 nm lithography was positioned as
the leading candidate to succeed 193 nm dry lithography for
the expected production of semiconductor devices at the 65
nm node beginning in 2007. However, 157 nm lithography
struggled to overcome a number of difficult materials
challenges (including new resists, pellicles, and lens materi-
als),* and alternative next-generation lithography (NGL)
systems such as extreme ultraviolet lithography (EUV, 13.5
nm),'® electron projection lithography, nanoimprint lithog-
raphy, and maskless multibeam e-beam direct write lithog-
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resolution of optical lithography. Reprinted with permission from
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Figure 4. Progression of NA and k; in semiconductor lithography.
Reprinted with permission from ref 16. Copyright 2008 SPIE.

raphy remained far from ready. As a result, the stage was
set for immersion lithography to disrupt the planned transition
to 157 nm lithography and extend the patterning capabilities
of 193 nm optical lithography.®

2.2. Immersion Lithography at 193 nm

A number of detailed descriptions of the benefits’!* of
immersion lithography and its historical development'® !
with respect to semiconductor technology have been pub-
lished. In short, after being explored both theoretically and
experimentally in a sporadic manner over many years,?>” 28
interest in immersion lithography intensified when research
into potential successors to 193 nm dry lithography began.

According to eq 1, the use of a coupling medium with a
higher refractive index than air makes possible imaging systems
with numerical apertures greater than one (so-called hyper-NA
systems) and increased resolution. These same concepts, dating
back to the late 1800s, have been widely employed in optical
microscopy.”’ By employing a coupling medium with a higher
refractive index than air (i.e., Bpegium > 1), the effective
wavelength (Aegr = Ao/Mimedium) can be scaled without changing
the vacuum wavelength (4¢) of the illumination source. For
example, using water as an immersion fluid enables a
reduction in the effective wavelength of 193 nm radiation
by ~30%, which is more than would be achieved by moving
to 157 nm lithography (see Table 1). Changing the vacuum
wavelength of the incident radiation changes its frequency
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Table 1. Effective Wavelength for a Variety of Lithographic
Technologies (Adapted with permission from ref 10a; Copyright
2004 SPIE)

light coupling
source Ao medium Pimedium Ao/ Minedium
ArF 193 nm air 1.0 193 nm
F, 157 nm N, 1.0 157 nm
ArF 193 nm water 1.44 134 nm
ArF 193 nm high-index fluid 1.64 118 nm
F, 157 nm perfluoropolyether 1.37 115 nm

and its photon energy, typically requiring the development
of new optical lens materials and new imaging materials.”®
Since scaling the effective wavelength does not change the
frequency of the incident radiation, immersion lithography
at 193 nm can continue to utilize much of the existing mask,
lens, photoresist, and antireflective coating materials technol-
ogy used in 193 nm dry lithography.

The benefits of immersion lithography can be broken into
two regimes: increased depth-of-focus (DOF) for lower NA
imaging and improved resolution via hyper-NA (i.e., NA >
1) imaging as shown in Figure 5.2 In the case of imaging
at numerical apertures less than one, immersion lithography
provides an increased DOF relative to dry lithography
performed at the same numerical aperture.'? This advantage
can be illustrated qualitatively by considering the ap-
proximate DOF scaling equation

Ao Ao
DOF = k,——— = nk, 5 )
nsin” 0 (NA)

wherein k, is the Rayleigh coefficient of DOF.”~10303! From
eq 2, the DOF in immersion lithography is increased by a
factor of n relative to dry lithography at the same NA.!? In
practice, even larger gains in DOF are realized due to the
use of very large incident illumination angles in immersion
lithography. More general treatments of DOF that are valid
at high NAs have been published elsewhere>’-123032 and are
beyond the scope of this review.

The increased DOF of immersion lithography relaxes
process control requirements by improving the focus latitude.
Conceptually, while the angle of light in the resist does not
change for a given NA, the angle in the immersion fluid
becomes smaller than that in air, which makes the focus less
sensitive to minor variations in the vertical position of the
wafer (Figure 5b).”!>3! Additionally, the increased DOF may
also reduce design restrictions, change the RET choices, and
simplify the mask design.!! The benefits of immersion
lithography on DOF in this regime are shown for the case
of dense line-space (L/S) patterns in Figure 6.

Immersion lithography can also increase resolution by
allowing a larger angle in the coupling medium and thereby
enabling hyper-NA imaging (Figure 5b).'> Whereas light at
larger incident angles will be lost to total internal reflection

(@ Dry Immersion (b)

4o 4o Dry Immersion

1ny=1. %9 n A ng=1, 49 i, A

Figure 5. Benefits of immersion lithography. (a) Increased depth-
of-focus due to a smaller angle 6 in the coupling medium. (b)
Increased resolution with higher numerical aperture optics by
coupling light at larger incident angles. Reprinted with permission
from ref 12. Copyright 2005 SPIE.



324 Chemical Reviews, 2010, Vol. 110, No. 1

Figure 6. Cross-sectional scanning electron micrographs of 90 nm
1:1 L/S patterns showing the increased DOF enabled by water
immersion lithography at 0.75 NA. Reprinted with permission from
ref 9. Copyright 2004 SPIE.

within the lens in dry lithography, light at these large angles
can be coupled into the higher index immersion fluid. Thus,
the immersion fluid enables light containing the higher spatial
frequency information (which propagates at larger values of
0) to be coupled into the resist.” However, building a lens
system capable of hyper-NA imaging with a practical field
and lens size has required shifting from all refractive dioptric
lens designs to mirror-containing catadioptric designs. %0333
The numerical apertures of state-of-the-art 193 nm water
immersion lithography scanners are 1.3—1.35 NA.’

Immersion lithography has been considered at wavelengths
other than 193 nm. Unfortunately, any increase in numerical
aperture using immersion at 248 nm is offset by using the
longer wavelength. For example, a fluid with a refractive
index of 1.84 at 248 nm would be required to simply match
the effective wavelength in 193 nm water immersion
lithography. Immersion lithography at 157 nm would provide
a benefit with a much lower refractive index immersion fluid
(see Table 1);’ however, finding materials with a high
refractive index and high transparency at 157 nm is even
more challenging than at 193 nm. Although some laboratory
demonstrations**3° of 157 nm immersion lithography have
been able to pattern 32 nm half-pitch features and below
using perfluoropolyether (n &~ 1.37) and siloxane immersion
fluids (n ~ 1.5), no fluid with both satisfactory refractive
index and transparency has yet been identified.’”40~4?

Meanwhile, the high refractive index (n = 1.437)*74%% and
high transparency (oo < 0.036 cm™!)!*#2 of water at 193 nm
and its ready availability within fabs with high purity at low
cost made 193 nm water immersion lithography a potentially
attractive option. Initial demonstrations of immersion lithogra-
phy using water as an immersion fluid were made using 442,
213,%47 and 193 nm radiation.* Development of 193 nm
immersion lithography proceeded very rapidly, moving from
the first serious consideration by industry in mid-to-late 2002
to the development of alpha immersion exposure tools in
late 2003 to the first imaging on a full-field scanner in early
2004.%' By late 2004, the fabrication of the first electrically
yielding chips usingimmersion lithography was demonstrated.'>*
Immersion lithography was initially implemented into high
volume manufacturing at the 55 nm node by several flash
memory manufacturers.>

The rapid progress of 193 nm immersion lithography would
not have been possible without a considerable number of
advances in patterning materials. In particular, the imposition
of an immersion fluid in direct contact with the imaging layer
places new demands upon the photoresist. However, before
discussing specific immersion fluid-resist interactions and the
development of immersion-compatible patterning materials, it
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is instructive to briefly review the historical development of
photoresist materials leading up to this point.

2.3. Photoresists for Optical Lithography

A number of excellent reviews have been published on
nonchemically amplified g-/i-line photoresists®' and chemi-
cally amplified deep-ultraviolet (DUV) (e.g., 248, 193, and
157 nm) photoresists.”>> Previous wavelength reductions
have required significant changes in photoresist technology
to accommodate the transparency and sensitivity require-
ments imposed by the new illumination wavelength and
source power, respectively.! For example, the diazonaph-
thoquinone (DNQ)/novolac resists®' used in g-/i-line lithog-
raphy were replaced by resists based on poly(hydroxysty-
rene), which are more transparent at 248 nm.>>>* In addition,
photoresists such as g-/i-line resists that operate via a
dissolution inhibition mechanism lacked sufficient photo-
speed to maintain high wafer throughput given the lower
power output of mercury lamp sources in the deep UV.
Although high-intensity excimer laser sources were devel-
oped for 248 nm lithography, extensive line narrowing
reduces the available power significantly and, therefore, these
new sources did not dispense with the need for higher
sensitivity resists.! New photoresists were developed that
employed a chemically amplified solubility change mecha-
nism (Scheme 1).>27* Chemically amplified (CA) resists
typically employ a photoacid generator (PAG), which
produces a strong acid upon exposure with DUV radiation.
This strong acid catalyzes a chemical reaction (such as the
cleavage of the r-butoxycarbonyl (tBOC) group in Scheme
1) that changes the solubility of the photoresist in alkaline
developer. Since a single photogenerated acid can catalyze
many deprotection reactions, this catalytic cycle “chemically
amplifies” the quantum yield of the overall process.’> >

The high absorbance of the aromatic poly(hydroxystyrene)
(PHS) resists at 193 nm necessitated the switch to more
transparent polymer backbones (see Figure 7). Unfortunately,
many polymers that are suitably transparent at 193 nm (such
as acrylic polymers) lack the etch resistance of aromatic
polymers.> To increase etch resistance, carbon-rich alicyclic
groups were incorporated as side groups in acrylic resists or
as main chain structures in cyclic olefin (e.g., norbornene-
type) resists. >33

The planned transition from 193 to 157 nm lithography
placed extreme demands upon the resist materials due to the
high photon energy at 157 nm and the fact that many organic
functional groups absorb at that wavelength.’’ The only two

Scheme 1. Operation of a Chemically Amplified Photoresist
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Figure 7. Typical chemically amplified positive-tone photoresist platforms for 248, 193, and 157 nm lithography.

classes of materials found to have high transparency at 157
nm were siloxanes and fluoropolymers. Unfortunately, the
phenolic and carboxylic acid groups used as base-solubilizing
groups in 248 and 193 nm resists were also too absorbing
for use at 157 nm. Fluoroalcohols, such as the 1,1,1,3,3,3-hexa-
fluoroisopropanol group (so-called hexafluoroalcohol (HFA)),
can have pK,’s similar to phenol due to the inductive stabiliza-
tion of their conjugate bases.’ The high transparency and good
aqueous base dissolution properties of fluoroalcohol groups
resulted in them being introduced as a base-solubilizing
moieties in 157 nm resist designs (see Figure 7).>> While 157
nm lithography never reached high-volume manufacturing,
some HFA-containing materials did find eventual use in 193
nm photoresists. >

3. Materials for 193 nm Water Immersion
Lithography

Since the imaging layer (i.e., the photoresist or a topcoat
and photoresist stack) is in intimate contact with the
immersion fluid during exposure, the roles of the tool, optics
(including the immersion fluid), and the imaging layer
become tightly coupled in immersion lithography. Any
discussion of the properties and chemistry of photoresist
materials for immersion lithography must also include an
analysis of the properties and chemistry of ancillary materials
such as topcoats and the immersion fluid itself. Additionally,
the interactions of the immersion fluid with the last lens
element (LLE), the interactions of the immersion fluid with
the imaging layer, and the dynamics of these interactions
during the course of wafer scanning must be understood and
engineered. This review focuses primarily on the immersion-
related developments in patterning materials with respect to
193 nm lithography, with particular emphasis on new
immersion topcoats and photoresist materials, immersion
fluids, and basic resist/fluid interactions. Readers interested
in more detailed coverage of process-related developments
in immersion lithography, antireflective coatings for hyper-

NA lithography, and resist shrink and trim processes/
materials are referred to a recent text by Wei and Brainard.®

3.1. Properties of Water Relevant to 193 nm
Immersion Lithography

An ideal immersion fluid should have as large a refractive
index as possible to provide the largest possible reduction
in the effective wavelength; however, an immersion fluid
must be highly transparent as well. Absorption by the
immersion fluid leads to image apodization by creating a
relative intensity difference between an incident ray that
travels the shortest distance from the lens to the photoresist
and that of the most oblique ray that travels the longest
distance.*’® Absorption by the fluid also increases the
propensity for radiation damage and heating of the fluid.
Therefore, an ideal fluid should possess a low absorption
coefficient, a low thermo-optic coefficient (dn/dT), high
specific heat capacity, high thermal conductivity, and low
viscosity in order to maintain stable optical properties and
prevent focus errors and spherical aberrations.%#161763 For
example, the optical path difference between two rays should
not exceed a quarter wavelength, requiring

nSﬂ.cosQ

0 4t

3)
wherein on is the change in the refractive index and ¢ is the
thickness of the fluid layer.'* This relationship is used to
define the requirements for local'®®** and bulk temperature
stability of the immersion fluid, pressure stability, and fluid
thickness (i.e., the gap height between the last lens element
and the imaging layer).’

The values for several properties of water relevant to
immersion lithography are listed in Table 2. Most signifi-
cantly, the refractive index of water is 1.437 at 193.4 nm
and its absorption coefficient is 0.036 cm™!;**% however,
the measured absorbance of water at 193 nm is very sensitive
to trace amounts of extrinsic contaminants. To meet the
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Table 2. Properties of Water Relevant to Immersion

Lithography

property value ref.
n (193.39 nm, 21.50 °C) 1.43662(2) 43
dn/dT (194.5 nm, 21.50 °C) —1.00(4) x 107*°C™! 43
dn/dA (193.39 nm, 21.50 °C) —2.109(17) x 1073 nm™! 43
absorbance (ot;0) 0.036 cm™! 44b
surface tension 72.76 mN/m 141
viscosity 0.001006 Pa s 141

Scheme 2. Photochemistry of Water under 193 nm
Immersion Conditions
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stringent property and stability requirements required for
immersion lithography, water polishing systems are com-
monly installed to improve the fab deionized (DI) water
stream before it enters the water conditioning systems of the
scanner.*% Water treatment systems remove dissolved gases,
particles, soluble organic and inorganic compounds, bacteria,
and other contaminants from water and provide the immer-
sion tool with a high flow rate (up to 3 L/min) of water at a
stable temperature (within a few mK).%%¢7

3.1.1. Photochemistry of Water at 193 nm

The photochemical reactions of water during 193 nm
immersion exposure have been studied along with their potential
impact upon the resist film.®” When irradiated by 193 nm light,
water undergoes homolytic cleavage to produce hydrogen
atoms and hydroxyl radicals and photoionization to produce
water radical cations and solvated electrons (Scheme 2).7
The short-lived species resulting from irradiation react to

Sanders

form more stable products such as hydrogen peroxide and
molecular oxygen. The ionic photoproducts neutralize each
other and have a minimal net impact on the overall pH.%
The potent oxidizing agents (particularly hydroxyl radicals)
react with dissolved organic compounds in the water to form
oxidized species including CO,.* In particular, reaction of
these oxidizing photoproducts with the resist surface under
model immersion exposure conditions was estimated to be
confined to the top 10 nm of the resist film and, therefore,
was not expected to impact lithographic performance.®

3.1.2. Scattering and Bubble Formation

The replacement of a nitrogen atmosphere with an aqueous
immersion fluid introduces concerns about the scattering of light
by the immersion fluid or inhomogeneities such as air bubbles
or particles therein. The integrated total scattering intensity
(Rayleigh + Raman scattering) was calculated to produce flare
of less than 107° that of the incident intensity.” However,
another source of scattering, air bubbles, can arise from air
entrainment during fluid filling, fluid flow, or wafer scanning,
evolution of dissolved gases, and resist outgassing.” Macroscale
air entrainment in the advancing meniscus is calculated to
occur only when the substrate velocity is greater than 17
m/s, which is more that 30 times larger than relevant wafer
scan rates.”” Similarly, air entrainment due to meniscus flow
over microscale topographical features during filling or wafer
scanning was not found to pose a problem for immersion
lithography.”>7* Other possible sources of surface-bound air
bubbles include the spontaneous formation of nanobubbles
on water-immersed hydrophobic surfaces’"’*’> and outgassing’’
of volatile resist components. While transient bubbles were
formed during exposure of a 248 nm photoresist (APEX-E,
which employs a #-butoxycarbonyl protecting group) under
immersion conditions, no such bubble formation was ob-
served with typical 193 nm resists.”!"

