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Abstract Molecular recognition is central to how biological systems work. The molecular
imprinting technique is a valuable polymerisation method for preparing synthetic materials
able to mimic the molecular recognition phenomena present in living systems. A molecule
that acts as a template is associated with functional monomers to form a complex by means
of covalent linkages or noncovalent interactions. A polymerisation-crosslinking reaction is
then performed around this complex. Upon removal of the template species, functionalised
cavities, that have memorized the special features and bonding preferences of the template,
are left inside the polymer network. A large number of potential applications for this class
materials are being intensively developed, for example as chromatographic stationary phases



2 J. D. Marty - M. Mauzac

or as stereospecific catalyst. To improve this technique, the challenge is now to rationalize
the necessary stiffness of the network with the expansion of its capacity. From this per-
spective, the use of materials involving supramolecular organisation is of great interest to
bring closer to the biological processes and so to improve the recognition properties.

Keywords Molecular recognition - Imprinting - Polymer - Chromatography - Catalysis

1
Introduction

Molecular recognition is central to how biological systems work, especially at
the cellular level (example Fig. 1). The observation of the various systems where
processes of recognition occur (enzyme substrate complexes, antibody-antigen
systems, DNA replication, membrane receptors, and so on) has indicated a
certain number of directions for the preparation of synthetic systems capable
of molecular recognition.

DNA
$ =l £ ®
% Y
S i ha
*'-.__‘. N . ) y
o
/' Membrane
Membrane receptor

Enzyme-substrate complex

Fig. 1 Examples of molecular recognition systems occurring in the cell
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Enzyme + substrat Enzyme/substrat Transition state Enzyme/product Enzyme + product
complex complex

Fig. 2 Changes that occur in the shape of the enzyme when the substrate binds to the active
site so that catalysis can take place

Let us consider for instance, the way enzyme-substrate type systems oper-
ate. In 1894, Emil Fisher developed the “lock-and-key” notion [1], which has
become one of the most frequently mentioned concepts in Life Sciences. This
model describes how proteins bear specific cavities into which a given substrate
fits. The process was refined by Koshland [2] who considered that during the
interaction phase, the geometry of the cavities became adapted to the substrate,
optimising the interactions taking place (for example Fig. 2). In spite of its
apparent complexity, the recognition process involves simple interactions be-
tween chemical groups - the overall exact location of the interactions leading
to molecular recognition.

Considerable efforts have been made to synthesise systems mimicking the
natural processes of molecular recognition [3,4]. The first studies involved the
preparation of small ring systems and ‘cage’ molecules that could become
specifically associated to a given ion or to small molecules: crown ethers [5],
cryptates [6, 7], cyclophanes [8], and cyclodextrins [9] (Fig. 3). Abzymes have
been designed in an attempt to study recognition of more complex molecules
[10]. However, they were found to be difficult to prepare and to use, and their
cost is generally high.

Antibodies, receptors and enzymes are biomolecules frequently used in an-
alytical chemistry and biochemistry in various applications aiming to detect

)
o 9
<(:' - ‘—:!‘(/’If' /3 —N+ +_

2 M O
OH HO
Q ,'03 —N#
N 4 +N—
N \t

Fig. 3 Examples of synthetic receptors capable of molecular recognition: (1) crown ether;
(2) cryptate; (3) cyclophane; (4) a-cyclodextrin (adapted from [5-9])
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and quantify a host molecule (biosensors, affinity chromatography supports,
immunoanalysis Kits, etc.). These applications share a common first step where
the guest molecule is recognised and selectively adsorbed by the receptor bio-
molecule. However, biomolecules can only be used in experimental conditions
close to those found in nature, limiting their fields of application. Their re-
placement by more stable, cheaper materials with similar selectivity therefore
became attractive.

The techniques for the synthesis of molecularly imprinted polymer (MIP)
then developed. The principle consists of polymerising and crosslinking func-
tional monomers, previously positioned by low-energy or covalent interac-
tions around a molecule - the guest or template molecule - so as to “freeze”
the imprint. Following extraction of the template molecule, the remaining
three-dimensional network presents pores with a geometry and positioning
of the functional groups complementary to those of the template. This enables
it to specifically recognise the template molecule.

The conception of this technique was originally inspired by the works of
Linus Pauling in the 1940s outlining the possible mode of action of antibodies
[11]. One of his students, E.H. Dickey, was the first to prepare selective adsor-
bents by precipitating silica gel in the presence of dyes (methyl orange and its
derivatives) [12]. When washed, the materials presented an enhanced affinity
for the dyes. Similarly, materials used for chiral recognition [13] or for pesticide
separation were studied. However, owing to the low separating powers obtained
and the short useful life-time of the materials, this line of research was to be
finally abandoned [14]. It was only with the works of G. Wulff from 1972 [15],
followed by those of Mosbach in 1984 [16], that the principles of the technique
of molecular imprinting were laid down.

The simplicity of use, the relatively low cost and the broad range of possi-
ble guest molecules (small organic molecules, ions but also biological macro-
molecules) have since led to the important development of this technique, as
illustrated by the increasing numbers of publications over recent years [17-25].
The fields of application of these imprinted polymer networks are very diverse.
We can mention chromatographic supports (particularly for the separation
of enantiomers) recognition elements in the preparation of specific sensors,
catalysts, systems for stereospecific synthesis, and selective adsorbents.

2
MIP Materials

The principle of molecularly imprinted polymer (MIP) production is schema-
tised in Fig. 4.

The preparation of the materials starts by positioning the functional mono-
mers around a template molecule. The monomers interact with sites on the
template via interactions that can be reversible covalent or non-covalent (hy-
drogen, ionic, Van der Waals, Ti-, etc.). They are then polymerised and cross-
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Fig. 4 Principle of the molecular imprinting technique

linked around the template in order to fix their position and to “freeze” the
geometry of the pores in the network. The template molecule is then extracted,
leaving a polymer with functional sites capable of molecular recognition.

2.1
The Different Stages Involved in the Preparation of the Materials

2.1.1
Preorganisation Stage

The development of an imprinted network starts with the choice of the tem-
plate molecule. It is this molecule that the material will keep in memory. The
choice remains limited, however, by the functional monomers available and
susceptible to interact. Depending on the domain studied, diverse molecules
have been used (Fig. 5): amino acids [26], sugar derivatives [27], steroids [28],
nucleotides [29], pesticides [30], dyes [12], drugs [31-36], metal ions [37-39],
more inert molecules (like anthracene, benzene and its derivatives) [40-42],
and even more complex molecules such as proteins or enzymes [43, 44].

Note that with chiral guest molecules for which it is difficult to obtain a pure
enantiomer, the use of a chiral functional monomer, interacting preferentially
with one of the two enantiomers in a racemic mixture, can be an interesting
approach [45].

Several types of monomers have been used for this (Fig. 6), especially eas-
ily polymerisable molecules. Acrylate monomers [46-51] and acrylamides have
been used the most [52-56]. Systems with polystyrene [47, 57-63] and poly-
siloxane [64] backbones have also been synthesised. Recently, other types of
polymer such as polyurethanes [65], polypyrroles [66-68],and polyimidazoles
[69,70] have been used in special applications. Renewed interest has also been
shown in silicas and sol-gel glasses [71].

In the first step, the contact occurring between the functionalised monomers
and the template molecule leads to the formation of a complex. Its structure
and stability will then determine the behaviour of the future MIP. The interac-
tions involved must be sufficiently strong to remain intact during the poly-
merisation stage but sufficiently labile to enable template extraction and rein-
sertion of guest molecules in the later stages. These interactions must therefore
occur rapidly and be reversible. It is crucial to optimise the choice of the dif-
ferent components of the system at this point.
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Fig. 5 Some examples of molecules used as templates in MIP

Different types of strategies can be distinguished depending on whether the
bonding between template and host is covalent or not:

1. Covalent interactions (Fig. 7): this approach involves the formation of an
easily cleavable functionalised monomer-template complex [61, 18]. The
first example of an imprinted polymer network was prepared by Wulff’s
group and used the reversible formation of an ester bond between a diol
and 4-vinylphenylboronic acid [15]. The reaction rates to reach equilibrium
between the ester and boronic acid are comparable to those obtained with
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Acrylates
OH CHj; CF3 CH,COOH CHj;
/Y OH OH OH RPN
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Acrylic Methacrylic Trifluoromethyl acrylic Methylene-2-succinique N,N'-dimethylamino-
acid acid acid acid ethyl methacrylate
(AA) (MAA) (TFMAA) (MSA) (DMA)

[47] [48] [49] [50] [51]
Acrylamides
NH N H N A
2
/\f M %som /Y NV NH, /Y N(CoHs)
% o} o o}
Acrylamide 2-Acrylamido-2-methyl-1-propane N-(2-aminoethyl}-methacrylamide Diethylaminoethyl methacrylate
(AAmM) sulphonique acid (AMPSA) (2AEMA) (DAEMA)
[53] [54] [55] [56]
Styrenes
o CHCHZOH < > ~
COOH
7 C / “CH,OH 7 "t COOH
4-vinyl benzoic acid 2-(4-vinylphenyl)-1,3-propanediol COOH
(4VBA) [47] 4 (4ES) [57]
(4-Vinylphenyl)-methyl
NH o NH amine N,N' diacetique acid (VPMADA) (58]
)
_N N /_Q‘B(OH)Z
7 — >—/
NH J
CzHs 4-Vinyl phenylborique acid
N,N'-diethyl-(4-vinyl phenyl) 4- (1,4,7-triazacyclononane- VPBA
amidine (D4VPA) 150 methyl) styrene (4TCMS) [0

[61]
Pyridines and imidazoles

Y, Y, an 7

4-vinyl pyridine 2-vinyl pyridine 1-vinyl imidazole 4-vinyl imidazole
(4VP) (2VP) (1vI) (4VH)
[67] [68] [69] [70]

Fig. 6 The monomers most commonly used in MIP

non-covalent systems [72]. It can be noted that systems using two different
boronic acids to interact with the template lead to MIPs [73] that ensure
higher resolution of racemic mixtures than those consisting of a single
boronic acid [74].

Covalent bonds involving Schiff bases [75], esters [76], amides [77], and
ketals [57, 78] have also been used. However, their much slower monomer-
template interaction kinetics have excluded them from several types of
application.

Although this covalent bonding strategy provides well-defined cavities, the
limited choice of functional monomers and hence of useable template mol-
ecules has restricted its use.
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\

Fig. 7 Schematic representation of a cavity obtained by polymerisation of 1. The interactions
occurring between the network and the guest molecule 2 are covalent. The guest is extracted
in the presence of water and methanol (a), and its reinsertion leads to the reoccupation of the
imprinted cavity (b) (adapted from [61])

2. Non-covalent interactions: this approach is simpler to use and can be adapted
to a larger range of template molecules. Here, the guest interacts with one or
several functional monomers [79-82] to form a complex. The stability of the
complex depends on the different components present in the mixture. The
forces involved can include ionic interactions [83], hydrogen bonding [54],
Ti-T interactions [84] and hydrophobic interactions [85]. Owing to the lower
stability of the complex that is formed, systems based on these types of
interactions often lead to MIP that are less specific than those that use cova-
lent interactions. On the other hand, the host-guest exchange rates are more
rapid and the MIP are suitable for use in chromatography.

