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Introduction and Historical Perspective
The invention of the point contact transistor in 1947
heralded the dawn of the microelectronics era1 which has
had impact on every aspect of our lives. Materials chem-
istry in general and organic and polymer chemistry in
particular have enabled the unprecedented advancements
in microelectronics technology. The business is driven by
the need to build devices that contain an increasing

number of individual circuit elements on a semiconductor
material. Over time, device complexity and functionality
have increased while minimum feature size has dramati-
cally decreased.2 The ability to shrink the feature size is
critically dependent upon the technologies involved in the
delineation of the circuit pattern. Thus, high-resolution
imaging materials could be considered to be the corner-
stone of today’s device industry.

A modern integrated circuit is a complex three-
dimensional structure of alternating, patterned layers of
conductors, dielectrics, and semiconductor films. This
structure is fabricated on an ultrahigh-purity wafer sub-
strate of a semiconducting material such as silicon. The
performance of the device is, to a large degree, governed
by the size of the individual elements. As a general rule,
the smaller the elements, the higher the device perfor-
mance will be. The structure is produced by a series of
steps used to precisely pattern each layer. The patterns
are formed by lithographic processes that consist of two
steps: (i) delineation of the patterns in a radiation-
sensitive thin polymer film called the resist and (ii) transfer
of that pattern using an appropriate etching technique. A
schematic representation of the lithographic process is
shown in Figure 1.2

An overwhelming preponderance of devices continue
to be fabricated via “conventional photolithography”
employing 350-450 nm light. Incremental improvements
in tool design and performance with concomitant refine-
ments in the novolac/diazonaphthoquinone resist materi-
als chemistry and processing have allowed the continued
use of this technology to produce ever smaller features.
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FIGURE 1. Schematic representation of the lithographic process.
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The cost of introducing a new technology, which includes
the cost associated with the development and implemen-
tation of new hardware and resist materials, is a strong
driving force pushing photolithography to its absolute
resolution limit and extending its commercial viability. As
device feature sizes approached 0.25 µm and the industry
moved toward using 248 nm excimer laser UV light as the
exposing wavelength for advanced lithographic applica-
tions, the materials community saw the first revolutionary
change in resist materials chemistry to be adopted.
Conventional photoresists are not appropriate for use with
the UV light sources principally because their absorbance
is too high to allow uniform imaging through a practical
resist film thickness (0.5-1 µm).3 Additionally, the avail-
able light at the exposure plane of commercial exposure
tools is insufficient to provide for manufacturable pro-
cesses when the quantum efficiency of a resist is less than
1.

The breakthrough that ultimately led to the adoption
of 248 nm lithography as the technology of choice for
advanced device fabrication was the announcement of
what has been termed the “chemically amplified” resist
mechanism. The pioneering work relating to the develop-
ment of chemically amplified resists based on deprotec-
tion mechanisms was carried out by Ito, Willson, and
Frechet.4 These initial studies dealt with the catalytic
deprotection of poly((tert-butoxycarbonyloxy)styrene) (TBS)
in which the thermally stable, acid-labile tert-butoxycar-
bonyl group is used to mask the hydroxyl functionality of
poly(vinylphenol). As shown in Figure 2, irradiation of TBS
films containing small amounts of an onium salt, such as
diphenyliodonium hexafluoroantimonate, with UV light
liberates an acid species that upon subsequent baking
catalyzes cleavage of the protecting group to generate
poly(vinylphenol). While this reaction will take place very
slowly at room temperature, it is much faster at 100 °C,
requiring only a few seconds to reach completion. In the
absence of an acidic species, the protected polymer
undergoes no degradation during prolonged heating at
that temperature. Loss of the tert-butoxycarbonyl group
results in a large polarity change in the exposed areas of
the film. Whereas the substituted phenol polymer is a
nonpolar material soluble in nonpolar lipophilic solvents,
poly(vinylphenol) is soluble in polar organic solvents and
aqueous base. This change in polarity allows formation

of either positive or negative tone images, depending upon
the developer.