3.2. Interaction of Water with 193 nm Photoresist
Materials

A number of important interactions between the immersion
fluid and the imaging layer in immersion lithography are
illustrated in Figure 8. Among the important interactions to

Fluid containment

Precipitation, staining,
and defect formation

Environmental

Evaporative cooling contamination

Impact on resist imaging/performance

Topcoat, additive, or none?
(surface properties, intermixing?)

Figure 8. Important fluid/photoresist interactions in immersion lithography.
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Figure 9. Approaches to immersion-compatible patterning materials.

be understood are the kinetics of water penetration into the
photoresist film, the kinetics of photoresist component
extraction into the immersion fluid, the influence of resist
surface properties on water containment during scanning, the
interaction of residual water droplets with the photoresist,
the formation of bubbles and particles at the resist surface,
and the combined impact of these interfacial phenomena on
lithographic profiles (e.g., t-topping, footing, undercutting,
etc.), performance (process window, photospeed), and defect
formation (i.e., defectivity).2%77>"8

Conventional 193 nm photoresists predate the advent of
mainstream immersion lithography and, therefore, tend to
not perform well under immersion conditions. Several
materials strategies (shown in Figure 9) have been employed
to improve the immersion compatibility of conventional
imaging materials. The first and most widely explored
strategy involves the application of a protective topcoat
material on top of the photoresist. Protective topcoat layers
enable the continued use of resists designed for dry lithog-
raphy while protecting the immersion scanner from con-
tamination by resist components (especially PAG) leached
into the immersion fluid. Protective polymeric topcoats had
been previously used in 193 nm dry imaging to provide
reflectivity control” as well as to protect the resist against
environmental contamination.082

Immersion topcoat materials fall into one of two general
categories: solvent-developable and alkali-developable. Solvent-
developable topcoats typically consist of extremely hydro-
phobic fluoropolymers that are alkali-insoluble and, therefore,
must be removed with a special solvent prior to development
of the photoresist pattern. While these solvent-developable
topcoats were the first topcoats demonstrated in immersion
lithography,*’ the extra topcoat-removal steps as well as the
cost of the special topcoat-removal solvent increases the costs
associated with their use. Recycling systems for the topcoat
remover have since been introduced to reduce the added
process cost.®® More attractive alkali-soluble topcoats can
be stripped during the course of photoresist development
using standard 0.26 N tetramethylammonium hydroxide
(TMAH) photoresist developer.8#73¢ In order to further
reduce the added process and materials costs associated with
the use of topcoats, a number of topcoat-free immersion-
compatible resists have recently been developed based on
resists incorporating surface-segregating additives or hydro-
phobic resist materials with nonleaching PAGs.

Regardless of the strategy employed to improve immersion
compatibility, a host of materials properties and interactions
must be understood. In the case of the addition of a topcoat
layer into the imaging stack, these new interactions include
the impact of a topcoat on water uptake and resist component
leaching, the ability of a topcoat to control water contact
angles and water containment during scanning, and the
impact of the topcoat on the performance of the underlying
resist.

3.2.1. Diffusion of Water into Photoresists

Water uptake into the resist film can change its properties
or alter the kinetics of the chemical reactions that change
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Figure 10. Typical 193 nm resists tested for water uptake and
component leaching: IBM-V2 (1), Clariant T518 (2), TOK Poly-
ILPO1 (3), and TOK Poly-ILP04 (4).

the resist dissolution rate (especially for the acid-catalyzed
hydrolysis of acetal protecting groups).®>8”~%" The structures
of typical resist materials examined in water interaction
studies are shown in Figure 10.20821

All resists studied show measurable increases in mass and
thickness when placed in contact with water.2829274 The
kinetics of water diffusion into the resist material as derived
by Crank is described by eq 4.5%%

Mo _ g8 : N [_(Zn + 1)27t2Dt]
M, L= (2n + 1) r
“)

wherein M(7) is the mass uptake at time ¢, M., is the mass
uptake at infinite time, D is the diffusion coefficient, and L
is the film thickness. For short water-contact times, the
solution is given by eq 5

M@ _
M, 2\/

wherein ierfcis the integrated complementary error function.
The majority of water uptake occurs in the first few seconds
of water contact (as seen in Figure 11).2%92% For example,
finite element modeling indicated a resist film is over 50%
saturated in 5 s and 93% saturated in 15 s.°> For short contact
times (M(t)/M. < 0.6), modeling the water uptake using a
single diffusion coefficient provides a good fit to the
experimental data.’>** For longer contact times, water uptake
has been described using time-dependent diffusion pro-
cesses® or multiple diffusion processes.?%%?

Although swelling of 193 nm resist films by water is
observed, the actual film thickness change is typically small.>
The water uptake of a resist per unit thickness is roughly

22( 1) 1erfc[ ]

82,95
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Figure 11. Water uptake of a 200 nm thick film of TOK ILPO1
(3) for moderate (top figure) and short (bottom figure) immersion
times. Open circles are experimental data points. The lighter solid
line represents fitting to experimental data, and the darker solid
lines represent the deconvolved contributions from three distinct
diffusion processes. Reprinted with permission from ref 20.
Copyright 2004 SPIE.

constant and increases with exposure and increased resist
hydrophilicity.”® In particular, the water uptake fraction of
the fast diffusion process in Figure 11 was observed to be
roughly equivalent of the molar fraction of polar hydroxyl-
and lactone-containing monomers in the resist polymer.2*32
In addition to having a lower water diffusion coefficient than
phenolic-based 248 nm resists,*%? typical 193 nm meth-
acrylate resists were found to absorb less water (~1.5—4 wt
%) than hexafluoroisopropanol-functionalized norbornene
addition polymers (5—8 wt %), poly(hydroxystyrene) (9—10
wt %), and novolac (2—5 wt %).”">* Polymeric topcoats
(whether alkali soluble or organic-developable) have been
shown to be permeable to water by reflectance®”*® and quartz
crystal microbalance®!9*1% measurements. Even though
highly fluorinated organic-developable topcoats absorb very
little water themselves (<0.1 wt %)% water still permeates
through them (albeit less than through more hydrophilic
alkali-soluble topcoats) and is taken up into the underlying
resist.” Interestingly, Foubert et al. showed that the uptake
of water of a resist-topcoat stack is generally not the sum of
the water uptake of the individual layers.”® The presence of
a topcoat could actually enhance the water uptake into the
resist by up to a factor of 3. This was initially attributed to
intermixing of the topcoat and resist;'°! however, further
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experiments indicated the additional water uptake was not
localized at the topcoat—resist interface.”

While the presence of water during immersion exposure
has a measurable effect on the modulation transfer function
(MTF) of 248 nm resists (an increase for UVII-HS and a
decrease for KRS XE3), the presence of a topcoat had little
to no impact.”’ The detrimental impact of water on the KRS
resist is not surprising given its acid-catalyzed hydrolysis
mechanism.®” There was little change in the intrinsic image
blur of several 193 nm resists with or without topcoat under
immersion conditions, presumably due to the aforementioned
lower water uptake of 193 nm resists relative to 248 nm
materials.”” In addition, a topcoat was observed to suppress
outgassing of deprotection fragments from the resist film®”2
as well as to reduce the effects of airborne environmental
contamination.$%7

3.2.2. Extraction of Photoresist Components into Water

While typical lens materials exhibit sufficient durability
in the presence of ultrapure water,'® growth of photogener-
ated contamination layers on the last lens element and other
tool surfaces may result in increased absorbance, light
scattering, or particle generation. Although such contamina-
tion deposits can be removed, additional cleaning processes
would significantly affect tool uptime and wafer throughput.'®
The outgassing of photoresists and its potential for lens
contamination has been previously studied in the case of dry
lithography.!%+1% In immersion lithography, the risk of lens
contamination is dependent upon the extraction rate of
photoresist components into the immersion fluid, the structure
and deposition efficiency of the contaminant, and the fluid
dynamics in the immersion showerhead (fluid velocity, gap
height, flow geometry, etc.).!%

A number of studies have been published on the controlled
photocontamination of lens surfaces by organic contaminants
including extracted resist components.'”’''% Although typical
solvents and plasticizer materials were not shown to induce
lens contamination,'”’ lens contamination due to iodonium
and sulfonium-based PAGs has been observed at concentra-
tions above 300 ppb, with a strong dependence upon the PAG
cation structure.!® 1'% Jonic PAGs with high fluorine content
preferentially enrich the air—resist interface (surface con-
centrations 20—70 times greater than the bulk concentra-
tion).!"! This high local concentration of PAG at the resist
surface makes it particularly susceptible to leaching into the
immersion fluid. For example, around 50% of the PAG was
depleted from the top 25 nm of a IBM-V2 methacrylate resist
(1) film as a result of water contact.?’ Various experimental
measurements of PAG extraction indicate that 5—10% of
the total PAG content can be leached from the resist
film.2%192112 1 jquid scintillation counting (LSC) experiments
with resists containing '#C-labeled components showed that
30—50 ng/cm? of PAG was extracted, with most of the
extraction occurring in the first 10 s and minimal extraction
after 30 s.°! Base extraction was found to be ~2 ng/cm” and
to occur on the same time scale.’! Accordingly, tool vendors
have established general leaching specifications based on
maximum rates of PAG extraction (ASML: 1.6 x 107> mol/
(cm? s), Nikon: 5 x 107'2 mol/(cm? s)).!0L113

Many experimental techniques have been devised to
measure the kinetics of resist component extraction by water
in order to meet these specifications. These techniques
include simple contact of the resist surface to water confined
in an O-ring or vial, flowing water through a specifically
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Figure 12. Dynamic measurement of PAG leaching from a dry
193 nm photoresist (Sumitomo PAR-817). Adapted with permission
from ref 117. Copyright 2006 SPIE.

designed cell mounted on the wafer, or dragging a drop or
puddle of fluid across the resist-coated wafer 20:8286.114=119
In an attempt to standardize leaching measurements, many
vendors now utilize a dynamic method employing a multi-
channel flow cell (so-called dynamic WEXA).!!6

In order to accurately determine PAG leaching rates,
Dammel et al. have modeled the kinetics of PAG leaching
with a single exponential model

N=N,-e " (6)

wherein N is the number of leached PAG molecules and N,
is the total quantity of leachable PAG molecules.!'*!!> The
time-dependent PAG concentration C in the fixed volume
of immersion fluid is then given by

C=C,(1—e" (7)

wherein C,, is the saturation concentration at infinite time.!'*!13

For short times, this equation can be approximated by
C=Cyf-t ®)

wherein the initial rate of PAG leaching at time zero is Cof.
An example of measured PAG leaching from a typical dry
193 nm photoresist is shown in Figure 12.

For longer soak times, a dual exponential model has been
used to fit PAG leaching data, with the two leaching
processes being attributed to rapid diffusion of PAG from
the resist surface and much slower PAG diffusion from the
bulk of the film.!''? Rathsack et al. suggested that the leaching
behavior of resists could be explained by a nonuniform initial
PAG distribution and a nonuniform PAG diffusion coef-
ficient.”? The use of a nonuniform PAG distribution reduced
the calculated PAG depletion depth to ~3 nm, which is
slightly shallower than the ~4—6 nm calculated by Taylor
et al.”! (who assumed a uniform PAG distribution) and the
depletion depths measured experimentally.*1%?

Prerinsing the wafer with water removes the easily leached
PAG from the resist surface and reduces subsequent PAG
leaching during the immersion process by roughly 80—
909 .S8ILN4TISITI20.121 T order to explain why PAG leaching
can still be observed from the supposedly PAG-depleted
prerinsed surface, Dammel et al. proposed that additional
PAG from within the film repopulates the resist surface
during the drying process.''*

Many groups have attempted to correlate the structure of
photoacid generators and their photoacids with their leaching
behavior. The leaching parameters for a variety of triph-
enylsulfonium-based photoacid generators are listed in Table
3.14115 The time constant 3 of leaching typically ranges from
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Table 3. Leaching Parameters for Triphenylsulfonium Salt
Photoacid Generators (Reprinted with Permission from Ref 114;
Copyright 2005 SPIE)

coo ﬂ T Cwﬁ
anion [mol/cm?] [s7 [s] [mol/(cm? s)]
CF;SO5;~ 6.7 x 10712 0.23 3.0 1.56 x 10712
C4FoSO5~ 6.3 x 10712 0.43 1.6 271 x 10712
CgF7SO3™ 4.1 x 10712 0.68 1.0 275 x 10712

~0.1—1.3 s~ 141517122 While triphenylsulfonium perfluo-
rooctanesulfonate shows lower saturation concentrations than
analogous triflate- or nonaflate-based PAGs, it exhibits a
higher time constant S (presumably due a higher surface
concentration).!'*!!> When selecting a PAG for immersion
applications, however, it is important to take into account a
number of other properties in addition to leaching behavior.
For example, while triphenylsulfonium triflate shows the
lowest rate of leaching (C.[3) of the PAGs listed in Table 3,
the higher diffusivity of triflic acid in the resist film can lead
to image blur.3®!'4115 A few low-leaching PAGs shown in
Figure 13 have bulky hydrophobic substituents that reduce
their water solubility (5—6) or alternative anions such as the
cyclic fluorinated disulfonylimidate in 7.'2%!24

In the case of exposed resist films, increased levels of
photoacid leaching are commonly observed (both higher C,
and higher f3),!!” although this behavior is highly dependent
upon the photoacid structure.'?""'>* In order to achieve low
levels of photoacid leaching, Wada et al. developed PAGs
that feature large hydrophobic anchoring groups connected
by an acid-labile linkage to the anion.'?> While the wafer is
being exposed in the immersion scanner, this large anchor
group reduces photoacid leaching; however, cleavage of the
linkage by the photoacid in the exposed regions during the
postexposure bake (PEB) facilitates diffusion.