Among the most frequently used monomers we can mention carboxylic
acids (e.g. acrylic, methacrylic and vinyl benzoic acids), sulfonic acids and
heterocyclic bases (e.g. vinylpyridines, vinylimidazoles).

Currently, great efforts are being made to broaden the range of templates
that can be used and to improve the specificity of ‘non-covalent’ MIP. The first
systems developed were not very selective [79]. It was only once the experi-
mental conditions had been optimised (conditions of synthesis, host/guest
ratios, eluent, etc.) that Mosbach et al. achieved materials with selectivities
similar to those obtained with the covalent approach [48]. Owing to the weak-
ness of the interactions occurring, a large excess of functional monomer
must be added to shift the equilibrium towards formation of the complex
(typical monomer:guest ratios are 4:1). This leads to the formation, inside
the imprinted network, of sites with different affinities for the molecule to
be recognised (polyclonality) and lowers the specificity of the MIP.In chro-
matographic applications, for instance, this causes broadening of the peaks
and decreased resolution. To overcome this problem, new monomers inter-
acting more specifically with the template at several points have been
developed for addition in stoichiometric quantities [59, 86] (Fig. 8).
Template molecules with moieties capable of binding to a metal can also be
incorporated in a MIP, if the metal presents polymerisable ligands. The
strength of the metal-template bond can be easily modulated by adjusting
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Fig. 8 Functionalised monomer/template molecule complexes based on strong non-covalent
interactions (the various molecules are added in stoichiometric proportions): (1) adapted
from [59]; (2) adapted from [86]

CHg3
CHj

the experimental conditions. This approach was recently evaluated and gives
very good results, in some cases equivalent to those obtained with enzyme
systems [58, 60, 87].

3. Finally, there is an alternative strategy which uses a double approach: co-
valent plus non-covalent (Fig. 9). With the example of cholesterol taken as
template molecule, M.]J. Whitcombe and co-workers esterified the hydroxyl
function, to enable incorporation of the cholesterol within the polymer
network. After breaking the ester bond, the template only acted through
non-covalent interactions [28]. This strategy, which was also used by A.
Sahran [88, 89] does present the disadvantage of potentially modifying the
geometry of the imprinted site following hydrolysis.

Fig. 9 Preparation of a MIP using covalent interactions during the polymerisation-cross-
linking step (a) and the extraction of the template molecule (b). During the specificity tests,
(c) and (d), the interactions occurring are of the hydrogen bonding type (adapted from [28])
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2.1.2
Step of Polymerisation-Crosslinking of the Monomers Around
the Complex Formed in the First Step

Polymerisation mode [90]. Owing to its ease of use, radical polymerisation is the
most frequent. The crucial question is to determine how to carry out this
polymerisation-crosslinking step with minimum disturbance of the complex
already in place. Choices must be made, for instance in radical polymerisation,
the radicals can be generated at 60 °C (a,a’-azoisobutyronitrile — AIBN) or
45 °C (with azobis valeronitrile - ABDV) which could cause heat destabilisation
of the complex, or at 4 °C with low-temperature photochemical radical pro-
duction (AIBN, 360 nm). Comparative studies on recognition specificity have
shown that the photochemical approach gives the most specific materials [91].

Crosslinking. To date, only a small number of crosslinkers have been tested as
their poor miscibility with the monomers considerably limits the choice (Fig. 10)
[92-99]. The most frequently used crosslinkers in acrylate systems are acrylate
esters of diols and triols such as ethylene glycol dimethacrylate and trimethy-
lolpropane trimethacrylate [92-94]. In styrene-based systems, isomers of di-
vinylbenzene are usually used [61a, 62].

Wulff et al. studied the influence of the degree of crosslinking on the suit-
ability of a MIP used as a chromatographic support to separate two enantiomers
- one of which had been used as the template [94]. The results obtained are
reported in Fig. 11, selectivity being represented by values of separation factor
o greater than 1. Irrespective of the crosslinker used, to obtain significant
recognition of the guest molecule, the network has to be strongly crosslinked
to limit chain relaxation [94]. For similar proportions of crosslinker, the use of
a short molecule (ethylene glycol dimethacrylate rather than tetramethylene

ﬁ?‘gw & 7~ WN\/\ LS
HaC |

0} OEt
Ethylene glycol dimethacrylate p-Divinyl benzene N N'-ethyleneb|s(prop 2-eneamide) Tetraethoxysilane
(EGDMA)  [92-94] (DVB) [61a,52] (EPEA) [95] (TEOS) (96

“@%?: AP @Q

N,N'-methylene bisacrylamide /
(MBA) [98] (o] O
H3C

. . p,p'-Diisocyanatodiphenylmethane
Trimethylolpropane trimethacrylate (DIDM) [99]

(TRIM) [97]

Fig. 10 Some of the crosslinkers used to prepare MIP
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Fig. 11 Influence of the proportion of crosslinker on the recognition specificity of MIPs. The
crosslinkers represented are ethylene glycol dimethacrylate (EGDMA), tetramethylene
dimethacrylate (TMDMA) and divinyl benzene (DVB) (adapted from [94])

dimethacrylate) but not too rigid (ethylene glycol dimethacrylate rather than
divinyl benzene) leads to more specific recognition. So, a high degree of cross-
linking appears necessary and in most cases over 70 mol.% crosslinker is re-
quired.

While a high degree of crosslinking enhances the mechanical stability of the
MIP, resulting in reduced deformation of the imprinted sites, it does rigidify the
network, deteriorating the extraction and insertion kinetics of the guest mol-
ecule and reducing the accessibility of the imprinted sites in the network. So,
in networks based on non-covalent interactions, at best 10% of the sites formed
are active. The result is that the high proportions of crosslinker bring about a de-
crease in the capacity of the network meaning that the MIPs can only be basi-
cally used for analytical purposes. In an attempt to alleviate this shortcoming,
it has been suggested that tri- and even tetravalent crosslinkers be used [100,
101]. Experiments have also been carried out with crosslinkers able to interact
in the same way as functionalised monomers [86].

Shaping the MIPs. The use intended for the MIP will determine its shape. The
most widely used technique consists of preparing a bulk polymer which is then
ground and graded. The particles obtained (Fig. 12(1)) can then be used in
various applications [68, 102, 103].

To use MIPs in chromatography, other techniques have been developed. Poly-
mers have been prepared in situ in chromatographic columns [104] and in cap-
illary systems for electrophoresis [105]. Their performance does not, however,
come up to expectations and efforts have been made to obtain more homoge-
neous materials. This was done in two ways: i) grafting or covering preformed
particles by the MIP. The particles covered can be silica or trimethylolpropane
trimethacrylate [52, 106-108]. Sve¢ and Fréchet used a process they call two-step
swelling. The first step consists of making polystyrene support beads and the
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Sum

Fig. 12 Scanning Electron Microscopy images of MIP used as stationary phase in chro-
matography: (1) MIP particles obtained by grinding, grading and sedimentation; (2) beads
prepared by an emulsion process (from [114])

second is the polymerisation around them of the MIP, leading to the formation
of perfectly spherical beads [109] and ii) the preparation of polymer beads via
processes in emulsion or in suspension [110-114]. Spherical imprinted parti-
cles with a very narrow size distribution are then obtained, and can be used as
high performance chromatography stationary phase (Fig. 12(2)).

The formation of thin layers and membranes, for analytical applications or
as sensors, has also been studied. Here, either the MIP is grown directly on a
surface (for instance an electrode) [115], or particles of MIP are held together
by a binder to generate a material similar to those used for thin layer chro-
matography [116]. The first method avoids the grinding step and thus reduces
the risk of deforming the sites.

A surface imprinting technique has also been investigated [117-122]: after
the template molecule has been dissolved in the presence of functionalised
monomer, the preformed complex is grafted onto an activated surface (silica or
a glass surface). This approach can prove to be particularly interesting for the
recognition of macromolecules such as proteins which present much greater
problems of insertion and extraction than small molecules [123]. Using simi-
lar techniques, metal adsorption sites can be integrated onto surfaces [124].

Finally, a new method for obtaining permeable MIPs has recently been de-
veloped: first, the guest molecule is grafted onto a very porous material (support
network), then polymerisation is carried out around it. The support network is
then destroyed leaving a highly porous MIP suitable for chromatographic ap-
plications [125].

2.1.3
Template Molecule Extraction Stage

The proportion of extraction of the template molecules interacting with the
MIP via easily hydrolysable covalent bonds or non-covalent linkages is esti-
mated to be about 90% [17]. The remaining molecules are trapped in highly
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crosslinked zones. This problem is exacerbated with macromolecules where
steric hindrance lowers the efficiency of extraction.

In addition, the synthesis of MIPs requires large quantities of guest molecule
(50 to 500 pmoles per gram of polymer). So, when pure template molecule is
difficult or expensive to obtain, reaching quantitative template extraction yields
can be primordial. Extraction conditions must then be optimised to obtain
yields of over 99% [126, 127].

The extraction step uses an appropriate solvent. It often proves to be long
and the actual process involved is dependent on the system in question. So,
automation of the washing steps for industrial applications still remains prob-
lematic.

Extraction of the template leaves a three-dimensional material in which the
cavity shapes and functional group locations are complementary to the guest
molecule.

2.2
Influence of the Solvent

Although this parameter has been little studied, the choice of solvent is also
particularly important in optimising the properties of MIPs:

- Particularly for non-covalent systems, in the steps of pre-organisation and
polymerisation, the solvent plays an essential role in that it influences the
type and the strength of the interactions occurring. The interactions are
strongly dependent on the polarity and the dissociating power of the sol-
vent. In the example of a MIP composed of ethylene glycol dimethacrylate
(EGDMA) and methacrylic acid (MAA) polymerised around atrazine, the
best performance was obtained with fairly apolar solvents such as toluene
and dichloromethane [128]. MIPs based on covalent interactions, on the
other hand, are only slightly affected by the type of solvent used [129].

- In addition, the solvent generates pores and, in conjunction with other
parameters such as temperature, influences the morphology of the mater-
ial (size, shape and size distribution of the cavities). For chromatographic
applications, macroporous networks are preferable. As the pores are more
accessible, recognition is enhanced and retention times reduced. For instance,
the use of acetonitrile as solvent in acrylate networks leads to a more macro-
porous structure than chloroform [130].

— When testing the properties of the MIP, the solvent modifies the morphology
of the network through swelling processes. For instance, in acrylate systems,
more swelling occurs in chlorinated solvents such as chloroform and
dichloromethane than in tetrahydrofuran or acetonitrile. The swelling can
decrease the recognition capacity. It is therefore often judicious to use an an-
alytical solvent with a structure as close as possible to that of the synthesis
solvent so as to create a micro-environment identical to that predominating
when the network was originally prepared [131].
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Most of the results obtained to date concern MIPs synthesised in organic me-
dia. They should now be transposed to aqueous systems which have a much
broader field of application (protein recognition) and perspectives of develop-
ment [132,133]. This poses a certain number of problems since the interactions
occurring in the two types of system are fundamentally different (Van der Waals
interactions for organic systems and hydrophobic interactions and complexa-
tion in aqueous media [134]).