Since the initial reports regarding chemically amplified
resist mechanisms in 1980, numerous research groups
have expanded on this revolutionary concept. Both alter-
nate protective groups and parent polymers have been
utilized. Generally, thermally stable, acid-labile substitu-
ents are desirable as protective groups for aqueous-base-
soluble parent polymers. Some typical examples of pro-
tective groups that have been employed include tert-butyl
ethers and esters, tetrahydropyranyl ethers, R,R-dimeth-
ylbenzyl esters, and ketals and acetals. Alternate polymer
backbones include poly(hydroxystyrene), poly(vinylben-
zoic acid), and poly(methacrylic acid). Additionally, high
glass transition temperature (Tg) polymers based on
N-blocked maleimide/styrene resins and substituted sty-
rene-sulfone copolymers have been explored.3 Notably,
the first commercially available positive 248 nm resist was
introduced in 1990 after almost 10 years of research, and
was based on the copolymer derived from tert-butoxy-
carbonyloxystyrene and sulfur dioxide used in conjunction
with a nitrobenzyl tosylate photoacid generator material.5

Since the conception of chemical amplification mech-
anisms for microlithographic applications almost two
decades ago, increasing attention has been given to such
processes in that they provide advantages in terms of
sensitivity and contrast with minimal increase in process
complexity. Additionally, a given chemistry may find
application to more than one lithographic technology. The
original work in chemically amplified resists has spawned
many research efforts to define chemistries appropriate
for matrix materials and photogenerators of catalysts,
primarily strong acids. There continue to be many chal-
lenges in the areas of both fundamental and applied
materials chemistry as well as process engineering to both
understand and develop new chemistries for use with
future lithographic technologies.

193 nm Materials Design Issues
The first experiments demonstrating the feasibility of UV
light as an imaging source for lithography occurred at Bell
Laboratories in 1975.6 Bowden and Chandross demon-
strated the concept using poly(butene-1-sulfone) which,
upon exposure to 185 nm light, exhibited a sensitivity of
5 mJ/cm2. The drive toward still smaller features, fueled
by a desire to maintain the availability of optical lithog-
raphy in the device production environment, led to
research and development efforts aimed at developing a
production-worthy 193 nm lithographic technology.7 How-
ever, the opacity of traditional UV and deep-UV (DUV)
organic matrix resins and photoresist components at 193
nm necessitates a paradigm shift in the design of 193 nm
resist materials. The challenge to a resist chemist has been
to design a system having an aliphatic framework that is
functionally identical to the current commercial DUV and
I- or G-line resist materials based upon poly(hydroxysty-
rene) and novolac resin chemistry.

FIGURE 2. Chemistry associated with a chemically amplified resist
system based upon poly(tert-butoxycarbonyloxystyrene).

Organic Materials Challenges for 193 nm Imaging Reichmanis et al.

660 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 32, NO. 8, 1999



Photolithography using a 193 nm (Ar-F excimer laser)
light source is the leading candidate for future microelec-
tronics device fabrication using 0.13-0.18 µm design
rules.7 Many of the materials requirements for a 193 nm
resist are identical to those set forth for previous genera-
tions of optical lithography. The requirements of sensitiv-
ity, contrast, etching resistance, and purity are ubiquitous.
The issue of sensitivity is readily addressed through
application of “chemically amplified resist” design prin-
ciples developed for 248 nm materials. Contrast, or the
rate at which a given material responds to incident
irradiation, must be high to ensure high-resolution pat-
terning. While affected by many materials parameters
including absorbance, dissolution behavior, Tg, etc., per-
haps one of the most significant factors for 193 nm
imaging is absorption, or rather the opacity of a given
material. Traditional UV and 248 nm chemically amplified
organic resists are simply too opaque at 193 nm preclud-
ing their use in single-layer schemes at this wavelength.
Equally, if not more challenging, is the issue of etching
resistance. For a material to be implemented into device
fabrication, it has to effectively withstand the plasma and
reactive-ion-etching environments that are used to trans-
fer printed features into a given device substrate. Such
etching resistance has traditionally been achieved through
the use of aromatic moieties in the resist polymer.8

Primarily through the efforts of Ohnishi and Kunz, it has
been proposed that the key factors affecting etching
resistance are the “effective carbon content” of a material.
Thus, it was predicted that high alicyclic content polymers
should approach the performance of aromatic resins in
plasma environments.9 Table 1 lists key lithographic
performace parameters and how they relate to critical
materials molecular characteristics. Understanding the
performance criteria and how each is affected by choice
of materials chemistry allows definition of structures that
can be successfully used in 193 nm imaging materials. For
instance, base solubility in the vast majority of matrix
polymers used for lithography arises from the presence
of either phenolic hydroxides or carboxylic acid moieties.