Despite the inability of the topcoats to prevent water
penetration into the resist film, they are an effective means
by which to prevent PAG leaching into the immersion fluid.
Typically, greater than 90% reduction in the amount of PAG
leaching is observed with the use of a topcoat.82°7-112115.117.126
Interestingly, topcoats are unable to reduce PAG leaching
levels in direct proportion to their thickness.”>!'>!"7 In
general, PAG leaching with a topcoat is predominantly from
the topcoat surface with little PAG diffusion through the
topcoat film itself.!">!7:122 Analysis of topcoat—resist film
stacks reveals that PAG and other resist components can
migrate into the topcoat film during casting,!0%!12:122.127-129
For certain topcoat—resist pairs, this intermixing layer is
substantial (see Figure 14).'2 The intermixing of resist
components with the topcoat is strongly dependent on the
polarity of the topcoat casting solvent, with alcoholic solvents
causing increased intermixing relative to less polar ethereal
or hydrocarbon solvents.!9%!17-13% [n addition, the presence
of a strong intermixing layer generally results in a region

t-Bu t-Bu
(¢]
i i Os5-cF,

t—Bu@*S*'OﬁQ% I""0;8C,Fs  TPS*N  CF,
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[o gl
o)
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Figure 13. Photoacid generators with lower water solubility.
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Figure 15. Schematic of an immersion showerhead. Reprinted with
permission from ref 72a. Copyright 2006 SPIE.

with slower dissolution rate during development, increased
surface roughness after development, and T-top formation
in the final resist profiles.'0>!!2

3.2.3. Water Contact Angles, Film Pulling, And Fluid
Handling

Three methods to contain the immersion fluid on the wafer
have been explored: stage immersion, wafer immersion, and
local delivery. In stage and wafer immersion, large pools of
water are employed to submerge the entire wafer; however,
these two approaches are not considered to be feasible due
to long fluid fill/removal times and long relaxation times for
fluid motion caused by stage movement.”!* Instead, all
commercial immersion scanners use a local delivery method
in which water is circulated in a localized pool under the
lens by a showerhead (also referred to as an immersion hood,
immersion nozzle, etc.). (see Figure 15).%1%724 This config-
uration enables rapid fill and removal processes as well as
allowing alignment, focusing, and leveling techniques to
remain unchanged.” In order to maintain fluid in the lens/
wafer gap as the wafer is scanned rapidly, surface tension
forces must be sufficient to counteract viscous and inertial
forces. With any given imaging material, the fluid can no
longer be contained when the wafer scan rate exceeds a
critical velocity at which point liquid is left behind on the
wafer. Controlling the water may be particularly difficult as
the wafer edge moves under the pool of water.®!® As will
be discussed later, the evaporation of residual fluid droplets
on the wafer has been strongly correlated with various
patterning defects. Therefore, the critical velocity of the resist
surface strongly influences both the maximum acceptable
wafer scan rate (i.e., wafer throughput) and defectivity (i.e.,
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Figure 16. Measurement of static advancing (6,,) and receding
(0,,) water contact angles by tilting sessile drop method (stage and
camera tilted by y,).

Reflection

Figure 17. Meniscus shapes of a water droplet held under a needle
during substrate scanning. Failure modes shown are (a) film pulling
on a surface with a low SRCA and (b) inertial instability on a
surface with higher SRCA. Reprinted with permission from ref 141.
Copyright 2006 SPIE.

yield). Much additional work has focused on how to prevent
fluid loss by improvements to showerhead design'3!!*? and
stage speed, acceleration, and routing during exposure.!'?

To study the fundamental interaction of water with
immersion surfaces, contact angle measurements are made
using commercially available systems.'**"!% In the tilting
sessile drop method shown in Figure 16, for example, a
droplet of water is placed on a coated substrated that is tilted
until the droplet begins to slide. The static advancing contact
angle (SACA, 6,,) and static receding contact angle (SRCA,
6;.) are determined just before the drop begins to slide. The
difference between the SACA and the SRCA is referred to
as contact angle hysteresis and is a composite measure of
the roughness, chemical heterogeneity, and reorientation/
mobility of molecules on the surface.!*® In general, immer-
sion materials with high SRCA values and low contact angle
hysteresis are preferred for immersion lithography. Additional
experimental apparati have been designed to accurately
determine the impact of substrate velocity and acceleration
on the dynamic wetting and dewetting behavior of water on
moving photoresist surfaces.!3413%140

Fluid loss has been found to occur via two mechanisms:
film pulling and inertial instability (as shown in Figure
17).1341407192 Fijlm pulling occurs when the dynamic receding
contact angle approaches zero and a thin layer of fluid is
pulled out behind the receding meniscus.'** The film pulling
velocity (vg) can be modeled by

vy, = €100 )

ca’s,r

wherein C is an empirical constant, 0, is the static, receding
contact angle, and the capillary velocity v, is defined as

Do =1 10

=y (10)
wherein y is the surface tension and u is the dynamic
viscosity of the fluid.'3”!#"!* Film pulling of water is
frequently observed at low velocities on hydrophilic surfaces
(i.e., those with low SRCA values).

Fluid loss by inertial instability occurs when the fluid
surface tension is insufficient to counteract the inertial force
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static receding contact angle. Reprinted with permission from ref
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imposed by the fluid at the receding meniscus, !3!37:140.141

In this case, bulk fluid loss occurs when droplets of fluid
break off from the extended receding meniscus. Failure by
inertial instability is frequently observed at high wafer
accelerations and velocities on more hydrophobic surfaces
(i.e., those with higher SRCA values). The inertial instability
velocity (vi,) can be modeled by

0 r
vy = Gy T, sin”“(%) (11

wherein C, is an empirical constant and vy, is given by

N (12)

oK
wherein p is the density of the fluid and «! is

=L 13
K e (13)

wherein g is the acceleration due to gravity.'?14!

Shedd et al. fit the experimental critical velocities for fluid
loss (verie) by asymptotically matching the terms describing
the film pulling and inertial instability velocities (Figure
18).137’141

Vet = (0" + 0, 7" (14)
An inflection point is observed near a static receding
contact angle of 65°, where the failure mode switches from
film pulling to inertial instability.
In reality, the velocity at which fluid containment fails is
not solely determined by the immersion surface but is also
heavily impacted by a number of factors including shower-
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head design'*""!3? and stage speed, acceleration, and routing
during exposure.'** However, these simplified dynamic
measurements of wetting and dewetting behavior and the
accompanying empirical models have generally proved useful
in immersion materials design and screening. According to
Figure 18, a material with a SCRA of ~60° is necessary to
enable commercially viable wafer scan rates of 500 mm/s
without fluid loss.'*”5 Typical dry 193 nm resists have static
receding contact angles in the range of 43—53° (see Table
4), rendering them unsuitable for high-speed scanning.!** In
order to have a margin of safety and to accommodate scan
rates greater than 500 nm/s, immersion surfaces (particularly
topcoats) with SRCA values >70° are generally desired. As
shown in Table 4, the SRCA values of a few representative
commercial immersion topcoats and topcoat-free resists are
currently at or above this level.

3.2.4. Defectivity Issues in Water Immersion Lithography

In order to achieve defectivity levels similar to that of dry
lithography, an enormous effort was directed toward identifying,
classifying, and determining the root cause of various defects
associated with immersion lithography.6OJ3,7&96,99,101,108,110,132,1477156
As shown in Figure 19, typical defects can be classified into
nonimmersion defects (particles, microbridging, and coating
defects) and immersion-related defects (air bubbles, topcoat
blister/resist swelling, drying stains, and watermarks). Since
the mechanisms of defect formation in 193 nm immersion
lithography and process-related defect reduction strategies
have been recently reviewed by Wei and Brainard,®®'> only
a brief overview will be presented here.

Nonimmersion Defects. Particles. Particles suspended in
the immersion fluid near the wafer surface or lying on top
of the resist/topcoat can be imaged into the underlying resist
or transferred to the underlying resist during develop-
ment.%1110149 Although particles are not inherently immer-
sion-related, immersion lithography introduces new mech-
anisms by which particles may interfere with imaging.'?
Particles generated by peeling/flaking of loosely adhered
topcoat, resist, or bottom antireflective coating (BARC)
material near the wafer bevel can be transferred elsewhere
on the wafer or the surrounding stage (where they can
contaminate future wafers).”!32148%157 In order to reduce
particle levels, engineering of the wafer bevel area (including
optimized topcoat coating processes, immersion-specific edge
bead removal processes, and wafer bevel cleaning processes)
and improved tool hygiene procedures (such as automated
stage cleaning processes) have been implemented as reviewed
elsewhere.®

Bridging. Microbridging between lines is a nonimmersion-
specific defect typically attributed to resist nonuniformity
(e.g., gels) or BARC defects, which may generally be

Table 4. Water Contact Angles of Various Lithographic Materials and Substrates

type material static CA adv. CA rec. CA ref.

substrates fused silica 48.6° 55.8° 39.5° 134
quartz mask blank 41.5° 50.1° 34.9° 134

dry photoresists Sumitomo PAR817 67.7° 76.8° 42.6° 134
TOK TARF6111 66.8° 75.4° 52.7° 134

JSR 237J 70.0° 79.3 52.6 134

immersion photoresist Sumitomo IM850 57° 99
alkali-soluble topcoats TOK TILC-031 78.0° 67.1° 145
JSR TCX-041 78.9°146 69° 119

topcoat-free photoresists JSR AIM5570IN 90° 80° 119
JSR AIM5120JN 95° 86°150 119

organic-developable topcoat TOK TSP-3A 117.0° 115.0° 145
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Figure 19. Characteristic patterning defects produced during
immersion lithography and their root causes. Reprinted with
permission from ref 132a. Copyright 2007 SPIE.

reduced by proper filtration.'> Microbridging defects also
increase as the resolution is pushed beyond the capability
of the original dry photoresist.'"! Immersion lithography,
however, introduces potential new sources of bridging
including the presence of low dissolution rate material in
resist—topcoat intermixing layers.

Immersion-Related Defects. Air Bubbles. The impact of
an air bubble on imaging performance depends upon the
bubble lifetime'*® as fraction of exposure time and the relative
distance’ of the bubble from the wafer. Bubbles closer to
the wafer are more problematic due to their stronger shadow
and the longer residence time over a position on the wafer
(due to the slower fluid flow near the wafer surface).”’’¢
Many simulations have been performed to assess the impact
of various free and surface-bound air bubbles on immersion
lithography.”!76:1597162 §yrface-bound air bubbles have been
found to produce defects characterized by significant
underexposure® 33161162 and geometry-dependent pattern
distortion (i.e., magnification).">> This class of defects has
been largely addressed by fluid degassing!®® and improve-
ments in tool and showerhead design, which have been
reviewed elsewhere.%
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Topcoat Blisters/Resist Swelling. Prior to exposure, water
may penetrate the topcoat (often through small pinholes®®)
and form circular blisters'!? or induce swelling of the resist.'*
The blister or swelling causes a lensing defect during
exposure, which is exhibited by a circular region with
narrower pitch.!!013215LI52155 The topcoat blister defect was
predominantly observed with early base-soluble topcoats, and
improvements in topcoat materials have largely eliminated
this type of defect.%*!1%

Drying Stains. Drying stains are the result of deposition
of contaminants during droplet evaporation and can take the
form of a singular island or well-known “coffee stain”!'®’
patterns depending upon the physics!® of the droplet drying
process.'¥ Controlled contamination studies have placed
droplets of pure or contaminated water (containing photo-
acids, PAGs, and base quenchers) on model silicon, resist,
and topcoat materials and observed the resultant staining and
impact on resist performance.’8%¢108.129167 Frequently, drying
stains from “pure” water droplets are observed'® even on
clean silicon wafers due to dissolved silica'?® or contaminants
picked up from the environment such as dust, phthalates, or
siloxanes.'%®

Watermarks. If water droplets are left on the resist surface,
they can induce so-called watermark defects, which are
characterized by regions with t-topped or bridged resist
profiles having a generally larger critical dimension (CD)
(see Figure 20).'%° The probability of a defect being formed
is related to the size and drying time of the droplet, the
permeability of the topcoat, and the resist sensitivity to
water.! 10129164170 Intense research has endeavored to explain
why water droplets on the resist surface cause defects
whereas uniform extended soaking of the resist surface does
not.'*” Watermark formation has been attributed to an
inhibited region at the surface of the chemically amplified
resist with little to no base dissolution rate'%? due to a lower
degree of deprotection'? (see Figure 21). While the size of
watermark defects has been correlated with the size of the
water droplet during the final phase of evaporation (<400
um),OL164171 the exact mechanism for this localized inhibition
has not yet been definitively established.’>!”! Empirically,
it has been found that removing all water droplets from the
wafer before they can dry can successfully reduce the number
of watermark defects,0164168.171

3.3. Topcoat Materials for Water Immersion
Lithography

General strategies used in the design of topcoat materials
are outlined in Figure 22. Topcoat materials are generally
spun cast from low polarity organic (e.g., fluorocarbon,
alcoholic, ethereal, or hydrocarbon-based) solvents into
30—120 nm thick films on top of conventional 193 nm
photoresists. Typically, saturated hydrocarbon, fluorocarbon,

Figure 20. Cross-sectional scanning electron micrograph of a watermark defect formed by the evaporation of a water droplet on the
surface of a photoresist during the postexposure bake process. Reprinted with permission from ref 169. Copyright 2005 SPIE.
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Figure 21. Time-of-flight secondary ion mass spectroscopy (TOF-
SIMS) line scan of a gradient shaved resist film. A surface inhibition
region is observed in a photoresist film exposed to water as indicated
by the higher concentration of the adamantane-based protecting
group. Reprinted with permission from ref 125. Copyright 2007
SPIE.

or organosilicon-containing groups are incorporated into the
topcoat to reduce surface energy, increase water contact
angles, and enable high wafer scan rates (>500 mm/s) without
film pulling. After exposure, the topcoats can be removed
using a separate topcoat remover (typically, a fluorinated
organic solvent) or, more preferably, with standard 0.26 N
aqueous tetramethylammonium hydroxide (TMAH) during
the photoresist development process. Since it is desired that
the topcoat be removed during the first second or so of
photoresist development, typical dissolution rates of alkali-
soluble topcoats range from one hundred to several hundred
nanometers per second.