3
Recognition Properties

3.1
Guest Capacity

As mentioned above, a certain number of sites in the MIP remain inaccessible.
This can be due to the presence of residual template molecules, excessive cross-
linking limiting diffusion, or deformation of the network. In covalent systems,
80 to 90% of the sites vacated can be occupied again; in non-covalent systems,
the proportion of reinsertion falls to 10 to 15% [135]. Non-covalent systems
therefore provide low-capacity materials. This difference of behaviour is ap-
parent from Fig. 13 [136b,c].

After extraction of the template, any deformation of the recognition sites,
due to swelling of the MIP by solvent or relaxation of the polymer chains can
hinder reinsertion. If the guest molecule is bound by covalent interactions
(Fig. 13(1)), the sites it can interact with are located exclusively inside the ‘im-
printed’ cavities which swell preferentially facilitating insertion. For non-co-
valent systems, on the other hand, (Fig. 13(2)), owing to the introduction of
an excess of functionalised monomer, three-quarters of the sites are located
outside cavities. Swelling occurs throughout the whole polymer and leads to
irreversible deformation of the recognition sites. This process stresses the im-
portance of using functionalised monomers that can interact in stoichiomet-
ric proportions with the template molecule. The capacity of MIPs for the guest
is generally low (typical values are 0.1 mg per gram of MIP). The development
of new polymeric systems involving for instance the use of new crosslinkers (tri-
functional or more) has led to significant increases in capacity: some systems
are now able to resolve up to 1 mg of a racemic mixture of peptides using one
gram of MIP [101]. These values are of the same order of magnitude as those
obtained with “classic” chiral stationary phases.

3.2
Specificity of Recognition

On reinsertion of the guest molecule or of molecules with a similar structure,
how can the specificity of the imprinted sites for the guest molecule be deter-
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mined on a macroscopic scale? In other words, how can the specificity of the
recognition generate an easily identifiable signal? Owing in particular to the
low capacity of the networks, this question is probably the most limiting for MIP
applications. Two approaches have been considered to resolve this problem:

- Direct measurement of the interaction between the network and the guest
molecule, when it is possible to quantify the variations of a property de-
pending on these interactions. For instance, the introduction of fluorescent
probes, either via the functionalised monomer or via the guest would allow
accurate assessment of any change in the immediate environment of the
probes [136]. The use of MIPs as recognition elements in sensors led to the
development of this approach (see below).

- Indirect assessment of the interactions by observing the modifications
brought about by the presence of the MIP on an element external to the
network. For instance, using a MIP as a chromatographic stationary phase
can provide a large amount of information about the network (capacity,
specificity, association constants, etc.) by analysing the composition of the
solution at the chromatograph outlet over time [114]. Similarly, for tests run
in static conditions (batch rebinding) where the MIP is placed in a solution
of known composition, the appearance or disappearance of molecules in the
supernatant can be evaluated by isotopic labelling [31a] or spectroscopic
analysis [30b].

Irrespective of how the problem is resolved, to evaluate accurately the contri-
bution made by the molecular imprinting technique, the results obtained with
the MIP should be viewed with respect to results obtained using a network with
the same chemical composition synthesised in the same conditions but in the
absence of the template molecule.

Remarks on the origin of the recognition process: Studies have shown in
some instances that the position of the functions in the cavity was the major
factor in the recognition process, the shape of the cavity as a whole simply im-
proving selectivity [78a].In a chiral context, experiments have shown that the
chirality of the recognition sites caused, on a larger scale, chirality in the MIP
polymer structure [137].

3.3
Lifetime of the MIPs

MIPs generally present good physical stability (mechanical resistance to high
pressures and temperatures) [138] and good chemical stability (resistance to
bases, acids, organic solvents and metal ions) [67,138]. They can be reused over
a hundred times and be stored at room temperature without losing their recog-
nition specificity [50]. These elements give MIPs numerous advantages over
their protein counterparts.
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4
Main Uses of Imprinted Polymers

MIPs find uses in four main types of application: separation of molecules,
preparation of antibody analogues, recognition elements for sensors, stereo-
selective reactions and catalysis.

4.1
Separation of Molecules

Imprinted materials can be used as stationary phase in affinity chromatography,
especially for the separation of enantiomers. Compared to standard chiral
stationary phases, these materials present the advantage of being synthesised “to
order” for a given enantiomerically pure molecule. These chromatographic
materials have allowed the separation of numerous compounds such as naprox-
ene (anti-inflammatory) [139], timolol (beta-blocker) [50] and nicotine [140].

Separation performance can be expressed by the separation factor o, which
is only dependent on the retention times of the two enantiomers, or by the
resolution factor R, which also takes into account the breadth of the chromato-
graphic peaks. The higher these factors are, the better separation is. Remarkable
selectivities have been obtained, for instance with an enantiomeric mixture of
the dipeptide N-acetyl-Trp-Phe-O-Me (non-covalent system, R,=17.8) [141] and

1. Imprinted beads of uniform size 2. Ground sieved MIP

(R) DNB (S) DNB
o (Template)

0 8 1(‘5 (min) E) é 16 24 32  (min)
Fig. 14 Chromatographic separation of the two enantiomers of N-(3,5-dinitrobenzoyl)-a-
methylbenzylamine (DNB) on networks imprinted around (S)-DNB. Effect of the mode
of preparation on the chromatographic properties: (1) imprinted beads of uniform size
(Fig. 12(2)); (2) ground graded MIP (Fig. 12(1)) (from [114])
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Fig. 15 Imprinted networks used for solid extraction. Explanatory schema

for a racemic mixture of phenyl-a-mannopyranoside (covalent system R;=4.3)
[142]. For example, Fig. 14 reports chromatograms obtained for the resolution
of a racemic mixture of N-(3,5-dinitrobenzoyl)-a-methylbenzylamine obtained
using the two materials of different morphologies presented in Fig. 12 [114].

The higher value of the separation factor « obtained with particles prepared
by bulk polymerization can be explained by the weak template-MIP interactions
involved (hydrogen bonding) when water is used as solvent, which decreases the
strength of the interactions. In the same conditions of synthesis and use, the
materials with a controlled structure (‘beads’) give a clearly higher resolution
factor R,.

These MIP were also successfully used for thin-layer chromatography [116]
and capillary electrophoresis [105]. Extraction in the solid phase (Fig. 15) has
also been extensively developed.

T T

min min
Fig. 16 Gas-phase chromatograms of extracts of human plasma; (1) after standard liquid-
liquid extraction; (2) after solid-phase extraction with an imprinted polymer. Peak 1: guest

molecule, R1=R2=CHj3, Peak 2: sameridine R1=CHj, R2=C,H;, Peak 3: internal standard
R1=R2=C,H; (from [143])
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In numerous fields, there is a great need for affinity matrices able to selec-
tively extract and enrich analytes such as medical analysis, the food and drug
industries and environmental applications. It has been demonstrated on many
occasions that extraction on imprinted polymer can give better results than
standard techniques such as liquid-liquid extraction, or extraction on Cg
phase. Figure 16 gives the example of the extraction of sameridine, an anal-
gesic, from human serum [143].

4.2
Preparation of Antibody Analogues

Recent studies have shown the efficiency of antibodies and artificial receptors
prepared by the molecular imprinting technique and demonstrated the possi-
bility of their use in therapeutic trials [102, 144]. Materials imprinted around
diazepam (tranquilliser) and theophylline (broncho-dilator) templates have
been found to have selectivities comparable to those of monoclonal antibod-
ies and almost nil cross-reactions with related substances (Fig. 17) [102].

Receptors for morphine and for leu-enkephaline, efficient not only in organic
media but also in aqueous solution, have also been synthesised [92]. Compared
to their biological counterparts, imprinted networks present the advantage
of being much more stable (chemically and physically), easy to synthesise and
having a larger choice of template molecules.

Rﬁ Rs
R4
P -
R Cross-reactivity (%)
L Rs Ligand in
O competition )
MIP Antibody
R4 Ro R3 R4 Rs Diazepam 100 100
Diazepam Cl  Me 0 H H Desmethyldiazepam 27 32
Desmethyldiazepam Cl H 0 H H Clonazepam ] 5
Clonazepam NO2 H 0 H cl Lorazepam 4 1
Lorazepam al O OH Alprazolam 2 1
Alprazolam cl >-‘~NNJ H H

Fig. 17 Cross-reactivities of various benzodiazepines for the adsorption of *H-diazepam on
the imprinted network. These reactivities are expressed as the molar ratio diazepam/com-
peting drug inhibiting 50% of the *H-diazepam binding (adapted from [102])
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4.3
Sensors

One of the most promising applications of imprinted networks is their use as
recognition elements in sensors [145]. A reminder of the principle of action of
these sensors is given in Fig. 18.

The MIP is in contact with a transducer which converts the chemical or
physical signal obtained on adsorption of the analyte into an easily quantifiable
signal. Various principles of transduction have been used: we can mention
ellipsometry [146], electric capacity [115], conductimetry [147], piezoelectric
microgravimetry [148], evanescent wave IR [149], fluorescence [136], amper-
ometry [150], voltammetry [151] and pH [152]. The imprinted materials allow
the highly specific detection of even very dilute molecules in mixtures that can
be complex and in extreme conditions (e.g. high temperature). They are there-
fore used or have been considered for use on ions, molecules with therapeutic
properties, combat gases (sarin and soman) [153], etc. Here again, their great
stability gives them a real advantage over the biomolecules commonly used.

A .0h

Analyte b Chemical signal ==————3» Electrical signal
o ~ I
Recognition
element Transducer

Fig. 18 Schematic representation of a sensor

4.4
Stereoselective Reactions and Catalysis

Reactions catalysed by enzymes are stereo- and regioselective. Abzymes and
catalytic antibodies [154] constitute a first approach in mimicking such sys-
tems, but they are difficult to use.

Numerous research groups have attempted to make use of the selectivity of
MIPs to prepare enzyme analogues with a catalytic activity [71,155-170]. One
strategy was to prepare a MIP around a template molecule with a structure
similar to that of the substrate. The functional groups that play a catalytic role
in the imprinted site are judiciously placed, by interaction with the functional
groups on the guest molecule. An example of this strategy, represented in
Fig. 19(2) [171, 172] concerns the catalysis of the dehydrofluorination of an
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Fig. 19 MIPs used in catalysis: (1) ester hydrolysis (adapted from [156]); (2) dehydrofluo-
rination (adapted from [171])

a-fluoroketone. The carboxylic catalytic group, placed in a favourable position
by interaction with an amine function, catalyses the reaction very efficiently:
the substrate, which is introduced afterwards, reacts 600 times faster than when
the reaction occurs in solution. This value is close to that obtained with catalytic
antibodies (1600 times faster) [171].

The most widely used strategy involves the synthesis of the network around
a structural analogue of the transition state of the reaction. The imprinted sites
then correspond to the conformation of the substrates in the transition state.
For ester hydrolysis this state can, for instance, be simulated by a phosphonate
derivative as template [156, 167]. An imprinted network with an esterase-type
catalytic activity can then be obtained. For the MIP represented in Fig. 19(1),
the reaction rate is increased 100-fold with respect to the reaction without
catalyst and kinetics of the Michaelis-Menten type, as well as inhibition by an
analogue of the transition state are observed [156].