Introduction of these oxygen-rich OH and COOH groups
into aliphatic polymers generally effects base solubility,
but also decreases the resistance of the resultant polymers
to the etching processes used to transfer the images into
device substrates, particularly during patterning of metal
and polysilicon films where especially corrosive gases are
employed.

The initial focus for designing 193 nm resists centered
on derivatized acrylate and methacrylate copolymers. By
and large, these polymers are effectively transparent at
193 nm and exhibit excellent resolution, but lack plasma-
etching resistance and other requisite materials properties
for lithographic performance. The first example of a high-
speed 193 nm acrylate resist was demonstrated in a
collaboration between MIT Lincoln Laboratory and IBM.
This material consisted of a methacrylate terpolymer
containing acidolytically labile tert-butylmethacrylate re-
peat units formulated with a diphenyliodonium triflate
onium salt photoacid generator (PAG).7b,10 While success-
ful in attaining excellent resolution and photospeed, the
materials were excessively soluble (both protected and
unprotected regions) in the industry standard 0.262 N
tetramethylammonium hydroxide (TMAH) developer and
showed poor etching properties because of the relatively
high oxygen content of the polymer. The etching perfor-
mance is aggravated by the inherent susceptibility of
methacrylate-based polymers to undergo both radiation
and thermally induced degradation. Use of large alicyclic
groups in the side chain, in combination with dissolution
inhibitors (DI) that are high in structural carbon, has
improved the compatibility of these systems with 0.262
N TMAH, but etching stability remains to be addressed
to alleviate the pattern transfer problems. The etching
stability issue is further compounded by aspect ratio
considerations such as surface tension effects during
development, and the inherent mechanical stability of the
polymer predicates the usable film thickness to be at or
below an image aspect ratio of 4. This translates into a
thickness limit of 0.6-0.42 µm for 0.15 and 0.13 µm design
rules, respectively, which is significantly below that used
in manufacturing today.

Thus, the fundamental design challenge that has
emerged appears to be the necessary tradeoff between
plasma-etching resistance and requisite materials proper-
ties for lithographic performance. On the whole, high
carbon content copolymers functionalized with pendant
alicyclic moieties possess adequate etching resistance but
tend to be brittle, display poor adhesion, and have
suboptimal imaging characteristics due to their aqueous
base solubility. Decreased alicyclic carbon content results
in improved lithographic performance at the cost of
etching resistance. Examples of substituents that have
been employed include menthyl,11 adamantyl,12 isobornyl,13

and tricyclodecyl.7a

Recent approaches to addressing this fundamental
design challenge include (i) careful tailoring of polymer
properties to maximize lithographic performance with
minimal sacrifice in etching performance and (ii) develop-
ment of three-component systems in which high carbon

Table 1. Key Resist Lithographic Properties and How
They Relate to Molecular Properties of Resist

Components

lithographic parameter molecular characteristic

absorption no olefinic or aromatic moiety
etching stability high levels of structural carbon,

low oxygen content
aqueous base solubility base-solubilizing groups such as

OH, COOH, NH, etc.
substrate adhesion presence of polar moieties
sensitivity or photospeed catalytic chain length for acidolysis,

quantum yield for acid
generation, acid strength,
protective group chemistry

postexposure delay
and substrate sensitivity

catalytic chain length for acidolysis,
protective group chemistry,
acid strength

outgassing protective group and
photoacid generator chemistry

aspect ratio of images surface tension effects and
mechanical strength of materials

low metal ion content synthesis and scale-up methodology
manufacturability

and cost
synthesis and materials scale-up

methodology and lithographic
process requirements
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content alicyclic additives not only serve as dissolution
inhibitors but also enhance the resistance of the matrix
as a whole to plasma environments.