In addition to providing optimal water contact angles, PAG
leaching levels, resist interactions, and defectivity levels, an
immersion topcoat can serve as a top antireflective coating
(TARC) if it has the appropriate optical properties and film
thickness. TARCs have historically been used in dry
lithography to minimize reflectivity and maximize litho-
graphic performance.” The ideal refractive index of a
nonabsorbing TARC is given by

5)

NrARC = \/nimmersionﬂuidnresist

and the ideal thickness (L) corresponds to a quarter
wavelength.”%2
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L al 16
TARC — 4”TARC (16)

The ideal optical properties and thicknesses of absorbing
TARC materials are described elsewhere.!”> While the
refractive indices of air and typical 193 nm photoresists (72
= 1, nyesit & 1.7) require that nonabsorbing TARCs for 193
nm dry lithography have a refractive index around 1.3,'7
the higher refractive index of water (nyuer = 1.437) at 193
nm shifts the ideal refractive index of an immersion TARC
to around 1.55. Reported refractive indices for commercial
193 nm water immersion topcoats range between 1.4 and
1.6.157

The topcoat structures in the following section have been
selected from recent publications and patents to give a
representative overview of the materials design strategies and
chemistries being employed in this area. Given the sensitivity
of topcoat performance metrics such as defectivity to tooling,
process, and resist specifics, only general performance
behavior can be described. Readers interested in detailed
contact angle data for the examples presented herein should
consult the original literature.

3.3.1. Organic-Developable Topcoat Materials

The first reported topcoat materials were based on highly
fluorinated polymers such as 2,2-bis(trifluoromethyl)-4,5-
difluoro-1,3-dioxole copolymers (8—9, DuPont Teflon AF)
and cyclopolymers of perfluorobutyl vinyl ether or perfluo-
roallyl vinyl ether (10—11, Cytop from Asahi Glass) shown
in Figure 23. For example, one patent discloses a solvent-
developable topcoat material based on a blend of Cytop and
a perfluoroalkylpolyether (Demnum from Daikin Indus-
tries).!”* These materials offer extremely high water contact
angles (see TOK TSP-3A in Table 4) but suffer from the
aforementioned cost-of-ownership issues associated with the
extra solvent-based topcoat-removal step.

3.3.2. Water-Castable Topcoat Materials

A number of topcoats capable of being cast from water
were explored; however, the resulting topcoats must be
rendered insoluble in water so they do not dissolve during

Topcoats
I I I
Organic developable Alkali developable Hot water developable
Tetrafluoroethyl P Poly(vinyl alcohol)s
Fluorinated cyclopolymers
Perfluoropolyethers
I
Organic solvent-castable Water-castable
Acrylate/ methacrylate, vinyl ether, cyclic olefin, cyclopolymer, th
organosilicate, polyhedral oligomeric sil: i and other copoly Polyelectrolytes
[
[ [ [ ]
Hydrophobic group Acidic group Base-reactive group pH modifiers
Base wettability Base wettability :

Water contact angles Base solubility Base solubility Resist profile control

Hydrocarbons Silanols Lactones Sulfonic acids

Hydrofluorocarbons Carboxylic acids Anhydrides Free/polymer-bound

Fluorocarbons Fluorosulfonamides Photoacid generators

Organosilicons Fluoroalcohols Free/polymer-bound

Active methylenes Amines

Figure 22. Design of topcoat materials for immersion lithography.
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Figure 23. Organic-developable topcoat polymers.

the immersion process. Poly(vinyl alcohol) can be cast from
water, rendered insoluble in room-temperature water by a
postapplication bake (PAB), and later dissolved in hot water
after the exposure process.'” Alternatively, carboxylic acid-
functionalized polymers such as poly(acrylic acid) or poly-
(methacrylic acid) copolymers can be solublized in water as
their ammonium salts. During the PAB, ammonia is driven
off to regenerate the carboxylic acid-functionalized polymer,
which is insoluble in water.!”® These early attempts at water-
castable topcoats exhibited unacceptably low receding water
contact angles and, therefore, have been abandoned in favor
of alkali-soluble topcoats with higher contact angles, which
are cast from organic solvents.

3.3.3. Alkali-Soluble Topcoat Materials

Alkali-soluble topcoat materials, which can be removed
during the photoresist development process, have a significant
cost-of-ownership advantage over topcoats requiring a
separate topcoat-removal step. Alkali-soluble topcoats typi-
cally contain hydrophobic groups to control water contact
angles and acidic groups such as carboxylic acids or base-
reactive groups like lactones or anhydrides to impart base
solubility. Unfortunately, most of these base-solubilizing
groups are hydrophilic, lower receding water contact angles,
and increase contact angle hysteresis. Fluoroalcohols and
trifluoromethanesulfonamides are particularly well-suited for
use in alkali-soluble immersion materials because the fluo-
roalkyl groups in these moieties make them considerably
more hydrophobic.'*® Hexafluoroalcohol-based materials in
particular exhibit good water contact angles, acceptable
dissolution rates in TMAH developer, and high solubility in
alcoholic casting solvents.

A number of reported water immersion topcoats are based
on materials such as fluorine or silicon-containing polymers
first explored for use in 157 nm lithography. For example,
tetrafluoroethylene copolymers were explored for 157 nm
pellicle!”” and resist!’® materials. A number of topcoat
polymers (12—13) based on similar materials are shown in
Figure 24.!71% I another example, a fluoroalcohol-contain-
ing cyclopolymer (FPR, 14) was one of the most transparent
resist materials at 157 nm (see Figure 7); however, its water
contact angle is insufficient for usage as a topcoat.'¥! A HFA-
functionalized cyclopolymer (FUGU, 15) and a copolymer
(16) exhibit higher receding water contact angles.'s? Interest-
ingly, block copolymer versions of 16 were observed to have
better contact angles than random copolymers.'83

Only a small number of topcoats based on silicon have
been reported for immersion lithography. This is due to the
fact that bilayer resists tend to be incompatible with (i.e.,
dissolve in) the solvents used to apply topcoat materials.
Instead, multilayer patterning schemes using conventional
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organic photoresists and inorganic hardmasks are more
commonly used. In such applications, the orthogonal etch
properties of a silicon-based topcoat could introduce ad-
ditional defectivity concerns if some topcoat material remains
on the wafer after development (e.g., as particles or as
interdiffusion layers at the surface of the photoresist). Some
examples of silicon-based topcoats are shown in Figure 25,
including acrylic polymers with silicon-containing side chains
(17),'®* fluoroalcohol-functionalized silsesquioxane polymers
(18),'® functionalized polyhedral oligomeric silsesquioxanes
(19—21),'® and partially condensed organosilicate resins.'s”-88

Acrylic polymers form the basis of many 193 nm resist
platforms and were quickly adapted for use as topcoats.
Simple copolymers such as 22—24 (Figure 26) consisting
of a hydrocarbon or hydrofluorocarbon-functionalized mono-
mer with a (meth)acrylic acid variant were explored as early
topcoat materials.'$"!18~1°! Similarly, anhydride-containing
copolymers can be ring-opened with various alcohols to form
alcohol-soluble, alkali-developable topcoat polymers
(25-26)."?

The water contact angles of side-chain fluorinated acrylic
polymers are strongly dependent upon the length of the
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Figure 28. Topcoats containing 3,5-bis(1,1,1,3,3,3-hexafluoro-2-
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fluorinated segment.'3%!% For example, the dynamic contact
angles of water droplets on poly(fluoroalkyl acrylate) poly-
mers (i.e., =[CH,CH(CO,(CH)(CF,),-CF3)],—, wherein x
= 1fory = 1-2, and x = 2 for y = 4—10) are shown in
Figure 27 as a function of the length of the perfluorinated
side-chain length (y).'9** Takahara et al. attributed the very
high receding contact angles of polymers having long (y >
8) perfluorinated segments to ordered, crystalline structures
of the fluorinated side-chains at the surface. In contrast,
polymer with shorter (y < 6) perfluorinated segments showed
no crystalline organization of their side-chains. The increased
mobility of the shorter perfluorinated side-chains allows
reorientation in the presence of water to expose carbonyl
groups to the surface and thereby lowers water contact
angles.!® It is likely that side-chains in topcoat materials
such as those in Figure 26 will reorient in the presence of
water due to the presence of the significant quantities of the
acidic comonomers required to impart base-solublity. In
addition, topcoat materials for immersion lithography tend
to be amorphous to prevent issues with scattering and
birefringence.

In order to improve water contact angles, acrylic topcoats
featuring the more hydrophobic fluoroalcohol groups instead
of the relatively hydrophilic carboxylic acid groups were
developed. For example, the 3,5-bis(1,1,1,3,3,3-hexafluoro-
2-propanol)cyclohexyl group provides moderate water con-
tact angles and high TMAH dissolution rates. A variety of
topcoats based on 3,5-bis(1,1,1,3,3,3-hexafluoro-2-propanol)-
cyclohexyl-functionalized methacrylate copolymers (such as
27-29, Figure 28)%¢'%* and a,a,0-trifluoromethacrylate
copolymers with vinyl ethers (30)'* or cyclic olefins (e.g.,
norbornenes)'*® have been reported.

Acrylic polymers bearing a single hexafluoroalcohol group
per repeat unit can offer contact angles superior to those
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Figure 29. Acrylic topcoats bearing fluoroalcohol groups.

bearing 3,5-bis(1,1,1,3,3,3-hexafluoro-2-propanol)cyclohexyl
groups, albeit with reduced base dissolution rates. While
acrylate, methacrylate, a-fluoroacrylate, and oo, a-trifluo-
romethacylate variants of these monomers have all been
reported, the methacrylate monomers have been most widely
reported due to their low cost and acceptable glass transition
temperatures. With HFA-based methacrylates, the contact
angles and dissolution rates are strongly determined by the
structure of the aliphatic linking group.'*”!”® For example,
polymer 32 (Figure 29) with a linear linking group has a
receding contact angle around 15 degrees lower than the
analogous polymer (33) with a branched linking group.'®’
A systematic study found that the receding contact angle
increased with the size of the aliphatic group in the branched
linking group; however, the dissolution rate decreased
significantly more rapidly.'®” For example, incorporation of
a cyclohexyl group (in 34) rather than a methyl group (in
33) increases the receding contact angle by ~15 degrees but
renders the material virtually insoluble in TMAH developer.
Copolymers with comonomers bearing more hydrophobic
fluoroalkyl groups (35)'% or less soluble HFA groups
(36)!°%1% have also been reported. Other fluoroalcohol-
containing topcoats include variants with tertiary ester-based
HFA groups (37)*%2%! and fluoroalcohols with fluorinated
linking groups (38).2%

Alternatively, hydrophobic cyclic olefin polymers bearing
fluoroalcohol groups have been reported for use as topcoats
(39—41, Figure 30).!9+227204 Many of these norbornene-type
polymers were initially developed for 157 and 193 nm
photoresists due to their high etch resistance and were only
later modified for potential use as topcoat materials.’>3 In
order to avoid the complications and costs associated with
removing the residual metallic impurities from transition
metal-catalyzed norbornene addition polymers, topcoats
based on free radical copolymerization of functionalized
norbornenes with acrylate, methacrylate, or a,o,o-trifluo-
romethacrylate monomers have been reported (42—43).!95:205

In comparison with HFA groups, trifluoromethanesulfona-
mide groups impart higher alkali dissolution rates but lower
receding contact angles. Some exemplary topcoats featuring
trifluoromethanesulfonamide groups (44—46) are shown in
Figure 31.204206

The structure and formulation of alkali-developable topcoat
materials are frequently tailored to control the profiles of
the final photoresist features formed during development. For
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example, it has been shown that ethereal or hydrocarbon
topcoat casting solvents cause less topcoat-resist interdiffu-
sionand extract less PAG than alcoholic casting solvents. 02117130
The addition of free sulfonic acid species or thermal acid
generators into the topcoat formulation has been reported to
induce some resist top-loss, eliminate t-topping, and improve
profiles 81114115207 Remarkably, the addition of photoacid
generators into the topcoat formulation has been shown to
alleviate profile issues (via the generation of additional
photoacid above the exposed regions of the resist) without
significantly increasing the amount of PAG leaching into the
immersion fluid.3"!2%  Alternatively, small amounts of
strongly acidic groups can be incorporated into the topcoat
polymer itself as a polymer-bound PAG (47, Figure 32) or
as a polymer-bound acid (48—50) to alleviate profile
iSSUeS.126’209’210

Topcoat material design must balance a number of
structure—property trade-offs to achieve high water contact
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Figure 33. Topcoats based on polymer blends.

angles, high base dissolution rate, and good resist compat-
ibility. In order to break these trade-offs and achieve higher
water contact angles, topcoats based on polymer blends have
been reported. In a blend of two polymers, it is common for
wetting (or enrichment) layers to form at the air and substrate
interfaces with the air/topcoat interface becoming enriched
in the lower surface energy material.?!! In this way, the
requirements of low surface energy (for high water contact
angles) and good resist interaction and high base dissolution
rate can be separated between the two-component polymers.
Thus, the traditional trade-offs associated with topcoat design
can be broken in an effort to keep pace with the rapid
advances in contact angle performance enabled by newer
topcoat-free resists.

Examples of topcoats based on blends of acrylic polymers
are shown in Figure 33. In example 51, a fluorine-rich
polymer with superior water contact angles is blended with
a fluorine-free polymer.?'> While the chemically similar
polymers in blend 52 formed a homogeneous layer with
averaged properties, a blend with a nonfluorinated sulfonic
acid-containing polymer (example 53) resulted in strong
enrichment layers of the fluorinated polymer at the air/topcoat
interface and of the strongly acidic polymer at the topcoat/
resist interface.'*® A similar blend system was disclosed in
a JSR patent.”’® In another example, blends of the cyclo-
polymer 21 with the less hydrophobic, faster dissolving
carboxylic acid-functionalized cyclopolymer (blend 54)
exhibited receding water contact angles above 70 degrees
with moderate dissolution rates (~250—450 nm/s).!82183

3.3.4. Performance of Immersion Topcoat Materials

Many researchers have attempted to correlate immersion
defectivity with some easily measured property of topcoat
materials. In general, defectivity has found to decrease with
increasing SRCA %39%118.127.152 For example, Nikon showed
that defectivity was markedly reduced with topcoats having
receding water contact angles near 70° (Figure 34).!52¢ This
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Figure 34. Defectivity as a function of receding contact angle of
alkali developer soluble topcoats and an organic soluble topcoat.
The baseline defectivity level for dry lithography is 0.083 defects/
cm? (36 counts). Reprinted with permission from ref 152c.
Copyright 2006 SPIE.

transition from high to low defectivity occurs above the
critical velocity for film pulling (~50°—60°) discussed
previously.” While a topcoat with a high contact angle may
reduce the number of residual water droplets and thereby
improve defectivity, some water droplets can still be left
behind and cause defects. Co-optimization of a number of
process parameters including resist—topcoat pairing, topcoat
casting solvents, postapplication and postexposure bake
temperatures, and various pre-exposure, postexposure, and
postdevelopment rinse processes has been found to reduce
defectivity levels of topcoat—resist stacks (see ref 60 and
references therein). Over the last several years, immersion-
specific defectivity levels have decreased to levels equivalent
to or below that of conventional dry lithography (<0.06
defects/cm?),!0-110.13215LI52.214215 Cyrrent research into topcoat
materials is focused on further reducing defectivity levels
and increasing the water contact angles further to match those
of topcoat-free photoresists and enable future increases in
wafer scan rates.