Other reactions catalysed by MIPs have been described, including Diels-
Alder type reactions [168,170], aldol condensations [173] and isomerisation of
benzisoxazoles [174], etc.

Apart from having a simple catalytic role, MIPs can be used in stereoselec-
tive [175, 182] and/or regioselective reactions [183]. In the example presented
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Deprotection

Fig. 20 Example of a regioselective reaction: the MIP enables acetylation on a specific hy-
droxyl group of the steroid while the other free hydroxyls are masked (adapted from [184])

in Fig. 20, a steroid with three free hydroxyl groups can be selectively acetylated
on one of the hydroxyls, the others being masked by interactions with the
imprinted network [184].

Finally, note that it has been proposed to modify enzymes using the princi-
ples of the molecular imprinting technique to modulate their action [185].

The catalytic activity of molecularly imprinted networks is still well below
that of enzyme systems. However, even though imprinted materials cannot
as yet compete with their biological counterparts, their high chemical stabil-
ity and the possibility to use them in organic phases give them a promising
future.

5
Summary and Outlook

The technique of molecular imprinting covers a wide range of applications.
Compared to alternative techniques (involving biomolecules, abzymes, etc.), it
presents a number of advantages: cost effectiveness, mechanical, thermal and
chemical stability, long lifetime. As illustrated by the numerous patent appli-
cations, the first industrial uses for these materials have already been consid-
ered [186]. However, a certain number of factors limit the development of these
materials.
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In systems based on non-covalent interactions, a large excess of funtion-
alised monomer is introduced to favour the formation of the complex. The
result is a random distribution of moieties liable to interact in addition to the
active sites. This leads to a very heterogeneous population of recognition sites,
lowering the performance of the imprinted networks (low capacity, reduced
specificity, etc.). To overcome this, new monomers with a higher affinity for the
guest molecule are being developed [59, 86].

In addition, the transposition of MIPs to aqueous media poses a certain
number of problems related to the different types of interactions involved in
this type of medium [134]. Similarly, for use in catalysis, much progress is yet
to be made before industrial application can be considered [155].

Most of the drawbacks in MIPs have been linked to the fact that a large
amount of crosslinker is needed (usually around 80-90%) to restrict distortion
of the polymer backbone [17, 187]. The resulting stiffness of the network hin-
ders the extraction and reinsertion of the template in the imprinted cavities and
drastically decreases the capacity of the material [17]. Various ‘surface im-
printed’ materials [117-122] have been reported to solve some of these problems
but their capacities are very low.

Some promising materials have been proposed that have a certain rigidity
maintaining the integrity of the recognition sites while remaining sufficiently
flexible to enhance transfer of molecules and optimise the host-guest interac-
tions.

These apparently antagonistic properties can however co-exist as shown by
the way in which cell membranes operate (Fig. 1). The membranes occur in the
form of a closed surface composed of a liquid film bathing in another immisci-
ble liquid. They are essentially composed of a phospholipid bilayer integrating
cholesterol, proteins and polysaccharides.

The hydrophobic alkyl chains are directed towards the interior of the film,
whereas the hydrophilic poles cover the two faces of the film. Phospholipids tend
to orient their chains perpendicularly to the film forming an ordered
2-D liquid. The proteins that are inserted into the bilayer themselves have
regions that are more hydrophobic or more hydrophilic depending on the amino
acids of the polypeptide chain. The hydrophobic parts are generally buried in-
side the bilayer while the hydrophilic parts protrude outwards. This membrane
structure, although highly dynamic, remains coherent: the various molecules
that make it up are in motion but the interactions that exist between them are
sufficient to maintain the integrity of the structure. The supramolecular or-
ganisation is sufficient to maintain the recognition sites (especially on the pro-
teins) in optimal positions to ensure that recognition is specific.

The use of systems based on supramolecular organisation therefore appears
to be an interesting alternative in the technique of molecular imprinting. The in-
tegrity of the structure would not only be ensured, like in standard networks, by
covalent chemical bonding but by the so-called “weak interactions” between the
components of the network. It is in this light that polymer gels, 2-D films, and
materials with a liquid crystal organisation have started to be developed.
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5.1
Molecularly Imprinted Hydrogels

Hydrogels are cross-linked polymer networks that have the ability to absorb
significant amounts of water. Their swelling behaviour can be modulated by ex-
ternal stimuli such as pH, temperature, ionic strength, electric field or con-
centration gradients. Tanaka and colleagues first obtained lightly crosslinked
imprinted gels (less than 3 mol% crosslinker per mole monomer) that memo-
rised their molecular conformation upon swelling and shrinking [188]. So, in
arecent paper [189], Byrne and colleagues discussed the possibility of using a
molecular imprinting technique in hydrogels to control the swelling behaviour
of the material and so modulate their analyte binding ability (Fig. 21).

Swelling

_.—%

a b

Fig. 21 Less crosslinked imprinted hydrogels: a rebinding of template; b swelling of the
network leads to sites with varying affinity (adapted from [189])

5.2
Two-Dimensional Molecular Imprinting

Use has been made of lyotropic phases (such as micelles or vesicles) or Lang-
muir-Blodgett structures based on local 2-D organisation of molecules to form
functionalised surfaces with a sharply defined molecular geometry. Two types
of strategy have been applied to reach this aim:

- The simultaneous deposition of surfactant and template molecules, bound co-
valently or non-covalently,leading to the formation of a monolayer. [190, 28¢].
This involves the formation of a deposit on a metal electrode (Fig. 22). The
extraction of the template leaves a monolayer bearing sites allowing specific
access to the electrode. The technique is well suited to the design of sensors.

- The formation of 2-D structures including functionalised parts. Mobility
within the 2-D surfaces generated can optimise the positioning of the func-
tionalised molecules with respect to the template. These structures can then
be “frozen” by polymerising the vinylic surfactants used to form the layers
[191]. In this way, Arnold et al. [87] prepared polymeric material function-
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s w3

Fig. 23 a Schematic illustration of molecular imprinting of proteins on the surface of a
metal-coordinating bilayer assembly (adapted from [87]). b Synthetic procedure for Cu(II)
imprinted microspheres (adapted from [37, 124])

alised with metal ions to interact specifically with proteins (Fig. 23a). Like-
wise, superficially imprinted polymer beads were obtained from micellar
structures [37,124]. They presented good selectivity for the guest, which was
the cupric ion (Fig. 23b).

In all cases, the imprinted surfaces generated in this way presented a higher

affinity towards the template with respect to non-imprinted surfaces.

53
Liquid Crystalline Imprinted Materials

In order to soften the network while preserving the memory of the template,
the use of liquid-crystal networks should be a useful tool. In such systems, the



Molecular Imprinting: State of the Art and Perspectives 27

interactions that develop between mesogenic substituents confers a stiffness to
the network formed from non-covalent reversible interactions [192]. Moreover,
any manifestations of the interaction between the polymer backbone and the
mesogenic side-chains could be transmitted to the macroscopic level provided
that chemical cross-links are introduced between the polymer backbones to
form liquid crystal elastomers. Such behaviour was predicted by de Gennes
[193] and subsequently a number of phenomena have been observed experi-
mentally, including electrically-induced shape changes [194], strain-induced
switching [195], transfer of chirality [196] and memory effects [197,198]. The
effect of cross-linking biases the structure towards the backbone configuration
present at the time of network formation; any distortion of this configuration
is opposed by the elasticity of the network. Consequently, such materials dis-
play a memory of both backbone anisotropy and (by virtue of coupling) side-
chain orientation. As a result, in such liquid crystalline materials used as MIPs,
the template can be extracted without losing the imprinted information even
with low crosslinking ratios [197-200]. Moreover, the template would be
easily extracted by use of a solvent that swells the network or by heating the
network above the liquid-crystal/isotropic transition.

Liquid crystalline imprinted materials have been synthesized (Fig.24) from
polysiloxanes with mesogenic side-chains. In some of them, acetophenone was
chosen as template and was covalently linked to the mesomorphous network
via a ketal link [199]. In the others, the templates (carbobenzoxy-L-phenylala-
nine, 1,8-diaminonaphthalene or theophylline) were in interaction with the me-
somorphous polymer via hydrogen bonding [200]. All the imprinted networks
were obtained as dense membranes.

It was observed that a high proportion of template (10%) can be introduced
without losing the mesomorphic order [199]. Moreover after template extrac-
tion, the polymorphism was quite different from that of the non-imprinted
material, the variations depending on the structure of the template used and
on its concentration [200]. The last point is the manifestation of a significant
memory effect of the template, imprinted inside the mesomorphic structure.
It arises from the interactions between template and the other parts of the net-
work which can induce conformational constraints inside the networks during
cross-linking. It occurs even though the amount of crosslinker is low (5%).
Moreover, this point constitutes a means for the direct study of the imprint left
in the network by the template.

Concerning molecular recognition properties, for all the materials synthe-
sised, imprinted networks exhibit a much higher affinity towards the template
than non-imprinted networks. For instance, in the case of 1,8-diaminonaph-
thalene used as the template [199], the amount of this molecule rebound by the
materials in the mesomorphic state is reported in Fig. 25.1t is obvious that the
non-imprinted network exhibits significantly lower template uptake compared
to the imprinted network. These results indicate that, in addition to the hydro-
gen bonding or electrostatic interactions between the functional groups of
the polymers and template, microcavities corresponding to the shape of the
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Fig. 24 Liquid crystalline materials imprinted via: a covalent linkages with acetophenone as
template (adapted from [199]); b hydrogen bonding with 1,8-diaminonaphtalene as template
(adapted from [200])

template are necessary for effective binding. Consequently, the polymer gains
affinity for the template through the optimisation of molecular imprinting
technology. Moreover, the network showed higher selectivity for the template
than for a closely related compound (Fig. 25). Other experiments, obtained
when theophylline or carbobenzoxy-L-phenylalanine were used as templates,
have shown similar results [201].

On the other hand, the molecular trapping capacity of the networks
(150 pmol/g of polymer) was shown to be much greater than that of most of the
previously studied non-mesomorphous systems [197].
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Fig. 25 Molecular recognition properties of a mesomorphous network imprinted around
1,8-diaminonaphtalene compared to a non-imprinted network (adapted from [201])

It is also possible to envisage exploiting other characteristics of liquid crys-
tals to improve the recognition properties: the use of chiral mesophases to
optimise the stereospecificity or modulate interactions between the recognition
sites and the guest molecule by passing through the isotropic state, for example.
These mesomorphic networks could also adapt to the geometry of the substrate
to optimise the interactions occurring and thus enhance catalytic reactions.