Alicyclic Polymers for 193 nm Imaging
As noted above, the first materials platforms that were
examined for the purpose of providing transparent, 193
nm imagable matrixes were based on methacrylate resin
chemistry.7,10-13 While methacrylate-based resist plat-
forms are attractive from an economic perspective, they
suffer from the fundamental drawback of possessing a
linear, oxygen-rich scaffold whose poor plasma-etching
stability can be offset only partially by functionalization
with more stable pendant groups. In a more ideal resist
platform, greater intrinsic plasma stability might be
imparted through incorporation of alicyclic, etching-
resistant moieties directly into the polymer backbone. In
addition, minimizing oxygen content by designing oxy-
genated functionalities to play only necessary imaging,
adhesion, and solubilizing roles would be beneficial.
Alternative routes to achieve the goal of an “all alicyclic
backbone” are shown in Figure 3 for the alicyclic alkene
norbornene. These routes are the ring-opening metathesis
polymerization (ROMP),14 the metal-catalyzed vinyl po-
lymerization,15 and radical-promoted vinyl polymeriza-
tion.16 Because of the potential for metal ion contamina-
tion, neither ROMP nor metal-catalyzed vinyl polymeri-
zation is a currently “realistic route” for achieving an all
alicyclic backbone polymer because of the high cost
associated with effecting <5 ppb metal contamination of
the final polymer.17

Cycloolefin-maleic anhydride alternating copolymers
may provide an attractive alternative to methacrylate-
based matrix resins.17 Compelling features of these co-
polymers include (a) facile synthesis via standard radical
polymerization, (b) a potentially large pool of cycloolefin
feedstocks, and (c) a generic structural motif that incor-
porates alicyclic structures directly into the polymer
backbone and provides a latent water-solubilizing group
that may also be useful for further structural elaboration.
A large number of cycloolefins are known to copolymerize

with maleic anhydride. As a rule, they yield high-Tg

copolymers with a 1:1 alternating structure. Cyclic diole-
fins undergo transannular cyclopolymerizations that may
be accompanied by substrate-specific complications. While
we have screened a number of cycloolefins as substrates,
efforts to date have concentrated largely on norbornene
and various substituted analogues.

Norbornene-maleic anhydride copolymerizations18 were
first described in a patent that provided two key insights:
(i) copolymerization provides a material with a 1:1 com-
position regardless of monomer feed ratio and (ii) incor-
poration of small percentages of other vinyl monomers
without disruption of the essentially alternating nature is
tolerated. The alicyclic monomer readily undergoes free
radical induced copolymerization with maleic anhydride
to afford an alternating, high-Tg polymer. While soluble
in polar organic solvents such as cyclohexanone and
methyl isobutyl ketone, the copolymer is insoluble in
aqueous media and appears hydrolytically robust.17

Aqueous base solubility can be induced in this alter-
nating copolymer via incorporation of acrylic acid. Free
radical polymerization of the cycloolefin and maleic
anhydride in the presence of acrylic acid and/or its
derivatives provides a controllable method for synthesizing
aqueous base soluble resins.17 Such materials were readily
soluble in standard organic solvents used to spin coat
resist films, and additionally were soluble in aqueous base
media such as 0.262 N tetramethylammonium hydroxide,
the developer of choice for the electronics industry.
Notably, thin films of these polymers cast onto quartz
substrates display excellent transparency at both 248 and
193 nm, with the absorbance per micrometer of typical
poly(norbornene-co-maleic anhydride-co-acrylic acid) ma-
terials being approximately 0.2.

These norbornene-based matrix resins can be used in
a variety of resist approaches (Figure 4). The strategies
that have been examined include the use of a protected
polymer in conjunction with a PAG in a “two-component”
chemically amplified resist process, a three-component
system using the parent acidic terpolymer, a DI, and a
PAG, and a hybrid approach that uses both a DI and a
partially protected matrix.17,19 The latter two approaches
afford added flexibility in the design of a resist for the
application at hand, and thus DI chemical design issues
will be examined more closely.

Dissolution Inhibitor Design. Dissolution inhibitor use
in resist applications predates their application to micro-
electronics and starts with the use of diazonaphthoquino-
nes (DNQ) in novolak resins for the manufacture of
printing plates.2 For conventional photolithography using
365 and 435 nm light, multifunctional DNQs have been
shown to dramatically improve contrast and side-wall
profiles relative to monofunctional analogues in novolak-
based resists. For instance, one of the more commonly
used multifunctional DNQs is a trihydroxybenzophenone
functionalized with multiple DNQ moieties. In this ap-
proach, the fully converted tris(indenecarboxylic acid) is
formed in appreciable amounts only above a certain
threshold energy, thereby greatly increasing the nonlinear

FIGURE 3. Schematic representation of available routes to alicyclic
backbone polymers.
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relationship between exposure and the dissolution rate
of the resist.20 These principles lay the groundwork for
the design of aliphatic DIs for 193 nm applications.