3.4. Topcoat-Free Photoresists for Water
Immersion Lithography

Protective topcoat layers have been effective in reducing
the leaching of PAG into the immersion fluid while
maintaining high wafer throughput and acceptable defectivity
levels; however, the use of topcoats has increased process
costs (due to extra topcoat spin-coating and postapplication
bake steps) as well as material costs. In addition, it has been
argued that the additional process steps and materials required
by topcoat-based immersion processes inherently lead to
additional defectivity.!°!>" In recent years, the industry has
begun developing immersion-capable photoresists that do not
require a topcoat. Efforts to produce topcoat-free photoresists
have largely fallen into two approaches: the use of hydro-
phobic resists with nonleaching PAGs and the incorporation
of surface-segregating additives (Figure 9).

3.4.1. Hydrophobic Resists with Low Leaching PAGs

Increasing the water contact angles of a conventional
photoresist through the incorporation of low surface energy
(usually fluorine-based) monomers seems straightforward;
however, this approach often requires redesign of both the
resist polymer and the formulation package. Conventional
methacrylate-based 193 nm photoresists typically have a
significant number of polar functionalities such as hydroxyl
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polymer.

or lactone groups.’>>® In order to compensate for these
hydrophilic polar groups, a highly hydrophobic (e.g., flu-
orinated) monomer must be incorporated into the resist
polymer. For example, 3,5-bis(1,1,1,3,3,3-hexafluoro-2-pro-
panol)cyclohexyl methacrylate was incorporated into resist
55%1% and a fluorinated alicyclic methacrylate was incorpo-
rated into resist 567 as shown in Figure 35. However, when
changing the resist polymer structure through the use of
additional hydrophobic monomers or end groups,?'® one must
consider the impact on the physical and chemical properties
(glass transition temperature, etch resistance, adhesion to
substrate, etc.) of the resist, lithographic performance, and
defectivity.?'®2!° In addition, the use of high contact angle
base resins in the photoresist does not address the problem
of PAG leaching because only a weak correlation exists
between the hydrophobicity of the resist resin and the PAG
leaching.??° In order to achieve low levels of PAG leaching,
the resist must be reformulated with PAGs having lower
water solubility, such as those discussed previously.

3.4.2. Surface-Segregating Additives Containing Silicon or
Fluorine

Low surface energy materials such as organosilicon and
fluorine-containing polymers have long been known to
segregate to the surface of polymer blends during film
formation.?!! To take advantage of this phenomenon, small
loadings (~1—5 wt %) of tailored surface-active materials
have been used to convert conventional 193 nm dry photo-
resists into immersion-compatible versions.!'*??'"22” During
spin-casting of the photoresist, these additives segregate to
the resist surface to form a thin enrichment layer of the
additive, which serves as an in situ topcoat barrier to reduce
PAG leaching and control the water contact angles of the
resist. These additives are sometimes also referred to as
embedded barrier layers (EBLs)?*? or water shedding agents
(WSAs).2% In contrast to a topcoat process where steps were
taken to minimize interdiffusion of the topcoat and resist to
reduce patterning defects, the surface-active additives in these
topcoat-free resists are inherently intermixed with the pho-
toresist and must be specifically designed to not degrade the
imaging performance of the resist.

As shown in Figure 36, additives based on a wide variety
of 193 nm transparent polymer backbones have been
reported. Surface-active additives must have low surface
energies to facilitate surface-segregation during film forma-
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tion as well as to provide high water contact angles. Similar Figure 37. Polyhedral oligomeric silsesquioxane-based additives.

to topcoat materials, hydrocarbon, hydrofluorocarbon, and
fluorocarbon groups are commonly used for this purpose.
The surface-active fluorine and silicon groups can be
incorporated either as part of the polymer backbone or as
pendant side groups. Several strategies for designing addi-
tives based on when (or if) the additive becomes soluble in
aqueous tetramethylammonium hydroxide photoresist de-
veloper are outlined in Table 5. Although patterns can still
be imaged in topcoat-free photoresists using additives that
are insoluble in aqueous base developer, defectivity levels
can be very high due to incomplete lift-off of the additive-
rich layer during development and/or redeposition of the
additive back onto the wafer. Alternatively, base-soluble
topcoat-type additives were designed containing acidic
groups such as carboxylic acids, trifluoromethanesulfona-
mides, and fluoroalcohols or base-reactive groups such as
lactones or anhydrides. For use as additives, however, the
structure and quantity of these more polar, base-soluble
groups, which impart base-solubility, must be balanced
against the needs for high surface-segregation, high water
contact angles, and low PAG leaching.'3® Unlike materials
designed for use as topcoat films, the surface-segregating
additives for topcoat-free resists can effectively employ
protected acidic groups to ensure both high levels of
hydrophobicity during exposure and high levels of developer
wettability and alkali solubility in the exposed regions during
development. The acid-catalyzed deprotection reactions,
which convert the hydrophobic, protected acidic group into
a hydrophilic, base-soluble group, occur primarily during the
postexposure bake and, therefore, do not significantly lower
SRCA values and induce film pulling during the exposure
process.??!?22 Challenges with these resist-type additives
include developer wettability in the unexposed regions and
bridging and blob defects.??
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Figure 38. Silicon-containing additives.

3.4.2.1. Silicon-Based Additives for Topcoat-Free Resists.
Some silicon-based additives are shown in Figures 37 and
38. Photoresists bearing pendant polyhedral oligomeric
silsesquioxane (PSS) groups have been shown to have
enrichment layers of PSS groups at the surface.??” Examples
of PSS additives for use in topcoat-free resists include both
base-insoluble (57, Figure 37)**23! and base-soluble (58,
Figure 37 and 19—21,'86232 Figure 25) additives. Figure 38
shows some representative silicon-containing acrylic addi-
tives such as 59 and 60, which employ base-reactive lactone
and methacrylic acid groups, and 61—63, which rely on
protected methacrylic acid moieties to serve as a solubility
switches.?*!?*3 In addition, the leaching of PAG and silicon-
containing resist components from topcoat-free silicon-
containing bilayer resists for immersion lithography have
been examined by Malik et al.?**
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3.4.2.2. Fluorine-Based Additives for Topcoat-Free
Resists. Many early topcoat-type additives consist of simple
copolymers of methacrylic acid with comonomers featuring
hydrocarbon or fluorocarbon groups (such as those shown
in Figure 26).23023223 These carboxylic acid-based additives
generally afford low static receding contact angles (with high
hysteresis) and poor leaching performance. In order to
improve both surface segregation and contact angle perfor-
mance, more hydrophobic acidic groups with higher water
contact angles were desired.

As discussed previously, fluoroalcohol and trifluoromethane-
sulfonamide-based materials have been found to be particu-
larly useful in immersion topcoat materials due to their good
receding contact angles, low hysteresis, and good develop-
ment properties. Jablonski et al. reported that fluoroalcohol-
based resist polymers could surface segregate®® in resist
blends developed by Ito et al.?*” Later, fluoroalcohol-based
methacrylate homopolymers such as 64—66 (Figure 39) were
explored as additives for topcoat-free immersion resists.?2!22>23%
Loading norbornane hexafluoroalcohol methacrylate into a
photoresist as a homopolymer additive (64) was significantly
more effective at increasing water contact angles than
incorporation into the resist polymer itself.??>?*° TOF-SIMS
on gradient-shaved®* films confirmed that the fluoroalcohol-
based additive segregates to the air interface while the
fluorine concentration remains uniform throughout a film of
resist containing the fluoroalcohol as a comonomer. Although
adequate resist profiles can be obtained using resists contain-
ing additives such as 64, its lack of solubility in TMAH
developer can result in increased surface roughness and large
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Figure 41. Fluorinated additives with protected acidic groups.

numbers of blob/residue defects.?>?3 Alternatively, topcoat-
type alkali-soluble additives based on copolymers of fluo-
roalcohol- and trifluoromethanesulfonamide-containing mono-
mers have been reported, such as materials 35 and 36 (Figure
29) and 44 (Figure 31).%%%32 For example, Figure 40 shows
the higher receding contact angles and lower contact angle
hysteresis enabled by the replacement of methacrylic acid
with trifluoromethanesulfonamide- and fluoroalcohol-based
methacrylate comonomers in a series of additives.'*® In
practice, the HFA-based additive shown in Figure 40 is
insoluble in TMAH developer, and higher loadings of the
HFA-containing monomer are required to ensure base
solubility, which in turn limits the achieveable contact angles.

Simple resist-type copolymer additives such as 67 (Figure
41) consist solely of a surface-active monomer and a
protected methacrylic acid.?*!?*> The use of fluorine-contain-
ing protecting groups such as a fluorinated acetal in 68>** or
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Figure 40. Water contact angles of topcoat- and resist-type additives (5 wt % in a 193 nm photoresist).
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Figure 42. Surface-segregation of various additives in a 193 nm
photoresist as measured by X-ray photoelectron spectroscopy.
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Figure 43. Tilted drops of aqueous TMAH developer on topcoat-
free resists with and without pH-sensitive groups. Reduced contact
angles and improved wetting of surface by developer observed with
materials having acidic functional groups.
tertiary ester in 69°* allows a single structure to perform
both roles. While these resist-type additives exhibit higher
levels of surface segregation relative to many topcoat-type
additives (as shown in Figure 42) and afford very low PAG
leaching, the extremely hydrophobic nature of fully protected
resist-type additives can result in large advancing contact
angles and base wettability issues in the nonexposed re-
gions.??! To overcome this issue, small amounts of an acidic
group can be added to the additive in order to ensure good
base wettability in the unexposed regions. These pH-sensitive
groups, including carboxylic acid (70 and 71) or more
hydrophobic groups such as fluoroalcohols (examples 72 and
73), are readily deprotonated under the alkaline conditions
of development.?2!222230.232 Figure 43 illustrates the impact
of additives containing acidic functional groups on the
developer contact angles of topcoat-free resists. Similarly,
base-reactive groups like lactones have been incorporated
into additives to impart base solubility (74—78, Figure
44).238,245,246

Many of the fluorinated cyclopolymer topcoat materials
discussed previously have been also screened for use as
additives; however, the unprotected FUGU material (15,
Figure 24) exhibited insufficient surface segregation to afford
good contact angle and low leaching performance. Acetal-
protection of the fluoroalcohol groups of 79 (Figure 45)
increased surface segregation and contact angles; however,
performance still lagged methacrylate-based additives.?*7>%8
Copolymers with methacrylates bearing fluorinated alicyclic
groups (80) showed increased surface segregation and water
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Figure 44. Additives containing lactone groups.
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contact angles; however, only a limited amount of comono-
mer could be introduced before the material became base-
insoluble. Alternatively, the carboxylic acid-functionalized
cyclopolymer (81, FIT, R? = H) offers higher dissolution
rate and base-wettability; however, protected versions of 81
segregated to the resist surface more poorly than 79.
Copolymerization of a tertiary ester-protected FIT monomer
with a FIT monomer bearing a fluorinated ester group
resulted in adequate surface segregation performance at low
additive loadings.?*” Branched tertiary ester groups such as
t-amyl were found to be more effective than cyclic protecting
groups like 1-ethyl cyclopentyl or 1-methyl cyclohexyl in
increasing surface segregation.?*’

Although additives based on random linear polymers have
been the most widely reported, a variety of other polymer
architectures have also been explored. For example, hyper-
branched additives have been synthesized using a trifunc-
tional acrylate monomer.?* Block copolymer additives such
as 82%°° and 83%' have been reported as well (Figure 46).
Additive 82 features one block of an identical composition
as the resist material for optimum resist compatibility and a
fluorinated block for surface activity and water contact
angles.?
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3.4.3. Performance of Topcoat-Free Photoresists

Topcoat-free photoresists have demonstrated a significant
advantage over base-soluble topcoat materials in terms of
receding contact angle as shown in Table 4. While the
elimination of a topcoat reduces materials cost, reduces the
number of process steps, and improves water contact angles,
the use of surface-segregating additives in topcoat-free resists
has been viewed with caution as a potential source for new
defectivity issues. Numerous studies have since reduced this
concern. The surfaces of topcoat-free resist films show
similar surface roughness as standard 193 nm photoresists
and undergo negligible roughening upon exposure to
developer.??!»? Surface segregation of the additive has been
shown to occur uniformly across the wafer as measured by
contact angles,” PAG leaching,?? and TOF-SIMS depth
profiling.>* In addition, segregation has been found to occur
during the spin-casting step with little dependence upon the
postapplication bake time or temperature, !460242.248

Hagiwara et al. explored the surface-segregation process
of cyclopolymer-based additives in more detail and found
that the contact angle increased with the thickness of the
film; however, the contact angle was independent of the spin
speed or solution concentration used to achieve that film
thickness.?*® For a single solution, the use of a higher spin
speed (to obtain a thinner film) afforded a reduced concen-
tration of additive at the surface, while the use of a lower
spin speed (to obtain a thicker film) afforded a thicker and
more enriched region of additive at the surface of the resist
film, albeit with a significant amount of additive remaining
in deeper regions of the film.>*8

The defectivity of topcoat-free resists was found to
increase with increasing wafer scan rate, and a resist based
on a hydrophilic polymer showed much higher defect levels
than one based on a hydrophobic polymer.2>* While higher
molecular weight additives are generally more effective at
increasing the water contact angles of the resist surface at
lower loadings,?>>23%254255 higher concentrations of the
additive can result in poor line width roughness (LWR)
performance.?>*?%

Frequently, so-called blob defects of precipitated material
(similar to that previously seen in dry lithography)?*® have
been observed in dark-field imaging of topcoat-free immer-
sion resists.'”! During development, suspended gel or clusters
that have lower solubility in the developer can easily reattach
to the surface and form blob defects, especially during the
sudden pH change accompanying the DI water rinse.!"->%
Lower numbers of blob defects have been correlated with
more negative zeta potential of the additive®* and decreased
static water contact angle of the resist surface after
development,>’->% Jower water contact angles after postex-
posure bake,”® and lower water?'* or developer®> contact
angles of the unexposed resist surface. Most of these
correlations are consistent with the hypothesis that hydro-
phobic aggregates can precipitate and attach to a hydrophobic
resist surface during development to create blob defects,
while the more hydrophilic aggregates of resist-type additives
would be more easily rinsed away from a hydrophilic resist
surface during development.?*® Accordingly, rinse treatments
and alternative development processes have been found to
be effective means to reduce the numbers of blob
defects,!19150214215.228.257-260 Aternatively, Hagiwara et al.
explored removing the hydrophobic additive material from
the surface of the resist using an organic solvent in a

Chemical Reviews, 2010, Vol. 110, No. 1 341

Defectivity of TC and TC-less vs. RCA

.
)

=
-
o

{ Solvent solubl
topcgat

(]

Defect Density [/cm?]