6
Conclusion

The technique of molecular imprinting is currently in full development both
from the point of view of design and study of the materials and of their
actual domains of application. Widely used for the separation of molecules,
it is now playing an increasingly active role in synthesis, in particular to gen-
erate stereospecific microreactors. The appearance of new materials involving
supramolecular organisation appears promising in the improvement of recog-
nition properties. Adapting the geometry of the cavities to the substrate and
modulating it during the various phases of the process (formation, extraction,
insertion), would then bring us another step closer to mimicking biological
processes.
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Abstract This chapter describes polymers employed in formulation of chemically amplified
resists for microlithography, which have become the workhorse in device manufacturing
for the last few years and are continuing to be imaging materials of choice for a few more
generations. The primary focus is placed on chemistries that are responsible for their litho-
graphic imaging. Furthermore, innovations in the polymer design and processing that
have supported the evolution of photolithography and advancement of the microelectron-
ics technology are described. The topics covered in this chapter include the history, rapid
development in the last 20 years, the current status, and the future perspective of chemical
amplification resists.
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TEMPO 2,2,6,6-Tetramethyl-1-piperidinyloxy
TFE Tetrafluoroethylene

TFMAA 2-Trifluoromethylacrylic acid

T, Glass transition temperature

TGA Thermogravimetric analysis

THF Tetrahydrofuran
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TMS Trimethylsilyl

TSI Top surface imaging
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VEMA Vinyl ether-maleic anhydride
vVOC Volatile organic compound
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XPS X-ray photoelectron spectroscopy
1

Introduction

Computers, once considered to be expensive computation tools only for scien-
tists and engineers, have become household electronic gadgets like domestic
appliances. The advancement and evolution of microelectronic devices we have
witnessed for the last two decades are astounding. The rapid improvement
of the performance of semiconductor devices has been brought about by
miniaturization - by reducing the minimum feature size on the chip. The rapid
innovation cycles unique to the semiconductor technology have been often
expressed by the famous “Moore’s Law” [1]. Gordon E. Moore, a co-founder of
Intel, made his famous observation in 1965 that circuit densities of semicon-
ductors had and would continue to double on a regular basis, which has not
only been validated but has since been dubbed “Moore’s Law” and now carries
with it enormous influence (Fig. 1).

Semiconductor devices, so-called computer “chips”, are fabricated by a
technology known as microlithography. As depicted in Fig. 2, the lithographic
imaging process involves use of radiation-sensitive polymeric materials called
“resists” to produce circuit patterns in substrates such as single crystals of sil-
icon. The resist material is applied by spin-coating to form 1-0.1 pm-thick
films on substrates (wafers). The wafers are then baked on hot plates to remove
casting solvents (postapply bake (PAB), pre-exposure bake, or prebake). The re-
sist films are next exposed in an imagewise fashion through a mask (photo- and
X-ray lithography) or directly with finely focused electron beams. The exposed
resist films are subsequently developed with a developer solvent to generate
three-dimensional relief images. The resist materials are classified in general
as positive or negative systems. In the positive-tone imaging, the exposure
renders the resist film more soluble in the developer. Conversely, negative-tone
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images are produced when the exposed areas become less soluble in the de-
veloper. The resist film remaining after the development process functions as
a protective stencil during etching of the substrate. The resist film must “resist”
the etchant and protect the underlying substrate while the areas bared by
development are being etched. The resist film remaining after etching is finally
removed, leaving behind desired circuit patterns in the substrate. The process
is repeated several times to fabricate complex semiconductor devices.

Resist materials must satisfy numerous demanding requirements, which have
become and are becoming more and more stringent as the minimum feature
size continues to shrink. Such requirements are:

- Good solubility in “safe” solvent

- Formation of uniform defect-free films
- Good adhesion to various substrates

- Ease of synthesis

- Good storage stability

- Low health and environmental hazards
- High thermal stability

- Adequate UV absorption (in photolithography)
- Good dry etch resistance

- High contrast

- High resolution

- High sensitivity

- Wide process latitudes

- Low price
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Since the casting solvent constitutes the largest volume of resist formulations,
the use of a so-called safe solvent is an important requirement. Although
attempts to employ water and supercritical fluid (SCF) carbon dioxide as a cast-
ing solvent have emerged, the casting solvents mainly used in resist formula-
tion today are propylene glycol methyl ether acetate (PGMEA), ethyl lactate, etc.
Furthermore, the casting solvent can significantly affect the film and image
qualities. However, resist polymers, which are the second largest component
of resist formulations and the largest component in resist films after PAB, con-
tribute to all aspects of resist characteristics and performance in a profound way.
Thus, resist resins as functional polymers play a key role in microlithography
and have provided exciting research opportunities to polymer scientists and
engineers. Among the many requirements resist materials must satisfy, contrast
and sensitivity are the most commonly employed parameters to describe resist
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performance. So-called “sensitivity (or contrast) curves” for positive and neg-
ative resists are schematically presented in Fig. 3. The thickness of the exposed
resist film (normalized to the initial thickness) remaining after development is
plotted as a function of logarithmic exposure dose (m]/cm? for UV and X-ray
resists and pC/cm? for e-beam resists). The sensitivity of positive resists is
defined as the dose at which the exposed areas are cleanly developed to the sub-
strate with a minimal thickness loss in the unexposed regions. In the case of
negative systems, the sensitivity is generally defined as the dose at which 50%
of the thickness is retained in the exposed areas. The contrast (y) is determined
from the slope of the linear portion of the curves. Higher contrasts lead to
higher resolution in general and the resolution is the Holy Grail of microlith-
ography.

In addition to the binary classification based on the imaging tone, resists can
be divided on the basis of their design into 1) one-component and 2) multi-
component systems (Fig. 4). One-component resists consist of pure radiation-
sensitive polymers that must combine all the necessary attributes as mentioned
above, and have long lost ground. The modern advanced lithography is ex-

‘ one-component |>~{ multi-component|

RESIST I

| positive |—~| negative |
[ I I ]

I photo | I e-beam | I EUV | I X-ray

|
[ nearuv | [ miduv | [ deepuv |
l—k—l l—k—\

| g-line (436 nm) | | i-line (365 nm) | | KrF (248 nm) | | ArF (193 nm) | [ F2(157 nm) |

Fig. 4 Resist classification
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clusively based on the two-component design, in which resist functions are
provided by two separate components. In the two-component systems, the
polymers are typically inert to radiation and function as an etch resistant
binder. However, in the other important two-component systems, the polymers,
which are radiation-insensitive, participate in reactions induced by irradiation
of a radiation-sensitive component.

Another commonly employed resist classification is based on radiation
sources: 1) UV or photo-resists; 2) extreme UV (EUV) resists; 3) X-ray resists;
and 4) electron beam (e-beam) resists (Fig. 4). Photolithography employing
ultraviolet (UV) light has been the dominant technology in logic and memory
device manufacture for many years and is likely to maintain its dominance
in the foreseeable future. X-ray lithography, primarily based on storage ring
synchrotron radiation and capable of generating high resolution, high aspect
ratio (height/width) images, has been pushed back due to advancement of pho-
tolithography. Electron beam lithography is primarily employed in fabrication
of masks for photo- and X-ray imaging and may be employed in device man-
ufacture in a projection mode in the future. Photolithography can be further
divided into 1) near UV (350-450 nm), 2) mid-UV (300-350 nm), 3) deep UV
(250-190 nm), and 4) vacuum UV (157 nm) technologies, depending on the
wavelength of exposure (Fig.4). EUV is actually soft X-ray at 13.4 nm and is not
considered to be an extension of photolithography.

The above-mentioned resist classification based on radiation sources/expo-
sure wavelength is the reflection of the industry’s quest for higher resolution. The
lithographic resolution (R) is proportional to the exposing wavelength (A) and
inversely proportional to the numerical aperture (NA) of the lens (Rayleigh’s
equation):

R = k,\/NA

Thus, the migration has occurred from g-line (436 nm) to i-line (365 nm) of Hg
discharge lamps, followed by an incremental increase in NA of the i-line lens,
to achieve higher resolution. Improvements of resist materials and processes
as well as optical resolution enhancement techniques (RET) decrease k;. The
astounding advancement of integrated circuit devices has been accomplished
by increasing the number of components per chip; by continually reducing the
minimum feature size on the chip. The quest for higher and higher resolution
dictates the microlithographic technology.

The resist system which supported the i-line technology for many years in
an exclusive manner was so-called diazonaphthoquinone (DNQ)/novolac re-
sists (Fig. 5). This type of resists originally invented for printing by Stiss [2] is
a two-component system consisting of a novolac resin and a photoactive com-
pound (PAC), diazonaphthoquinone. The novolac resin is soluble in aqueous
base in virtue of the acidic phenolic OH functionality. However, the lipophilic
diazonaphthoquinone dispersed in the phenolic matrix inhibits the dissolution
of the resin film in an aqueous base developer. UV irradiation of the photoac-
tive compound results in formation of a highly reactive carbene, accompanied
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by release of nitrogen, with a quantum yield of 0.2-0.3. The carbene interme-
diate undergoes the Wolff rearrangement to ketene, which rapidly reacts with
ambient water in the film to produce indenecarboxylic acid [3] (Fig.5). The net
result is a photochemical transformation of dissolution inhibiting quinonedi-
azide to base-soluble indenecarboxylic acid. In consequence, the exposed areas
of the resist film dissolve much faster than the unexposed in an aqueous base
developer. Thus, positive-tone relief images result.

The role of the novolac resin is not as minor as it may seem as a base-solu-
ble binder. While the aromatic nature of the resin provides high dry etch re-
sistance, the novolac structures and properties such as the ratio of o-cresol to
m-cresol, the ratio of ortho to para backbone linkages, the molecular weight,
and molecular weight distribution all affect the dissolution behavior, thermal
flow resistance, and lithographic performance. The optimization of the novolac
and diazonaphthoquinone properties in conjunction with the improvement of
the i-line step-and-repeat exposure tools has pushed the resolution limit of
photolithography to a sub-0.5-pm regime [4].

Miniaturization has continued. The drive to higher resolution has necessi-
tated a further shift from i-line to deep UV employing the 254 nm emission from
Xe-Hg lamps or the 248 nm emission from krypton fluoride (KrF) excimer
lasers. Attempts to utilize the novolac/diazoquinone resist failed because of
its insufficient sensitivity and poor imaging quality. The novolac resin strongly
absorbs in the 250 nm region and the diazonaphthoquinone which bleaches
cleanly upon irradiation in the near UV range exhibits a significant residual
absorption in the deep UV region, thus limiting penetration of the light to the
surface of the resist film, which results in formation of a sloped resist wall pro-
file that is useless in the subsequent process steps. Efforts to design more trans-
parent and bleachable photoactive dissolution inhibitors and search for more
transparent base-soluble polymers were only partially successful. Use of trans-
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parent polymethacrylate-based one-component resists that undergo main chain
scission upon deep UV irradiation did not bear a fruit either due to their low
sensitivity. Sensitivity enhancement was the major research subject in the
resist science and technology for many years but was very much incremental
and marginal. The Hg discharge lamp had an extremely small output at 254 nm,
demanding a couple of magnitude higher resist sensitivity for acceptable wafer
throughput. The advent of the KrF excimer laser technology was expected to
ease the sensitivity requirement. However, insertion of many optical elements
between the laser source and the wafer plane dramatically reduced the radiation
output available to the resist film and thus the high sensitivity still remained as
an important issue. The shift to deep UV lithography required a completely new
resist concept.