The first example of an aliphatic DI was based on
cholate ester chemistry, namely, 2-nitrobenzylcholate,
which was used in methyl methacrylate copolymers for
240-260 nm resist applications.21 The rationale used to
select the steroid as the basis for the design of a DI

included its large molecular volume that could be very
effectively converted from an aqueous-base-insoluble
form, namely, an ester, to the exceptionally aqueous-
soluble parent acid. The solubility of sodium cholate in
water is 500 g/L. The presence of the hydroxyl substituents
on the molecular framework of this ester provides for sites
that allow interaction of the DI with the surrounding polar
matrix, thus promoting compabitibility between the com-
ponents. High-contrast imaging is obtained with such
systems because of the large molar volume of resist that
can be made hydrophilic by a single bond scission. Thus,
the aliphatic steroid possesses many of the desired
characteristics that are present in conventional DNQ
inhibitors.

Shortly after the report of the utility of 2-nitrobenzyl
cholate, tert-butyl cholate was described for use in various
phenolic matrixes for long UV and 248 nm deep-UV
chemically amplified resist applications.22 In this instance,
the bond scission is induced through acidolytic cleavage
of the ester moiety upon photolysis of a PAG additive. The
applicability of this class of steroids as inhibitors for 193
nm applications was demonstrated a decade later.7b

Building further on the strategies that have proven
effective in the design of DNQs for conventional novolac-
based resists, a series of dimeric and oligomeric cholate-
based DIs were synthesized via condensation polymeri-
zation of the cholate derivative with a short chain alkyl
acid or diacid halide as shown in Figure 5.19 In all cases,
the tert-butyl protecting group was employed as the acid-
sensitive moiety on the polymer and DIs. The oligomeric
dissolution inhibitors are very soluble in norbornene-
maleic anhydride-acrylate polymers and exhibit no ten-
dency toward phase separation at loadings even as high
as 40 wt %. The Tg data indicate that there is a strong
interaction between the DI and polymer, a necessary
condition for both compatibility and dissolution inhibi-
tion. For example, the Tg values of the polymer, DI, and
35% oligomeric DI in the polymer film were 190, 100, and
185 °C, respectively. No interaction between the compo-
nents would result in a Tg of about 158 °C, the geometric
mean between the two components. Preliminary NMR
studies also indicate a strong interaction. These interac-
tions in turn lead to enhanced lithographic performance
of the composite resist material. Generally, the oligomeric

FIGURE 4. Structures associated with norbornene-maleic anhydride
resist options.

FIGURE 5. Synthesis and structure of tert-butyl cholate-based dissolution inhibitors.
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inhibitors not only improved the contrast and solubility
of the exposed areas in 0.262 N TMAH but also reduced
the unexposed film loss. The optimum adhesion and
contrast were obtained by using a mixture of oligomeric
dissolution inhibitor with a polar “monomeric” material
such as tert-butyl cholate.

Photoacid Generator Design Issues. While aromatic
PAGs are highly absorptive at 193 nm, they are only
needed in small quantities (typically <5%) in resist
formulations. Consequently, 193 nm resists could be
designed using the same PAGs as those that are in use
with 248 nm resists. In addition to absorption, the
considerations in designing a PAG are solubility, volatility
of both the PAG and its photoproducts, acid strength, cost,

and toxicity.5c For tert-butyl-substituted materials, high
acid strength (often superacids are required) and high
postexposure bake (PEB) temperatures are required for
complete removal of the ester appendage. Examples of
applicable chemistries include photogenerators of per-
fluoroalkyl sulfonic acids, or aryl sulfonic acids highly
activated with electron-withdrawing groups.19,23 One ex-
ample is given in Figure 6.