0.1 l
005 /— l
0 L L 1 1
65 75 85 95 105

Receding Contact Angle [deg.]

Figure 47. Defectivity of various immersion patterning materials
solutions versus receding contact angle. Reprinted with permission
from ref 150. Copyright 2008 SPIE.

“selective segregation removal” (SSR) process prior to
development of the resist pattern.2®!

Studies comparing the lithographic performance of topcoat-
free 193 nm immersion resists relative to that of standard
topcoat/resist stacks have shown that optimized topcoat-free
resist processes can achieve equivalent or superior litho-
graphic performance, including resolution, process windows,
sidewall angle/resist profiles, CD uniformity, line edge
roughness (LER)/LWR, postexposure delay stability, and
defectivity levels (see Figure 47).!19:150.152.221.252.262

Current work in topcoat-free immersion resists is now
focused on further increasing contact angles, lowering
defectivity levels, and expanding their capabilities to other
resist platforms. For example, negative-tone resist materials
have some advantages in double patterning schemes since
they do not require any hardening®®® and can allow very high
resolution trench patterns to be formed.?** Unfortunately,
negative-tone resists have not been widely used in immersion
lithography, partially due to their incompatibility with
common alcoholic casting solvents of topcoats. Recently,
Ando et al. developed a topcoat-free negative-tone photoresist
for use in trench-based double patterning schemes.?®> The
topcoat-free negative-tone resist included a base-soluble
fluorinated additive and a nonleaching PAG that was soluble
in TMAH developer in its salt form.?%

4. Materials for 193 nm High-Index Immersion
Lithography

At the limit of water immersion lithography (~1.3—1.35
NA), 55 nm half-pitch features can be printed at a k; of 0.38
(required for aggressive dual-orientation patterning) and 40
nm half-pitch features with a k; of 0.28 (required for
aggressive single-orientation patterning) (see Table 6). In
order to extend 193 nm immersion lithography to 45 nm (k;
= 0.38) and 32 nm (k; = 0.28) half-pitch, an NA of about
1.7 is required (see Table 6).5176326 With a planar last lens
element, the NA of an immersion lithography tool is limited
by the lowest refractive index in the optical stack (i.e., last
lens element, immersion fluid, topcoat, and photoresist). In
193 nm water immersion lithography, the immersion fluid
presents the first limiting refractive indeX (Myyer ~ 1.44, n1 g
~ 1.50—1.56, Nigpeont = 1.5—1.66, nyesie = 1.7).267 Replacing
water with a second-generation immersion fluid with a higher
refractive index can increase the NA, although the lens
material soon becomes the next limiting index. The ultimate
progression of this approach is the elimination of the
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Table 6. High Index Immersion System Capabilities and Requirements®! 63266
numerical aperture of immersion tool
1.35 NA 1.45 NA 1.55 NA 1.65—1.70 NA
ky ~ 0.38 resolution 55 nm 51 nm 47 nm 44—45 nm
(half-pitch)
ky ~ 0.28 resolution 40 nm 38 nm 35 nm 32—33 nm
(half-pitch)
Mjast lens element 1 56 164 2. 14 2. 14
(Si0,) (BaLiF3) (LUAG) (LUAG)
Rimmersion fluid 1.44 (water) ~1.64 ~1.64 >1.8

(1st-gen. fluid)
nph()mresist 1.7 1.7
(standard resist)

(2nd-gen. fluid)

(standard resist)

(2nd-gen. fluid)
1.7
(standard resist)

(3rd-gen. fluid)
>1.8
(high index resist)

Table 7. Optical Properties of Lens Materials

material bandgap [eV] 1193 nm oo [em™'] IBR [nm/cm] SBR [nm/cm] ref.
target >6.41 >1.8 =<0.005 <10 <0.5
BaLiF; 1.64 0.003 254 070110 271
1.7 0000
MgALO, crystalline spinel 7.75 1.87 52 269
ceramic spinel 1.9203 >1.5 - =5
MgO 7.6 1.96 39 ~70 269
Al O3 sapphire 9.0-9.1 1.932 (n,) 0.11 high low 273
1.918 ()
Mg;ALSi;0p, pyrope <83 2.0 25 ~10 ~5 269
CalLu,Mg,Ge;0y,, germanate garnets 5.17—5.52 1.9-2.2 high ~5 269
Mg;AlLGe;Op,
Lu;AlsOy, LuAG ~6.9 2.1435 0.035 30.1 0.73 (YAG) 269, 272

immersion fluid entirely by placement of the lens either in
direct contact with the photoresist stack (contact lithography)
or in close enough proximity that the evanescent fields can
be transmitted into the photoresist. Laboratory demonstrations
of such solid immersion or evanescent-wave lithography have
imaged at effective NAs greater than 1.8;%® however, these
techniques are not practical for high-volume manufacturing
and will not be discussed further in this review.

For commercial applications, research has focused on
increasing the refractive indices of the materials in the optical
stack (LLE, fluids, topcoats, and resists) to increase the NA
of liquid immersion lithography tools to 1.7 and beyond.®! 6326
A 1.7 NA immersion tool would require a new high-index
lens material, a high-index immersion fluid, and a high-index
photoresist (see Table 6). Lower NA tools (1.45 NA and
1.55 NA) using lower refractive index fluids and lens
materials were proposed as development targets while
research progressed on third-generation (n > 1.8) immersion
fluids and the high-index lens material.

4.1. High Refractive Index Lens Materials

Beyond taking maximum advantage of the refractive index
of the immersion fluid, a high-index lens material reduces
the overall size and complexity of the lens.?®® While a
concave final lens element would alleviate the need for a
high refractive index lens material, this geometry increases
the path length through the immersion fluid and consequently
requires extreme fluid optical properties (transmission, dn/
dT, etc.).?”°

The refractive index of the ideal material for the last lens
element should be significantly higher than fused silica
(193 om ~ 1.56) or calcium fluoride (1193 nm ~ 1.50), while
having high transparency, low intrinsic birefringence (IBR),
low stress birefringence (SBR), and good homogeneity.
Potential lens materials were screened by Burnett et al., and
a summary of their findings is shown in Table 7. Many

candidate materials were easily eliminated because of their
insufficient bandgap at 193 nm or their anisotropic optical
properties.

While falling short of the refractive index target, BaLiF;
(n193 nm = 1.64) merited early attention since large boules
(~150 mm diameter) with high transparency could be
fabricated, whereas other high-index lens materials were still
struggling with transparency (purity) and manufacturing
issues.?’! The most promising high-index lens material proved
to be LuzAlsOq,. Lutetium aluminum oxide (LuAG) has both
a sufficient bandgap at 193 nm and a highly symmetric
crystal structure that reduces intrinsic birefringence.?*>?"?
Initial measurements on samples of LuAG revealed the
refractive index to be 2.14 at 193 nm. After an intense
development process to remove absorbing impurities and
improve the transparency of LuAG, a final absorbance of
0.035 cm ™! was achieved (see Table 7).27?

Since polarized illumination is used in most low k; imaging
processes, the potential use of uniaxial crystals of sapphire
as a last lens element material has been proposed.?”* Although
the current transparency of sapphire at 193 nm is not as high
as LuAG, the higher thermal conductivity and lower dn/dT
of sapphire may allow slightly higher absorbance (perhaps
0.04 cm™) to be accommodated.?”?

4.2. High Refractive Index Immersion Fluids

As delineated in Table 6, a second-generation immersion
with a fluid refractive index of ~1.64 is required to enable
1.55 NA, and a third-generation immersion fluid with a
refractive index greater than 1.8 is required to enable 1.7
NA. Beyond having sufficient refractive indices, the high-
index immersion fluids should retain all of the properties
that make water a successful immersion fluid (see Table 8).
In general, high-index immersion fluid candidates fall into
one of two classes: nonpolar saturated hydrocarbons or
aqueous salt solutions. Within these two classes, a wide
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Table 8. Fluid Requirements for High Index Immersion
Lithography

Ist generation

property (water)® 2nd generation  3rd generation
refractive index  1.437 >1.64 >1.8
absorbance 0.036 cm™! <0.15cm ' ¢
dn/dT —93 ppm/K <250 ppm/K*
viscosity 1cP <3cP
surface tension  72.8 mN/m ~70 mM/m

“ A concave last lens element would require a fluid absorbance <
0.03 cm™! and dn/dT < 50 ppm/K.>¢7

15

Higher
polycyclic
akanes

Bicyclic/
tricyclic
akanes

Monocyclic
akanes

14 15 16 17
n

Figure 48. Optical properties of second-generation immersion fluid
candidates.

variety of potential second-generation immersion fluids have
been explored, and their optical properties are summarized
in Figure 48.

4.2.1. Second-Generation Organic Immersion Fluids

The oblique path length of radiation through the immersion
fluid is much larger than that in a photoresist layer, which
requires the absorbance of an immersion fluid (o9 < 0.15
cm ') to be many orders of magnitude smaller than that of
photoresists (0t;p < 2 um™'). Consequently, many organic
functional groups that contain electrons in nonbonding or 7
molecular orbitals have absorption bands in the deep UV
and are too absorbing for use in an immersion fluid. Saturated
hydrocarbons are the most promising candidates for high-
index immersion fluids because their absorption bands
typically fall below 193 nm.?’* In fact, hydrocarbons have a
long history as immersion fluids for lithography with
demonstrations by Shank and Schmidt in 1973 (xylene at
325 nm),”? Kawata et al. in 1989 (high-index oil at 453 nm),?
and Hoffnagle et al. in 1999 (cyclooctane at 257 nm).?
However, even trace contaminants such as oxidized or
unsaturated impurities significantly increase the absorbance
of hydrocarbons at 193 nm (ot;o > 2—10 cm!).2”>?’6 Fluid
transparency can be improved by removal of these impurities
by a number of purification procedures including hydrogena-
tion, reaction with sulfuric acid, distillation, and chroma-
tography through activated silica, alumina, or other media.?’>*"®

A number of hydrocarbon liquids screened for use as high-
index immersion fluids are shown in Figure 49, and their
properties are listed in Table 9. In general, there is a strong
correlation between the degree of alicyclic unsaturation and
the fluid refractive index. A related linear trend between
hydrocarbon density and refractive index is shown in Figure
50.%”7 With these correlations in mind, the search for organic
immersion fluids can simplistically be described as a search
for liquid polycyclic hydrocarbons with the highest possible
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Figure 49. Saturated hydrocarbons for high-index immersion
fluids.

Table 9. Optical Properties of Saturated Hydrocarbons at 193
nm

Qo
name n [em™ 1] ref.
2,2-dimethyl butane 1.481 0.23 276
2-methyl pentane 1.495 0.05 276
n-hexane (84) 1.493 0.11 304
n-decane (85) 1.549 0.19 284
n-dodecane (86) 1.564 0.29 276
n-hexadecane (87) 1.581 0.41 284
cyclohexane (88) 1.571 0.09 284
cyclooctane (89) 1.615 0.17 284
cyclodecane (90) 1.621 0.18 277
octahydroindene (91) 0.89 276
2-ethyl norbornane (92) 1.615 0.17 284
1,1'-bicyclohexyl (93) 1.634 0.09 280, 276
trans-decahydronaphthalene (94) 1.643 0.46 276
cis-decahydronaphthalene (95) 1.656 0.75 276
exo-tetrahydrodicyclopentadiene (96) 1.660 0.42 276
tricyclo[6.2.1.0>"undecane (97) 1.664 1.71 276
perhydrofluorene (98) 1.668 >2 277
3-methyl tetracyclo[4.4.0.1.>°17:10 1.687 >2 279
dodecane (99)
1,3-dimethyl adamantane (100) >2 277
perhydropyrene (101) 1.701 >2 277

densities that remain transparent at 193 nm. Numerous
second-order structural effects on refractive index, absor-
bance onset, and fluid properties have been characterized.?”’ 2%
For example, the refractive index was found to generally
increase with the number of carbon atoms and transoid-
connected cyclohexane rings; however, the concomitant
shifting of the absorption edge from below 190 nm to above

1.75 v = 066475 + 1.0587 qi j
-R2 =0,9771 O < > < : %j
AL iy
o Qo

—
&N
n

n (193 nm)
/

1.6 1

. » Literature
%\/ x Experimental
0.6 0.65 0.7 0.75 08 .85 0.9 095 1
Density (griem® 25°C)

Figure 50. Refractive index versus density of selected hydrocar-
bons. Reprinted with permission from ref 277a. Copyright 2007
American Chemical Society.
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Table 10. Properties of Commercial Organic Second-Generation Immersion Fluids

supplier fluid 1193 nm oo [em™'] dn/dT [ppm/K] viscosity [cP] surface tension [mN/m] vapor pressure (25 °C) [Pa]
Water*>288 1.437 0.036 -93 1 72.8 3200
DuPont IF131%78 1.639 0.116 —=570 2.4270 30270
1F132%78 1.644 0.036 —550 3.3270 32270
IF138%8 1.610 0.055 —690
1IF169%8 1.655 0.06 —=560 2.6770 30%7
JSR HIL-001%8 1.64 0.038 —560 2.1 30%70 160
HIL-002%% 1.65 0.032 —560 2.9 30%70 —
HIL-203%% 1.64 0.020 —540 3.7 5.9
HIL-204% 1.65 0.011 2.9 56
Mitsui Delphi®* 1.635 0.08 —565 2 30%70 150
Babylon®®  1.642 0.022 —526 4 10

193 nm renders the absorbance of polycyclic compounds
97—101 too high to be useful immersion fluids.?”’~28° On
the basis of these findings, practical immersion fluid candi-
dates can be narrowed down to bicyclic and tricyclic
hydrocarbons composed of 9—12 carbon atoms, such as
octahydroindene (91), ethyl norbornane (92, 1,1'-bicyclo-
hexyl (93), decahydronaphthalene (trans (94) and cis (95)),
and exo-tetrahydrodicyclopentadiene (tricyclo[5.2.1.0*%decane)
(96).277-28 Some of these saturated polycyclic hydrocarbons
are used commercially in applications such as high-temper-
ature process fluids (bicyclohexyl 93)*! or high-energy fuels
(exo-tetrahydrodicyclopentadiene 96 is the primary compo-
nent of JP-10 missile fuel?®?). Air Products,?®®> DuPont,?76278284
JSR 285728 and Mitsui** have all produced commercial high-
index immersion fluids based on saturated hydrocarbons with
refractive indices ~1.64—1.65 (listed in Table 10) and
transparencies sometimes exceeding that of water. Early
interferometric immersion lithography patterning efforts with
these fluids show that they are capable of imaging 32 nm
half-pitch features and beyond.2¢7-284286.287