The concept of chemical amplification was proposed in the early 1980s to
overcome the sensitivity limitation imposed by the imaging mechanism re-
quiring several photons to produce one useful photoproduct. The chemical
amplification concept has become the exclusive foundation for advanced high
resolution resist systems and played a pivotal role in realization of the deep
UV lithographic technology and in extension of photolithography to a higher
dimension. The semiconductor industry implemented deep UV (248 nm) lith-
ography first in manufacture of 256 Mbit DRAM and related logic devices with
the minimum feature size of 0.25 pm and then extended it to a 130 nm node.
The 248 nm lithography employing chemical amplification positive resists
is the current workhorse of the device manufacturing. A deep UV technology
employing ArF excimer lasers (193 nm) is currently being implemented for
manufacture of devices with a critical dimension of <130 nm. Furthermore a
new photolithographic technology has emerged, which employs F, excimer
lasers emitting at 157 nm. All these photolithographic technologies operating
at a wavelength below 248 nm and the next generation lithographic (NGL) tech-
nologies such as EUV, e-beam, and X-ray require chemical amplification resists
as imaging materials. A number of reviews on various aspects of resist chem-
istry and processing are available [5-22].

2
Chemical Amplification Concept

The resist sensitivity is a very important parameter to be considered as it is
directly related to wafer throughput and therefore device manufacturing cost.
Thus, sensitivity enhancement was a primary research activity in the field of
microlithography in the 1970s and early 1980s. However, the enhancement of
sensitivity achieved at that time was too incremental and marginal. Quantum
yields, expressed as the number of molecules transformed per photon absorbed,
characterize the efficiency of photochemical events. Typical diazonaphtho-
quinone has a quantum yield of 0.2-0.3, which means that three to five photons
are needed to convert a single molecule of the photoactive compound. An in-
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crease in the quantum yield to its theoretical upper limit of unity would result
in only a three- to fivefold increase in sensitivity. However, orders of magnitude
of sensitivity enhancement were required to make deep UV, e-beam, and X-ray
lithography economically feasible in terms of unit area exposed per unit time.
It was apparent that a gain mechanism in resist chemistry or processing was
needed to meet the sensitivity requirement.

The concept of chemical amplification was proposed by Ito, Willson, and
Fréchet in 1982 [23,24]. In the chemical amplification scheme, a single photo-
chemical event induces a cascade of subsequent chemical transformations
in a resist film; irradiation produces active species that catalyze numerous
chemical reactions (Fig. 6). In general, these chemical transformations are
accomplished by heating the exposed resist film (postexposure bake (PEB) or
postbake). Although the active species could be either ionic or radical in prin-
ciple, use of photochemical acid generators (PAGs) which was proposed in the
original chemical amplification concept [25] has become the primary and
almost exclusive foundation for an entire family of advanced resist systems. The
successful application of acid catalysis to the resist design has prompted re-
search efforts in photochemical base generators [26-29]. However, since base
catalysis has not been widely accepted as a viable resist design, this article deals
with only acid-catalyzed chemical amplification resists.

3
Photochemical Acid Generators

Various PAGs have been synthesized specifically for use in chemical amplifi-
cation resists, reflecting their important impact on lithographic performance
(Fig.7) [13,30]. The choice of PAG depends on a number of factors such as the
nature of radiation, quantum efficiency of acid generation, solubility, miscibil-
ity with resin, thermal and hydrolytic stability, plasticization effect, toxicity,
strength and size of generated acid, impact on dissolution rates, cost, etc. In
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Fig. 7 Classification of photochemical acid generators

Fig. 8 are presented representative acid generators. In addition to the thermal
stability of PAG by itself, its hydrolytic stability is important as PAG tends to
decompose at lower temperatures in an acidic matrix polymer [31, 32].

Acid generators can be divided into two groups; ionic and non-ionic. So-
called onium salt acid generators such as triarylsulfonium and diaryliodonium
hexafluoroarsenates and antimonates (ionic and metallic) were initially devel-
oped for photochemical curing of epoxy resins by Crivello [33] and generate the
strongest acids with excellent quantum yields. The mechanism of acid genera-
tion has been extensively studied [34-40] and is shown in Fig. 9 for triphenyl-
sulfonium salts. In a viscous medium a cage effect dominates the distribution
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Fig. 8 Representative acid generators

of the photolysis products [39]. Quantum chemical calculation has been also
performed to investigate the photolysis mechanism [41]. In the case of e-beam
exposure, electron transfer from a matrix polymer to a sulfonium salt plays an
important role [42]. Although triphenylsulfonium hexafluoroantimonate was
employed in the very first chemical amplification resist which manufactured
DRAMs in the mid-1980s [43], the lithography community has moved away
from the metallic acid generators. Triphenylsulfonium trifluoromethanesul-
fonate (triflate) which generates the strongest organic acid was a logical alter-
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Fig. 9 Photolysis mechanism of triphenylsulfonium salts

native. Triarylsulfonium salts are the most thermally stable acid generators with
the onset of decomposition observed at ca. 350 °C. The onium salts are typically
sensitive to deep UV, e-beam, and X-ray irradiation and can be red-shifted for
near UV use by incorporating a chromophore in the structure [44] or by adding
a sensitizing molecule [36, 38,45-47]. Diaryliodonium sulfonates such as di(tert-
butylphenyl)iodonium perfluorobutanesulfonate (nonaflate) (DTBPIONf) and
perfluorooctanesulfonate are heavily used in resist formulation.

The non-ionic acid generators have been primarily developed for use with
chemical amplification resists. Organohalides such as tetrabromobisphenol
A and 4,6-bis(trichloromethyl)-1,3,5-triazine generate hydrogen halide upon
irradiation and were employed in early negative-tone chemical amplification
resists [48].Their high volatility and limited acidolysis capability are the pri-
mary reasons for their poor acceptance. The majority of efforts has been placed
on non-ionic organic acid generators which produce sulfonic acids when irra-
diated. There are two groups; sulfonate esters and sulfonyl compounds. In some
cases, sulfinic acid is generated [49, 50]. Polymerizable and polymeric acid
generators have been also reported [51-55].

Because of the health hazard associated with fluorinated sulfonates, which
was discovered recently, a new class of ionic acid generators has been proposed
from 3M (imides and methides in Fig. 8) [56].
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Quantum yields of acid generation and the concentration of acid photo-
chemically generated in resist film are important factors in resist designing,
processing, and modeling. Several experimental methods to quantify acid con-
centration in exposed resist film have been proposed [48, 57-61]. The most
popular method is spectrophotometric detection of photochemically generated
acid using an acid sensitive dye such as families of sulfonephthaleins (tetra-
bromophenol blue sodium salt, for example) [48, 59], merocyanines [57], mono-
azines [60a], xanthenes (Rhodamine B, for example) [60b], and benzothiazoles
[60b]. Each exposed resist film on a Si wafer is extracted with a solvent, to
which is added a dye solution. Absorbance of each resist extract is measured on
a spectrophotometer and compared with a calibration curve to determine acid
concentration. In situ spectrophotometric methods involving doping a resist
with an acid sensitive dye have been also developed [62-65]. An ion conductiv-
ity method for acid quantification has been also reported [58]. Photochemical
PAG decomposition in resist film was investigated by dissolving exposed resist
film in a NMR solvent such as acetone-ds and performing quantitative inverse
gate ’C NMR analysis [66].

Photochemically generated acid must diffuse in resist film to catalyze desired
reactions and to provide a gain mechanism for amplification. However, exces-
sive diffusion (into the unexposed areas) destroys the linewidth control and
eventually the resolution. Thus, as the minimum feature size becomes smaller
and smaller, the control of acid diffusion plays a more important and difficult
role. Therefore, investigation of acid diffusion in chemical amplification resist
film is one of the most active areas of research today. A number of experimental
procedures to measure acid diffusion length have been reported [67-88]:

- Hard contact X-ray lithography [72, 81]

- Conductivity measurements [69, 75,78, 82]

- Integrated array electrodes [73, 81]

- Scanning tunneling microscopy [74]

- Laser confocal microscopy [86]

- Bilayer system consisting of an acid-containing layer and an acid-labile
polymer layer [68, 75,79, 84, 87]

- Irradiation of opaque resist films to study downward diffusion [88]

Although the primary function of acid generators is to produce acid upon irra-
diation for subsequent acid-catalyzed reactions, these photoactive compounds
affect the lithographic performance of the resulting resist in a profound and
complex way. For example, certain acid generators strongly inhibit dissolution
of phenolic and other acidic resins in aqueous base developer [44, 89]. Photoly-
sis of dissolution inhibiting PAG in a novolac resin results in faster dissolution
of the exposed areas in aqueous base and thus positive images are generated
upon base development (without PEB and without involving acid-catalyzed
deprotection). In this case PAG functions like diazonaphthoquinone.
Distribution of PAG in spin-cast resist film can affect image profiles. Thus,
efforts have been made to tailor the PAG structure for adequate polarity and to
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determine experimentally the depth distribution of PAG in spin cast films by,
for example, Rutherford backscattering spectrometry (RBS) and dynamic sec-
ondary ion mass spectrometry (SIMS) [90, 91].

Use of alkylsulfonium iodides in conjunction with PAG has been reported
to enhance contrast and to control acid diffusion in e-beam imaging [92].

A new interesting concept to further increase the sensitivity of chemical
amplification resists has been proposed primarily for 193 nm lithography. An
“acid amplifier” in resist film, inert to radiation, produces a large number of
acid molecules by its catalytic reaction with a photochemically generated acid
(Fig.10) [93,94]. In many cases only weak sulfonic acids such as p-toluenesul-
fonic acid (tosic acid, TsOH) are generated by this mechanism and an aromatic
structure incorporated into acid amplifiers to promote acid cleavage increases
193 nm absorption.

4
Chemically Amplified Imaging Mechanisms

The original chemical amplification scheme reported in the early 1980s con-
tained three mechanisms [25]: depolymerization for positive imaging, depro-
tection for dual tone imaging, and polymerization for negative imaging. Since
then numerous imaging mechanisms based on photochemically-induced acid
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catalysis have been reported as illustrated as a family tree in Fig. 11, which are
described in this chapter.

4.1

Deprotection

Acid-catalyzed cleavage of pendant protecting groups to generate base-soluble
acidic functionalities such as phenol and carboxylic acid was one of the three
initial mechanisms of chemical amplification [23,25]. This imaging mechanism
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has drawn a great deal of attention because it provides the basis for designing
aqueous base developable positive resists for replacement of diazoquinone/
novolac resists in short wavelength lithographic technologies. In fact, today’s
advanced positive resists are exclusively built on this deprotection mechanism.