Base Additives. While the acid-catalyzed deprotection
reaction affords many advantages to designing sensitive
lithographic materials, it induces several potential phe-
nomena that unaddressed would preclude application of
such mechanisms in “real-world” manufacturing. Some
typical problems associated with chemically amplified
technologies include diffusion of the photogenerated acid
and depletion of acid at the resist-air interface. Depletion
of acid can arise from either volatilization of the acidic
species or more significantly neutralization of the minute
amounts of acid present at the resist-air interface by
adventitious airborne amines present in most environ-
ments.24 Acid diffusion is manifested as erosion or rather
“slimming” of resolved lines with delays in postexposure
baking to effect deprotection, while either volatilization
or neutralization of the catalyst results in what is termed
“T-topping” of lines, a phenomenon that also is ag-
gravated upon delays in baking. Figure 7 depicts examples

FIGURE 6. Representative photoacid generator structure.

FIGURE 7. SEM micrograph depicting the effects of airborne amines on chemically amplified resist performance as a function of time.
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of this latter issue. Base additives are known to reduce
line width slimming by reducing the diffusion of acid.25

In the case of T-topping, base additives have been shown
to alleviate this issue through either reduced volatilization
of acid via decreased diffusion or, alternatively, creation
of a low, uniform concentration of amine in the resist film
which acts to overwhelm airborne basic contaminants
depositing at the surface of the resist.25

The possibility of utilizing photodecomposable ami-
nosulfonate moieties capable of affording free aminosul-
fonic acids has been investigated.26 Since in ester form
these materials are inherently basic, yet upon exposure
to light generate an acid, they have been called photode-
finable bases (PDB). The PDB approach is very advanta-
geous to the design of sensitive 193 nm resist materials
to minimize glass damage without impacting exposure
tool throughput. It has been shown that the use of such
materials leads to enhanced resist sensitivity because the
aminosulfonate moiety is partially removed in the exposed
resist film but remains unchanged in the unexposed areas
where its basic properties act to limit diffusion. For
instance, Figure 8 shows the structure of two different
cyclamate materials which were employed as base addi-
tives in a 193 nm single-layer resist based on a nor-
bornene/maleic anhydride-onium salt resist platform:
the photodecomposable moiety afforded a material with
a resolution dose of 22 mJ/cm2, while the formulation
containing the inert compound was far less sensitive (50
mJ/cm2).26 These materials effectively moderate the dif-
fusion length of typical acids used in 193 nm chemically
amplified resist formulations and impart much desired
time delay stability.

Lithographic Performance
Molecular level understanding of materials issues and how
those issues relate to key lithographic performance criteria
allows for the design of effective, manufacturable 193 nm
lithographic materials that may be implemented into next
generation device fabrication facilities utilizing 193 nm
exposure technologies. Materials based upon poly(nor-
bornene-co-maleic anhydride-co-tert-butyl acrylate-co-
acrylic acid) formulated with tert-butyl cholate dissolution
inhibitors, diphenyliodonium nonaflate photoacid genera-

tors, and photodefinable bases such as those described
above are effective high-resolution imaging materials.
Figure 9 depicts SEM micrographs of typical patterns
obtained with these materials.

Conclusion
A 193 nm resist design methodology was elucidated by
examining the molecular structure-lithographic property
relationships for key resist components such as the matrix
polymer, dissolution inhibitor, photoacid generator, and
base additive. The work demonstrates some of the chal-
lenges that recur frequently in designing not only photo-
resist materials, but any material for a given application.
For 193 nm materials, the primary challenge of incorpo-
rating requisite imaging and lithographic properties was
met by the design of cycloolefin-maleic anhydride poly-
mers, cholate dissolution inhibitors, and photodecom-
posable bases. Fundamental studies into the materials

FIGURE 8. Structural representation of a photodecomposable
aminosulfonate.

FIGURE 9. SEM micrographs depicting (a) 0.15 µm line/space
images printed with a traditional mask and (b) 80 nm patterns printed
with “phase-shift” mask technology in a norbornene-maleic anhydride-
based 193 nm resist.
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properties and the interactions between resist compo-
nents enabled formulation of high-performance resists
that display extremely reproducible lithographic proper-
ties. Specifically, this requires careful manipulation of a
large number of physical properties that govern solubility,
sensitivity, image fidelity, etc. Design principles governing
different properties may not always work in concert; a
functional resist design will, in the end, reflect multiple
compromises and tradeoffs.
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