Another contribution to the absorbance of saturated alkanes
in the deep ultraviolet region is the formation of contact
charge transfer complexes between alkanes and oxygen in
the deep UV.?”7?! The oxygen-induced absorbance of JSR
HIL-203 at 193 nm was measured to be 0.018 cm™! ppm!.2%?
For this reason, the measurements of fluid optical properties
listed in Tables 9 and 10 were carried out using rigorously
deoxygenated samples. Several groups have reported the
formation of oxygenated products by irradiation of oxygen—
hydrocarbon mixtures at wavelengths in the charge-transfer
band.?* Additional studies with model immersion fluids such
as cyclohexane show the production of a variety of photo-
decomposition products including unsaturated and oxidized
species as well as polymeric material.>**?* Radiation-induced
fluid darkening for a number of saturated hydrocarbons is
shown in Figure 51. In addition to increasing the absorbance
of the immersion fluid, photodecomposition products also
form highly absorbing graphitic deposits on the surface of
the lens that can generate particles in the fluid.?>?* In situ
cleaning methods using UV—ozone?*> %7 or UV —aqueous
hydrogen peroxide®”® have been shown to rapidly and
effectively remove lens contaminants. More recently, the
addition of small amounts of water to the immersion fluid
has been found to effectively suppress lens contamination.?%%

In order to maintain acceptable fluid transparency and
prolong fluid lifetimes, in-line systems have been developed
to remove photodecomposition products, extracted photore-
sist components, particles, and dissolved gases (especially
oxygen) in order to allow continuous on-site recycling of
the immersion fluid. 2289296299390 The introduction of such
active recycling systems results in a significant reduction in
the rate of fluid darkening. With an active recycling system,

a 200 L batch of fluid is estimated to last ~8—10 days in a
scanner at typical scan rates and wafer troughput.?®’

With respect to thermal aberrations from exposure-induced
fluid heating, organic high index immersion fluids are ~10
times as thermally sensitive as water due to their larger
thermo-optic coefficients, lower specific heat capacities,
smaller thermal conductivities, and higher viscosities.®>6%270:27
Fortunately, the substantially lower volatilities and lower
heats of vaporization of the hydrocarbons decreases the
impact of evaporative cooling.®! Other techniques to reduce
thermal aberrations include alternative fluid nozzle design,63
fluid thickness reduction,®*?™ and optical and stage correc-
tions.®>2%7

From eqs 10 and 11, film pulling of organic immersion
fluids at low scan rates is expected given their lower surface
tension-to-viscosity ratios and lower contact angles on typical
resist and topcoat surfaces.”’280301:302 [n agreement with the
models, film pulling of these fluids on commercial photoresist
and topcoat materials is observed at very low scan rates
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Figure 51. Radiation-induced darkening of various organic im-
mersion fluids: (upper) bulk absorbance of hydrocarbon fluids,
(lower) window-induced absorbance. Reprinted with permission
from ref 295. Copyright 2007 SPIE.
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Figure 52. Comparison of contact angles of organic and aqueous
immersion fluids as a function of wafer scan rate. Receeding contact
angles are plotted at negative velocities, while advancing contact
angles are plotted at positive velocities. Fluid loss is observed when
the receding contact angle reaches zero. Reprinted with permission
from ref 61a. Copyright 2007 SPIE.
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Figure 53. High-index topcoat (102) and additive for topcoat-
free resist (103) designed for use with organic high-index immersion
fluids.

(<200 mm/s) (see Figure 52).61:270:292.297.301 JQR reported a
high refractive index (n = 1.64) topcoat (102, Figure
53)286:288.303 with improved contact angle performance (Qyuc
~ 70°) with organic immersion fluids that enables scan rates
up to ~350 mm/s without film pulling.?*” The incorporation
of fluorine into a side chain was found to be more effective
in raising the contact angles with organic immersion fluids
than incorporation of fluorine into the main chain.?®’
Alternatively, topcoat-free photoresists tailored for high-index
immersion using additive (103) can achieve moderate reced-
ing contact angle with organic immersion fluids (SRCA =
42—48° with JSR HIL-001).”” Since high index fluids cannot
be contained by conventional immersion showerheads at
500+ mm/s scan rates on existing materials, alternative fluid-
handling schemes were considered, including flooding the
entire wafer with fluid (the wafer wet approach) or simply
allowing film pulling and removing the fluid afterward.5>2>2%7
Even if film pulling cannot be prevented, controlling the
surface energy of the resist facilitates removal of the
immersion fluid prior to postexposure bake.

The prospect of increasing defectivity due to the interaction
of organic immersion fluids with the photoresist is partially
mitigated by the lower evaporation rate of the immersion
fluid®’ and the lower leaching?8¢2%0296:299:302 (que to lower
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solubility) of ionic photoacid generators into organic fluids.
Quartz crystal microbalance experiments showed that hy-
drocarbon fluids swell photoresists slightly more than water,
but the effect was very small.”’®?% Pre- and postexposure
soak experiments have shown that the impact of the fluid
on the CD of patterned features depends upon the fluid and
the resist. For example, resists soaked in water generally
show increased inhibition (and larger CD) compared to a
control, while resists soaked in high index fluids often exhibit
reduced inhibition (and smaller CD) compared to the control,
although this behavior is strongly dependent upon the
resist.®1?°62%7 Misting experiments generally show fewer
defects with high index fluids than with water.5!270-287.29

4.2.2. Second-Generation Aqueous and Other Immersion
Fluids

In order to develop aqueous second-generation immersion
fluids, aqueous solutions of water-soluble organic molecules,
inorganic salts and acids, heavy metal salts, and surfactants
were explored. 283284304311 The optical properties of a variety
of aqueous solutions of various acids and salts are listed in
Table 11. Charge-transfer-to-solvent (CTTS) transitions of
the anions dominate the absorption behavior (and refractive
index via the Kramers—Kronig relationship) of these ionic
solutions in the deep-UV region.>*=3% For instance, different
cations have little influence on the optical properties of
chloride salt solutions (entries 8—12, Table 11) whereas
differing anions significantly impact the optical properties
of sodium salt solutions (entries 8 and 13—17). Unfortu-
nately, few of these acid or salt solutions are sufficiently
transparent at 193 nm. Smith et al. were able to use solutions
of 85% phosphoric acid, sodium sulfate, and 50% AICl;-6
H,O as immersion fluids to image sub-80 nm half-pitch
features using a 193 nm immersion interferometric tool,
although the low refractive indices of these fluids limited
the NA to ~1.5 in the best case.’®

With metal ions and halides being prohibited in electronic-
grade materials used in semiconductor fabs and the corro-
sivity of acid solutions posing risks to tooling, more
semiconductor-friendly ionic additives based on ammonium
salts were explored.’® In particular, the methylsulfonate
anion is significantly more transparent than acetate at 193
nm 283284306307 Ror example, saturated solutions of La(OMs);
exhibit a refractive index of 1.577 with low absorbance (~0.3
cm™!). Alternative alkylsulfonate structures unfortunately
exhibit increased absorbance at 193 nm and tend to form
micelles at higher concentrations.**® Similarly, ammonium
salts based on multifunctional sulfonates (such as meth-
anedisulfonate and methanetrisulfonate) increase fluid ab-
sorbance far more rapidly than the refractive index.>”

Modification of the structure of the quaternary ammonium
cation rather than the methylsulfonate anion proved to be
more successful (as shown in Figure 54 and Table 12). The
refractive index and absorbance of ammonium methylsul-
fonate solutions increase with the size of the pendant aliphatic
group in the monovalent (104—107), cyclic monovalent
(108—110), and cyclic divalent (111—112) ammonium
cations.*® A 3.4 M solution of cyclohexyl(dimethyl)ammo-
nium methylsulfonate (104) has the best balance of properties
with a refractive index of 1.58 and an absorbance of 1.43
cm! 308

Micellar solutions of anionic surfactants such as sodium
dodecyl sulfate (SDS) or cationic surfactants such as cetyl
trimethylammonium chloride with a wide range of inor-
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Table 11. Optical Properties of Selected Aqueous Solutions
data from Smith et al.’® data from Willson et al.’%
refractive index absorbance refractive index absorbance

entry fluid Mozam  conc. [%]  a[mm™'] A [nm] conc. [%]  nigzam  conc. [M]  ajolem™']  Aegee’ [nm]  conc. [mM]
1 H,O 1.436 1.4379 0.0902 185.9
2 H;PO, 1.452 20 0.0575 192 20 1.4545 2 0.184 186.3 0.1
3 1.538 85 0.2444 192 85
4 H,SO, 1.472 20 0.5658 197 20 1.4558 2 0.183 186.3 0.1
5 HCl 1.583 37 sat’d 210 20 1.4631 2 0.240 187.4 0.1
6 HBr 1.5409 2 1.61 202.7 0.1
7 HNO; 1.4906 2 1.31 212.5 0.1
8 NaCl 20 sat’d 208 20 1.4892 2 0.427 190.2 1
9 KCl 20 sat’d 209 20 1.4853 2 0.478 190.4 1
10 CsCl 1.561 60 sat’d 206 20 1.4772 2 0.481 190.4 1
11 NH,CI 1.4784 2 0.480 190.4 1
12 Me,NCl 1.495 2 0.437 190.1 1
13 NaClOy 1.4538 2 0.199 186.2 0.1
14 NaHSO, 1473 44 1.4651 2 0.184 186.3 0.1
15 NaOAc 1.4744 2 0.646 190.6 1.0
16 NaSCN 1.5531 2 1.25 195.6 0.1
17 NaBr 1.5353 2 1.27 199.8 0.1

“Jo determined by extrapolating straight-line fit of the absorption band to zero absorbance. ® e is the wavelength at which oo = 1 cm™.
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Figure 54. Quaternary ammonium methylsufonates.

ganic salts were also explored.>'’ A 6.5 M aqueous solution
of CdCl, with 8.2 mM SDS exhibited a refractive index of
~1.6. In order to overcome solubility limitations, crown
ethers were used to increase the aqueous solubility of the
less toxic BaCl,;*!! however, it was found that the highest
refractive indices were obtained with neat crown ether (in
which barium chloride is insoluble). While a refractive index
of ~1.68 at 193 nm was measured for 12-crown-4 and 15-
crown-5 ethers, the absorbance levels were very high due to
impurities as well as absorption by the oxygen lone pair
electrons.?!!

Other aqueous fluids based on water-soluble organic
compounds suffer from similar issues. Glycerol, for example,
has a refractive index of 1.615 but its absorption coefficient
(0o = 2.3 mm™ ) at 193 nm is too high to be useful.*** A
diluted (50%) solution of glycerol in water (n = 1.573) still
has an absorption of greater than 6 cm™'.2%? On the basis of
computations®'>*!3 that predicted some cyclic sulfone, sul-
fonate, and sulfate compounds would have refractive indices
up to 1.67 at 193 nm, a number of water-soluble sulfones
including dimethyl sulfone and sulfolane were investigated;
however, the low solubility of dimethyl sulfone (~20%) in
water, the high absorbance of sulfolane, and their photoin-
stability to 193 nm radiation prevent these systems from
being useful 3

To date, 2.82 M La(OMs); and 3.4 M cyclohexyl-
(dimethyl)ammonium methylsulfonate offer the best proper-
ties of the aqueous salt-based immersion fluids, although they
still fall short of the best organic second-generation immer-
sion fluids (see Table 13). Immersion interference lithography
using these aqueous fluids has imaged 32 nm half-pitch
features at 1.5 NA.3® While the low cost, low toxicity, and
low sensitivity to oxygen of the aqueous immersion fluids
are promising, these salt solutions possess lower surface
tension-to-viscosity ratios than organic second-generation
immersion fluids and would likely exhibit film pulling at
similarly low wafer scan rates.’'* Further increases in the

Table 12. Optical Properties of Quaternary Ammonium and Methylsulfonate Salt Solutions3’6-308

refractive index absorbance
salt 1193 nm conc. [M] O [em™'] Aedge [Nm] conc. [M]
(CH3)4N(OAc¢) 1.472 1.5 0.767 191.5 0.001
(C4Hy)4sN(OAC) 1.533 1.5 1.095 193.5 0.001
Ba(OMs), 1.493 2 0.314 188.4 2
La(OMs); 1.522 ~2.82 0.541 191.0 2
1.577 ~2.82 0.314 188.4 2
104 1.477 1 0.51 <190 1
1.58 34 1.43 34
105 1.503 1 1.23 195.2 1
106 1.508 1 >2 196.5 1
107 1.493 0.8 >2 235.9 0.8
108 1.467 1 0.68 <190 1
109 1.472 1 1.29 196.1 1
110 1.485 1 1.25 202.0 1
111 1.490 1 0.79 190.2 1
112 1.493 1 1.75 204.8 1
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Table 13. Comparison of Aqueous and Organic Second-Generation Immersion Fluids

fluid concentration [M] 1193 nm oo [em™'] surface tension (y) [mN/m] viscosity (u) [cP] yiu
water*>308 1.437 0.036 72.8 1.0 72.8
La(OMs);*%® 2.8 1.577 0.314 28.2 92.8 0.30
(C¢H 1)(Me);N(OMs) (104)3%8 34 1.58 52.5 21.4 2.45
DuPont IF-132%70278 1.644 0.036 30 33 9.1

refractive indices, transparency, and physical properties of
aqueous high-index fluids are required.

4.2.3. Third-Generation Fluids Based on Boron, Silicon,
And Germanium

Unfortunately, the property requirements required for third-
generation immersion fluids eliminate most known materials.
For example, increasing the refractive index of polycyclic
hydrocarbons by adding additional cyclic structures shifts
the absorption edge to higher wavelengths and increases the
absorbance at 193 nm to unacceptable levels. Methyl cubane
was predicted to have one of the highest densities of any
polycyclic hydrocarbon that would still be a liquid at room
temperature. Unfortunately, UV measurements on a small
sample of purified methyl cubane showed a UV cutoff at
~240 nm.*

Alternative fluids such as borates,*'® tetraalkoxysilanes and
trialkoxysilyl chlorides,?!” and oligomeric or polymeric
siloxanes®'®3!° have been proposed as immersion fluids with
potentially higher refractive indices. Computational studies
of organosilicon and organogermanium fluids indicate that
organosilicon fluids have lower ultimate refractive indices
but higher transparencies than their organogermanium coun-
terparts.®'® 5-Silacyclo[4.4]nonane has a D-line refractive
index of 1.49 (similar to that for organic second-generation
immersion fluids).?®> Although DuPont has reported the
synthesis of a pure organosilicon fluid with np?° = 1.52,%%
there is little indication that organosilicon or organogerma-
nium fluids will be viable third-generation immersion fluids.