41.1
Carbonates

The very first resist designed on the basis of acid-catalyzed deprotection was
IBM’s tBOC resist, which was a two-component system consisting of poly(4-tert-
butoxycarbonyloxystyrene) (PBOCST) and an acid generator [23,25]. Figure 12
illustrates the imaging chemistry of the classical tBOC resist. The phenolic func-
tionality of poly(4-hydroxystyrene) (PHOST) is protected with an acid-labile
tert-butoxycarbonyl (fBOC) group. This lipophilic carbonate polymer is con-
verted upon PEB at ~100 °C for a couple of minutes to PHOST by reaction with
a photochemically generated acid, releasing carbon dioxide, isobutene, and a
proton, while the protecting group is stable thermally to 190 °C in the absence
of acid. This deprotection reaction is truly catalytic A ;-1 acidolysis which does
not require a stoichiometric amount of water and thus the photochemically
generated acid is not consumed by one reaction but regenerated to carry out a
number of deprotection reactions. A catalytic chain length of the tBOC resist
has been estimated to be ca. 1000 under normal processing conditions [57]. The
acid-catalyzed deprotection reaction converts a lipophilic polymer to a hydro-
philic polymer, providing a large change in the polarity and hence solubility
of the polymer. This polarity change can be exploited in dual-tone imaging
simply by changing the polarity of the developer solvent. Polar solvents such
as alcohol and aqueous base, which are non-solvent for the lipophilic PBOCST
remaining in the unexposed regions, dissolve only the polar PHOST produced
in the exposed regions, thus providing positive-tone images (Fig. 13 top). Con-
versely, use of a nonpolar organic solvent such as anisole produces negative-
tone images because such a solvent dissolves PBOCST readily but not PHOST
(Fig. 13 bottom). Whereas negative resist systems based on crosslinking suffer
from swelling-induced image distortion during organic development which

{cHcH —{cHachy-
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H CH
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o o /CH3 OH CH3
SCUUNC
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Fig. 12 Acid-catalyzed deprotection for polarity change (tBOC resist)
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Fig. 13 Scanning electron micrographs of positive (fop) and negative (bottom) images
delineated in tBOC resist by X-ray irradiation [15, 16]

limits the resolution, the polarity change mechanism is less prone to such a
problem even in negative imaging because the developer is a non-solvent for
the exposed regions.

The tBOC resist containing 4.75 wt% of triphenylsulfonium hexafluoroanti-
monate was the very first chemical amplification resist employed in manufac-
ture of semiconductor devices, producing millions of 1 Mbit dynamic random
access memory (DRAM) devices by deep UV lithography on Perkin Elmer Mi-
cralign 500 mirror projection scanners (NA=0.17) at IBM in the mid-1980s
(Fig. 14) [43], while the rest of the industry was using near UV lithography and
a DNQ/novolac resist in device production. Although the deprotection mech-
anism has become the paradigm for positive resist systems, the fBOC resist was
used in its negative mode with anisole as the developer in the manufacturing.

The conversion of PBOCST to PHOST in the solid state can be convenient-
ly monitored by IR spectroscopy because the tBOC carbonyl absorption at
1755 cm™! shrinks in intensity, accompanied by appearance of a phenolic hy-
droxyl absorption at ~3500 cm™ as the acid-catalyzed deprotection proceeds
(Fig. 15). Because this is the most classical and simplest form of the chemical
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Fig. 14 One-pm space patterns on device topography printed in tBOC in a negative mode
by deep UV lithography for 1 Mbit DRAM manufacturing [21]
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Fig. 15 IR spectra of tBOC resist before and after exposure/bake [25]

amplification resists, many fundamental studies are still being performed on
this system. For example, the thermal and acid-catalyzed deprotection mech-
anisms of the fBOC resist have been investigated recently in detail by quantum
mechanical calculation [95], by quantitative analysis of the resist film by inverse-
gated PC NMR [66],and by using a trace atmospheric gas analyzer (TAGA) [96].
The *C NMR study has clearly indicated that the tert-butyl cation generated by
acidolysis does not completely leave the film in the form of isobutene as shown
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in Fig. 12 but reacts with the phenol through O-alkylation and C-alkylation upon
PEB (Fig. 16). These side reactions could reduce the dissolution rate of the
exposed film and therefore lower the contrast. Thermolysis at 180 °C in the
absence of acid results in formation of 4% tert-butyl ether. While the semiem-
pirical molecular orbital calculations postulated that protonation occurs on the
carbonyl oxygen, followed by elimination of a tert-butyl cation to form an acid
carbonate [95], the detailed mass spectroscopic studies of volatile products
from thermal and acid-catalyzed deprotection have clearly indicated that there
are two reaction pathways as illustrated in Fig. 17 [96]. Scission of CO-O to pro-
duce tert-butoxy intermediate generates acetone, tert-butyl alcohol, and methyl
isopropenyl ether and scission of O-C to form tert-butyl intermediate generates
isobutene as a gaseous product. In addition, numerous bimolecular products
have been detected by the TAGA analysis.

PBOCST can be conveniently prepared by subjecting the corresponding
monomer to radical polymerization or cationic polymerization in liquid sulfur

A scis‘sioy O\fo B scission
A

4] 4]
e =

products

Fig. 17 tBOC deprotection pathways
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dioxide [97] or alternatively by reacting PHOST with di-fert-butyl dicarbonate
in the presence of base [98]. Narrow polydispersity PBOCST has been synthe-
sized by living anionic polymerization of 4-tert-butyl(dimethyl)silyloxystyrene
followed by desilylation with HCI to form PHOST and protection with di-tert-
butyl dicarbonate [99]. PBOCST prepared by radical polymerization has a glass
transition temperature (T,) of ca. 135 °C and undergoes spontaneous auto-
catalytic thermolysis at ca. 190 °C to produce PHOST, carbon dioxide, and iso-
butene, with the weight loss amounting to 45.5 wt%. However, as mentioned
above, the thermolysis is accompanied by about 4% of the C-alkylated side
product [66]. PBOCST exhibits excellent UV transmission in the 250 nm region
with its absorption of <0.1/pm and is highly suitable for deep UV imaging. The
synthesis of PHOST from PBOCST has proven that “pure” PHOST is highly
transparent in the 250 nm region with its absorption of ca.0.2/pm while PHOST
commercially available in the early 1980s was only slightly better than novolac
resins in terms of the deep UV absorption. While the CN group attached to the
polymer end slows down the acid-catalyzed deprotection reaction when 2,2’-
azobis(isobutyronitrile) (AIBN) is used as the initiator, the benzoyl end group
derived from benzoyl peroxide (BPO) increases a UV absorption in the 250 nm
region especially when the molecular weights are low [100]. Anionically pre-
pared polymers do not have absorbing or poisoning end groups [100].

The tBOC group has been later employed in protection of other aqueous base
soluble polymers such as poly[styrene-co-N-(4-hydroxyphenyl)maleimide]
[101], poly(styrene-co-maleimide) [102, 103], poly(4-hydroxystyrene sulfone)
[104], and poly(4-hydroxy-a-methylstyrene) [105, 106] for lithographic appli-
cations. Novolac resins have been also protected with the tBOC group [107,
108], which has resulted in significant reduction of the deep UV absorption
[108]. Poly(4-tert-butoxycarbonyloxy-a-methylstyrene) [105] and poly(4-tert-
butoxycarbonyloxystyrene sulfone) [104] were thought to undergo main chain
scission as well upon deep UV irradiation in the presence or absence of PAG,
which was expected to corroborate with deprotection in positive imaging.
Cationically-prepared poly(4-hydroxy-o-methylstyrene) and its tBOC-pro-
tected derivative undergo efficient acid-catalyzed depolymerization [109,110].
Poly(4-tert-butoxycarbonyloxystyrene sulfone) can be synthesized by radical
copolymerization of the substituted styrene with sulfur dioxide. This polymer
has been reported to produce sulfinic or sulfonic acid through scission of the
backbone C-S linkage by X-ray irradiation, though its sensitivity to deep UV ra-
diation is poor [111]. Since the polymer itself generates acid that deprotects the
tBOC group, this system can constitute a rare example of one-component
chemical amplification resists (Fig. 18). The CAMP-series resists promoted and
commercialized as deep UV resists by AT&T (now Lucent Technology) Bell
Laboratories in collaboration with Olin-Ciba Geigy (currently ARCH Micro-
electronics) consist of the poly(styrene sulfone) and PAG [104]. In order to re-
duce the excessive shrinkage in the exposed areas (due to the loss of carbon
dioxide and isobutene), which induces stress in the resist film and unacceptable
thinning during reactive ion etching (RIE) employing a positive-tone image as
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a mask, 4-acetoxystyrene has been introduced as a third comonomer into the
poly(tBOC-styrene sulfone) for CAMP6 [112]. The acetate group reportedly un-
dergoes hydrolysis during aqueous base development only in the presence of
a phenolic functionality (only in the exposed regions) and the sulfone structure
(Fig. 19) while it is inert to acidolysis. Poly(4-hydroxystyrene sulfone) was
shown to undergo main chain scission in aqueous base by '"H NMR analysis
[113]. The sulfone polymer was decomposed quantitatively upon dissolving it
in a deuterium oxide solution of sodium deuteroxide to give trans-2-(4-hy-
droxyphenyl)ethenesulfinic acid and HOST in a molar ratio of about 2/3 [113].

A new class of aqueous-base soluble polymer, poly[4-(2-hydroxyhexafluo-
roisopropyl)styrene] (Fig. 20), has been reported as a replacement of PHOST
for 248 nm lithography, which was also protected with the tBOC group [114].
The tBOC-protected polymer can be synthesized by radical polymerization of

WCZC—S CHy-CHww ‘NWCQC_S CHy-CHww NWCHQCHSC2CH-

CR R CR R

07/\
Fig. 19 Photochemically induced acid-catalyzed deprotection and subsequent base-cat-
alyzed deacetylation during development
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Fig. 20 Base-soluble polystyrene with a pendant hexafluoroisopropanol

a protected monomer or by reacting the fluoroalcohol polymer with di-tert-
butyl dicarbonate. The base-soluble fluoroalcohol polymer may be prepared by
radical polymerization of the corresponding unprotected monomer or by treat-
ing polystyrene with hexafluoroacetone in the presence of a Lewis acid catalyst
(Fig. 20). The hexafluoroisopropanol group was attached to norbornene by
Diels-Alder reaction of 1,1,1-trifluoro-2-(trifluoromethyl) pent-4-en-2-ol [115],
which in turn had been prepared by reacting allylmagnesium chloride with
hexafluoroacetone [116]. A tBOC-protected monomer was copolymerized with
sulfur dioxide and maleic anhydride for 193 nm (ArF) lithography (Fig. 21)
[115]. Since the hexafluoroalcohol group has become the acid group of choice
for the emerging 157 nm (F, excimer lasers) and maturing 193 nm lithographic
technologies, the resist systems based on the hexafluoroisopropyl group will be
discussed in detail later.

Poly(hydroxyphenyl methacrylate)s, poly(N-hydroxyphenylmethacry-
lamide)s, and related copolymers have been masked with the tBOC group [117].
It has been reported that hydroxyphenyl methacrylate undergoes radical poly-
merization much more readily than 4-hydroxystyrene without protecting the
phenolic hydroxyl group. These unprotected homopolymers are, however, un-
expectedly opaque in the deep UV region, though the optical density (OD) of
poly(4-hydroxyphenyl methacrylate) is somewhat smaller (0.48/pm) than that
of a novolac resin. Masking with the tBOC group reduces the UV absorption of
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poly(hydroxyphenyl methacrylate)s like novolac resins to 0.18-0.29/pm but
does not improve the deep UV absorption characteristics of the corresponding
polymethacrylamides.