3.2.4. Third-Generation Nanoparticle-Based Immersion
Fluids

Inorganic materials such as AL,O; (n =~ 1.95), MgO (n =~ 2),
and LuAG (n = 2.14) have far higher refractive indices and
transparencies at 193 nm than the best second-generation
immersion fluids. Dispersions of nanoparticles of such high
refractive index inorganic materials in water have been proposed
as aqueous second-generation immersion fluids.?'>3203! Like-
wise, nanocomposite fluids based on saturated hydrocarbons
are proposed for use as third-generation immersion fluids (n
> 1.8).3193227324 Gimilar stabilized dispersions of submi-
crometer diameter inorganic nanoparticles in organic solvents
(e.g., silica in cyclohexane,”” alumina in toluene® or
decalin®?732%) have been extensively studied as model col-
loidal systems. Many practical and theoretical aspects of
nanoparticle-based immersion fluids are discussed in depth
elsewhere,’?*3>* and only a brief synopsis will be presented
here.

The refractive index of a nanocomposite fluid is dependent
upon the refractive index and volume fraction of the
nanoparticle cores.?'>32!732% However, in order to provide
stable dispersions of nanoparticles at high concentrations,
stabilizing layers are often required to prevent flocculation
and sedimentation.?* 32 The thickness of the stabilizer shell
increases the effective volume fraction of the nanoparticle.*?’
In order to maximize the refractive index and minimize the

viscosity of the nanocomposite fluid, it is important to utilize
a nanoparticle with the highest refractive index possible (to
minimize the required volume fraction) and to employ the
thinnest stabilizer required to maintain stability at the desired
loading (to minimize the excluded volume fraction). For
example, the use of hafnia would reduce the required volume
fraction of nanoparticles due to its extremely high refractive
index at 193 nm (n &~ 2.9); however, its transmission cutoff
is higher than 193 nm.>"> It has been proposed that, by
reducing the particle size below 10 nm, the quantum
confinement effect may be able to shift the absorption edge
of hafnia from 225 nm for the bulk to below 193 nm, 315322323

Another challenge faced by nonhomogeneous immersion
fluids is light scattering. Scattered light that does not reach
the photoresist is lost (similar to if it had been simply
absorbed by the fluid), while scattered light that reaches the
wafer degrades image contrast. In order to control scattering,
very small nanoparticles with narrow polydispersity will be
required.’?*32* Early aqueous dispersions of alumina nano-
particles (~40 wt %) achieved a D-line (589.3 nm) refractive
index of 1.455 (extrapolated to ~1.6 at 193 nm); however,
this fluid was almost completely opaque at 193 nm due to
absorption from impurities and scattering from large par-
ticles.*?® Jahromi et al. was able to image 130 nm half-pitch
patterns using 248 nm interferometric immersion lithography
with an aqueous dispersion of silica nanoparticles.??!323
Zimmerman et al. have prepared aqueous dispersions of 1
nm diameter HfO, nanoparticles (19 vol %, ~69 wt %) with
a refractive index of 1.418 at 589 nm (extrapolated to 1.59
at 193 nm); however, this system has an absorption cutoff
around 240 nm.315322

Only a few nanoparticle dispersions in hydrocarbon fluids
for third-generation immersion fluids have been reported to
date. Early work with dispersions of a-Al,O;, y-AlO;,
MgAl,04, and MgO in decane showed that refractive indices
up to 1.72 at 193 nm were possible in the case of 40 vol %
of MgO nanoparticles.?! Subsequent work has focused on
the use of higher refractive index nanoparticles like LuAG
and HfO, in decalin.’** Zimmerman et al. produced 5 vol %
dispersions of HfO, nanoparticles in decalin with a refractive
index of 1.492 at 589 nm.**> However, little transparency
data at 193 nm has been reported for these third-generation
nanocomposite immersion fluids because of absorption
issues. A significant amount of work still remains before a
final assessment of the viability of third-generation nano-
composite immersion fluids can be made.

4.3. High Refractive Index Photoresists

Early simulations suggested that photoresists with higher
refractive indices (n =~ 1.8—1.9) could afford increased
process windows and reduced mask error enhancement factor
(MEEF) in conventional 193 nm water immersion lithogra-
phy.** Increasing the refractive index of the photoresist
restores image contrast by improving the coupling of TM
polarized radiation into the photoresist at high NAs.3*!
Subsequent computational work indicated the benefits of
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Figure 55. High refractive index homopolymers.

using a high refractive index photoresist with water immer-
sion lithography (NA =< 1.35) may be insufficient compared
to the challenges and costs associated with developing a
suitable high refractive index photoresist.**> However, beyond
1.35 NA, the refractive index of the fluid should be greater
than or equal to the refractive index of the immersion fluid.
Since many commercial 193 nm photoresists have refractive
indices around 1.66—1.70, which are sufficient for use with
second-generation immersion fluids, work focused on de-
veloping photoresists with refractive indices greater than 1.8
and absorption coefficients (a.;o) less than 3 um ™! to enable
1.7 NA imaging.

4.3.1. Organic High Refractive Index Photoresists

The requirements of 193 nm lithography and chemically
amplified photoresists eliminate much of the periodic table
from consideration when designing high refractive index (RI)
photoresists.?3'33* The most heavily explored approaches
toward high-index photoresist materials for 193 nm lithog-
raphy include increasing the sulfur content of resists to boost
RI,%373* manipulating the absorption bands of higher RI
aromatic or heteraromatic structures to improve their
transparency,*** %342 incorporating metalloid elements like
silicon or germanium into the polymer (i.e., bilayer-type
resists),*3 and blending functionalized inorganic nanopar-
ticles into conventional 193 nm photoresists.33!343

Figure 55 and Table 14 show a variety of polymers
developed as part of exploring the first two approaches.
Polymer pairs 113/114, 115/116, and 117/118 demonstrate
the increase in RI by the incorporation of a single sulfur
atom into the polymer structure. The thioesters 116 and 118
have significantly improved RI, albeit at the cost of lower
transparency. Additional increases in the refractive index can
be achieved by incorporating two (120—122) or three (123)
sulfur atoms. Since the absorbance increases more signifi-

Sanders
Table 14. Optical Properties of High Refractive Index
Homopolymers
polymer 11193 nm o [om™'] ref
113 1.69 0.14 333
114 1.71 1.51 333
115 1.66 0.08 340
116 1.84 3.15 340
117 1.64 0.03 344
118 1.81 2.83 337, 338
119 1.74 1.13 337, 338
120 1.86 2.12 338
121 1.82 3.29 333
122 1.84 3.28 340
123 1.94 5.29 340
124 1.63 19.25 333
125 1.82 10.47 333
126 2.01 7.35 335, 336, 338
127 1.98 335, 336
128 1.86 5.28 333

cantly than the refractive index with each additional sulfur
atom, there is a practical limit to how much sulfur can be
incorporated into the polymer structures.

Aromatic (or phenolic) structures like 124 used in 248 nm
resists have high absorbance at 193 nm; however, the
incorporation of fluorine can blue-shift the absorption band
of aromatic structures. For example, the fluorinated analogue
125 has a higher refractive index and higher transparency
than 124. Heteroaromatic structures such as 126—128 feature
high refractive indices as well, although they share the same
high absorbance issues as the other aromatic polymers.

A number of photoresist copolymers based on high
refractive index sulfur- or heteraromatic-based monomers are
shown in Figure 56, and their optical properties are listed in
Table 15. Many of these materials (131—132 and 138—140)
suffer from high absorbance or insufficient glass transition
temperatures. To date, the high-index photoresists with the
best reported balance of refractive index and absorbance
include those based on sulfone-containing thiomethacrylate
monomers (135—136)** or a thiocarbonate structure (137).3!
Dry 193 nm lithography of a formulated resist based on 136
yielded 100 nm half-pitch L/S patterns, while JSR reported
imaging 80 nm half-pitch L/S patterns using 137.340341
However, even the best of these materials offers only a
modest refractive index increase over that of model 193 nm
resist materials such as 129 and 130 and cannot currently
compete with the lithographic performance of state-of-the-
art 193 nm photoresists that have been designed and
optimized under far fewer constraints.

Photoresist additives such as photoacid generators, base
quenchers, etc. can significantly influence the final optical
properties as well. Gonsalves et al. sought to exploit the
refractive-index boosting power of both a thiophene-based
monomer as well as a polymer-bound PAG to create high
refractive index photoresists such as 141 with refractive
indices of 1.72—1.78 (Figure 57).3%

4.3.2. Silicon-Based High Refractive Index Photoresists

Silicon and germanium-based polymers have long been
used to make thin-layer photoresists suitable for bilayer
imaging.>> With respect to high-index immersion lithogra-
phy, higher silicon or germanium content desirably improves
the refractive index while simultaneously boosting etch
resistance. In addition, the high etch resistance of a bilayer
resist allows very thin layers of photoresist to be employed
and may relax the transparency requirements.
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Figure 56. High refractive index photoresist polymers.

Table 15. Optical Properties of High Refractive Index
Photoresist Polymers

polymer 1193 nm Qo [um™'] ref
129 1.73 0.13 340
130 1.71 334, 339
131 1.86 334, 339
132 1.80 7.2 335, 336
133 1.78 1.19 340
134 1.74 0.17 340
135 1.82 1.25 340
136 1.78 1.15 340
137 1.76 1.70 341
138 1.70 5.22 335, 336
139 1.76 5.22 335, 336
140 1.82 10.7 331, 335

Typical bilayer resist backbones such as silsesquioxanes
(and polyhedral oligomeric silsesquioxane cage materials)
have only moderate refractive indices; therefore, polysilane
(142) and polycarbosilane (143—144) materials were screened
as potential high-index photoresist backbone materials
(Figure 58 and Table 16).** Polycarbosilanes featuring a
methylene linkage (143) provided the best balance of
refractive index and absorbance; however, the commercially
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Figure 57. High refractive index photoresist incorporating a
polymer-bound PAG.
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Table 16. Optical Properties of Silicon-Based High Refractive
Index Polymers33

polymer 1193 nm ayo [um™]
142 1.82 5.88
143 1.92 3.88
144 1.71 0.80
145 1.83 1.99
146 1.79 1.36

available highly branched poly(carbomethylsilane) proved
difficult to fully functionalize via metal-catalyzed hydrosi-
lylation. Functionalization using tetrahydropyranyl (THP) or
angelicalactone-protected difunctional groups (such as al-
lylmalonic acid) was required to produce working polycar-
bosilane resists (145—146) capable of resolving 130 nm half-
pitch L/S patterns.?*3

4.3.3. Nanocomposite-Based High Refractive Index
Photoresists

Rather than developing a new high refractive index bilayer
resist, nanocomposite resists based on blending functionalized
nanoparticles of a high-index inorganic oxide into state-of-
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the-art 193 nm photoresists have been proposed as a simpler
alternative.*! The proof-of-concept for this approach was
demonstrated in 2000 when silica nanoparticles were added
to resists in order to improve their transparency for 157 nm
lithography.**

The challenges of developing a nanocomposite-based high
refractive index photoresist are similar to those described
previously for nanoparticle-based third-generation 193 nm
immersion fluids, albeit with relaxed absorption requirements
due to the shorter optical path length in a photoresist.
Unsurprisingly, the candidate materials tend to be identical,
with hafnia being the foremost material under consider-
ation.! Initial films of hafnia nanorods showed n ~ 2.0 and
oo A~ 2.5 um™'; however, solubility in typical resist casting
solvents was poor.*** The use of phosphonate- and carboxylic
acid-based ligands can increase the solubility of hafnia
nanoparticles in propylene glycol methyl ether acetate to over
50 wt % in the best cases.*** Spun-cast films of nanocom-
posite systems (methacrylate resist + nanoparticles) exhibited
surface roughness comparable to the resist alone.**! Loading
0.7 wt % hafnia nanoparticles into TOK TARF-P6111ME
increased the refractive index at 193 nm from 1.7 to 1.73.34
Work continues on improving the nanoparticle synthesis
(size, purity) as well as increasing the nanoparticle loadings
in 193 nm photoresists in order to achieve higher refractive
indices and increased dry etch resistance.

4.4. Status of High-Index Immersion Lithography

Delays in the fabrication of LuAG lens elements pushed back
the delivery dates of the first high-index immersion tools to
2011 at the earliest, nearly two years after their capability was
required by the flash memory manufacturers. Eventually, Nikon
dropped high-index immersion from their tool roadmap in May
2008%*% and was soon followed by the other scanner
manufacturers in October 2008.2°* Although high-index
immersion double-patterning lithography could potentially
extend water immersion double-patterning lithography, the
abandonment of LuAG development for the high-index last
lens element renders the future development of any high-
index immersion tools unlikely. Despite this setback for high-
index immersion lithography, it is hoped that some of the
high-index materials research will impact future patterning
materials efforts in a manner similar to how the fluorinated
materials originally developed for 157 nm lithography
eventually found use in 193 nm immersion topcoats and
topcoat-free resists.

5. Summary

The increased numerical aperture and greater depth-of-
focus provided by water immersion lithography has enabled
the extension of 193 nm optical lithography beyond the 65
nm node. The rapid progress in 193 nm exposure tooling,
immersion fluids, topcoats, and resists helped seal the fate
of 157 nm lithography. The development and adoption of
193 nm water immersion lithography into high-volume
manufacturing was only achieved through tremendous efforts
at understanding the impact of water on photoresist materials
and imaging and designing materials (e.g., topcoats and
topcoat-free resists) to address these issues. High-index
immersion lithography was explored as a potential way to
further extend the patterning capabilities of 193 nm immer-
sion lithography. High-index immersion lithography employ-
ing a lutetium aluminum garnet high-index last lens element
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and alicyclic hydrocarbon high-index immersion fluids was
shown to be capable of sub-30 nm half-pitch imaging;
however, high-index immersion lithography did not meet the
necessary insertion point in the semiconductor roadmap
timeline.

With high-index immersion lithography at 193 and 157
nm being limited to research project status, 193 nm water
immersion lithography will remain the state-of-the-art manu-
facturing solution until a next-generation lithographic tech-
nique (such as EUV lithography, nanoimprint lithography,
or parallel e-beam direct write lithography) is available.® To
extend the performance of 193 nm optical lithography to
further lithographic nodes, industry is now attempting to
circumvent the single-exposure resolution limit by moving
to double-exposure and double-patterning processes. It is
certain that, if implemented, many of these double-exposure
and double-patterning processes will be carried out using
immersion lithography. In order to design double-exposure
materials and double-patterning processes that are compatible
with immersion lithography, chemists and engineers will rely
on the accumulated knowledge of the interaction of water
with lithographic materials and will build upon the available
materials and process-based mitigation strategies discussed
herein. While the various materials challenges presented by
these new double-patterning or double-exposure schemes are
currently at the forefront of current lithographic materials
research, the continued development of patterning materials
for 193 nm immersion lithography will be critical to the
future of the semiconductor industry for years to come.
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