Other carbonates, thermally more stable, have been also investigated; the tert-
butyl group of tBOC has been replaced with isopropyl, substituted a-methyl-
benzyl, and 1-(2-tetrahydrofurfuryl)ethyl groups [118]. Attempts to increase the
thermal stability could result in unacceptably low sensitivity toward acidolysis.

4.1.2
Esters and Ethers

Certain esters and ethers are also useful in the design of dual tone and positive
chemical amplification resists. In fact, acid-cleavable tertiary esters are the ba-
sis for the advanced 248 nm and the majority of 193 and 157 nm positive resist
systems (see later). Some examples are presented in Fig. 22, which are A,;-1
acidolysis without a need for a stoichiometric amount of water. Poly(4-vinyl-
benzoate)s [119,120] and poly(meth)acrylates [121,122] are converted to poly-
(4-vinylbenzoic acid) and poly[(meth)acrylic acid], respectively, by reaction
with a photochemically generated acid. This polarity change from a nonpolar
to polar state allows dual tone imaging, depending on a polarity of the developer
solvent. The ester groups in these polymers must be selected to generate, upon
heterolysis of the C-O bond, stable carbocations which undergo spontaneous
B-proton elimination to form olefins. The thermal and acidolytic stability can
be tuned by changing the ester structure. Thermogravimetric analysis (TGA)
curves of select polymethacrylates are presented in Fig. 23 [121]. Once an ester
group is cleaved to form methacrylic acid units, the carboxylic acid moiety
interacts with a neighboring acid and/or ester group to form an anhydride
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ring above 160 °C [123]. A TAGA study has indicated that the thermolysis of
poly(tert-butyl methacrylate) (PTBMA) occurs via two intermediates, tert-butyl
and tert-butoxy, to generate isobutene, acetone, methyl isopropenyl ether, and
2,2-dimethylpropanal in a fashion similar to PBOCST (Fig. 17) [96]. A large
number of acid-labile ester groups have been developed especially for use in
193 nm resists in the form of polymethacrylates or polynorbornenes (see later).
PHOST has been also protected with a tert-butoxycarbonylmethyl [25,124] and
tert-butyl [125] groups. In the former protection scheme, a carboxylic acid
group is produced as a base soluble functionality upon acidolysis while the lat-
ter is similar to tBOC and is converted to PHOST. Certain polymethacrylates
have been later shown to undergo a small degree of deprotection as well as main
chain scission in the absence of acid when irradiated with a high dose of elec-
tron beams [126].

Poly(4-vinylbenzoate)s and poly(4-vinylbenzoic acid) are very opaque be-
low 300 nm (OD=1.1/pm and 3.4/pm at 248 nm, respectively) and thus cannot
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Fig. 23 TGA curves of polymethacrylates and poly(methacrylic acid) [121]

be used as a single layer deep UV resist polymer [119]. The benzoic acid poly-
mer has a high T, of 250 °C. These polymers can be readily prepared by radical
polymerization [127]. Furthermore, methacrylates undergo anionic (sometimes
living) polymerization. tert-Butyl 4-vinylbenzoate [128] and 4-tert-butoxy-
styrene [125] are compatible with living anionic polymerization.

413
Hydrolysis

Hydrolysis of trimethylsilyl (TMS) ether [129, 130] and alcoholysis of a tetrahy-
dropyranyl (THP) [131, 132] group have been also employed in acid-catalyzed
conversion to PHOST (Fig. 24) (or novolac). Another acetal-protected PHOST,
poly[4-(1-phenoxyethoxy)styrene], was prepared by radical polymerization of
the corresponding monomer and also by chemical modification of PHOST
[133]. This acetal polymer produces a phenolic polymer and phenol upon aci-
dolysis (Fig. 24).

Acetals and ketals have attracted a great deal of attention recently as pro-
tecting groups of PHOST due to their lower activation energies of deprotection
than fBOC and tert-butyl esters. While the majority of chemical amplification
resists require PEB to accelerate acid-catalyzed reactions, deprotection of ac-
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Fig. 24 Hydrolysis of protected poly(4-hydroxystyrene)

etal or ketal systems proceeds at room temperatures as soon as acid is gener-
ated by irradiation, thus minimizing some of the ill effects associated with PEB
(as described in more detail later). However, such protecting groups tend to
lack storage stability. The influence of the acetal structure on the hydrolytic sta-
bility (thermal stability in the presence of a phenolic hydroxyl functionality)
has been recently investigated in detail [134].

4.1.4
Polyhydroxystyrenes

PHOST is the resin for deep UV lithography as much as novolac resins are for
near UV lithography. All the advanced 248 nm chemical amplification resists,
both positive and negative, are built on this structure at least in part. PHOST
provides aqueous base developability, which is mandatory in today’s semicon-
ductor manufacturing, dry etch resistance, and high deep UV transmission.
Because of its very important and unique role in chemical amplification resists
and also in order to facilitate better understanding of the subsequent sections,
this phenolic polymer is separately described.

Figure 25 presents several synthetic approaches to PHOST. The first PHOST
commercially available in the early 1980s was prepared by Maruzen Petro-
chemical in Japan (Lyncur M) by direct radical polymerization of 4-hydrox-
ystyrene without isolating or purifying the monomer after catalytic dehydro-
genation of 4-ethylphenol, which is still the major source of PHOST today. The
polymerization behavior of hydroxystyrene (vinylphenol) was investigated by
Sovish [135], Overberger [136], and Kato [137]. As the phenolic OH group is a
radical scavenger, this process yields low molecular weight polymers with M, of
a few thousands and a dark red color. Due to the presence of quinone structures,
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the polymer absorbs significantly in the deep UV region. To improve its deep UV
absorption, the polymer has been subjected to catalytic hydrogenation, result-
ing in high deep UV transmission, accompanied by introduction of a pendant
cyclohexanol structure (Lyncur PHM-C). The PHOST most predominantly
used today for deep UV resist formulation is this hydrogenated product. Stor-
age stability of 4-hydroxystyrene monomer is poor as it undergoes thermal
oligomerization rapidly, which was reported more than 40 years ago [135,136].
An apparent activation energy of radical polymerization of 4-HOST was re-
ported to be 18.0 kcal/mol [137]. Cationic polymerization of HOSTs has been
reported by Kato [138].

The first transparent PHOST was prepared by thermolysis or acidolysis of
PBOCST as mentioned earlier [97]. This monomer BOCST can be prepared by
the Wittig reaction on a protected 4-hydroxybenzaldehyde with a high yield due
to the good stability of the tBOC group toward a base catalyst [97]. PBOCST with
M, of >50,000 or <10,000 can be readily synthesized with AIBN, BPO, or other
radical initiators. The protected polymer thus obtained can be readily converted
to PHOST simply by heating the polymer powder to ~200 °C (with some C-alky-
lation, Fig. 16) or by treating the polymer with acid such as acetic acid or HCI
in solution. The acid-labile tBOC group can be made compatible with cationic
polymerization by using liquid sulfur dioxide as the solvent [97].
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Another commercial procedure which has been worked out by Hoechst-
Celanese (TriQuest,now DuPont) is radical polymerization of 4-acetoxystyrene
followed by base hydrolysis with ammonium hydroxide. Their synthetic ap-
proach to the monomer is 1) Fries rearrangement of phenyl acetate to form 4-
hydroxyacetophenone, 2) protection of OH with the acetyl group, 3) reduction
to carbinol, and 4) dehydration. The Wittig process results in poor yield due to
base hydrolysis of the protecting group during the olefination reaction. Radical
polymerization of 4-acetoxystyrene has been reported by several groups
[139-141] and NMR analysis of its polymer by Trumbo [142].“Living” radical
polymerization of 4-acetoxystyrene with a TEMPO-adduct as the initiator fol-
lowed by base hydrolysis produced narrow polydispersity PHOST with M,,/M,,
of 1.1-1.4 [143]. The slow polymerization process due to an extremely low rad-
ical concentration is a drawback. The narrow polydispersity polymers have
been found to provide 10-20 °C higher glass transition temperature (T,) than
the conventional polymers with M,,/M,, of 2.0-2.4 [143]. The T, of conventional
PHOST changes from 140 to 180 °C when M,, is below 10,000 and plateaus at ca.
180 °C above M, of 10,000 (Fig. 26) [143]. The radius of gyration of PHOST
(M,,=8000) in a 200-nm-thick film was estimated by small angle neutron scat-
tering (SANS) to be less than 3 nm [144].

Synthesis of monodisperse PHOST was first reported by Nakahama et al.
[145], who demonstrated that 4-tert-butyl(dimethyl)silyloxystyrene undergoes
living anionic polymerization with butyllithium as the initiator in tetrahydro-
furan (THF) at cryogenic temperatures under high vacuum and that desilyla-
tion of the resulting polymer with HCI cleanly yields monodisperse PHOST. It
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has been later reported that replacement of THF with cyclohexane allows the
anionic polymerization to be carried out in a flask at room temperatures even
without drying the reagents [99]. Narrow polydispersity of <1.1 was readily
achieved with quantitative conversion in a few minutes.

Monodisperse PHOST has become commercially available from Japan. The
starting monomer for living anionic polymerization appears to be 4-tert-bu-
toxystyrene, which may be synthesized by reacting a styrenic Grignard reagent
with di-tert-butyl peroxide [125]. Deprotection requires a strong acid such
as BBr;.

PHOST dissolves much more rapidly than the novolac resins in an aqueous
base developer and is thus more difficult to inhibit its dissolution by adding a
small molecule such as DNQ. Molecular mechanics and dynamics calculations
have indicated that the OH groups of PHOST are located on the periphery of
the molecule and directed outward [146, 147]. Consequently, these OH groups
do not take part in any significant intramolecular (intrachain) hydrogen
bonding but have a great deal of intermolecular (interchain) coupling through
hydrogen bonds, accounting for faster dissolution and higher T,. The disso-
lution rate (A/s) in a 0.21 N tetramethylammonium hydroxide (TMAH) aque-
ous solution of the PHOST film cast from ethyl lactate and baked at 150 °C for
60 s is plotted as a function of the number-average molecular weight (M,) in
Fig.27 [143]. Below M,, of 10,000 the dissolution rate is a strong function of M,
and the dissolution rate of this phenolic polymer is very well correlated with
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Fig. 27 Dissolution rate of PHOST in 0.21 N TMAH as a function of M,, [143]
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Fig. 28 Dissolution behavior of a PHOST containing 5 wt% of di-(tert-butylphenyl)iodo-
nium nonaflate in 0.26 N TMAH [148]

M, irrespective of the weight-average molecular weight (M,,) or polydispersity
(D=M,,/M,)). As mentioned earlier, addition of a certain PAG to PHOST results
in a reduced dissolution rate in aqueous base. A film of PHOST (M,=9100 and
M,,=18,200) containing 5 wt% of di-(tert-butylphenyl)iodonium nonaflate dis-
solves only at about 100 A/s in industry standard 0.26 N TMAH solution as the
dissolution kinetics curve measured on a quartz crystal microbalance (QCM,
see later) indicates (Fig. 28) [148]. Exposure of the binary film to 48 mJ/cm?
of deep UV radiation (followed by PEB at 135 °C) results in an increase in the
dissolution rate to ca. 300 A/s. A high exposure dose (a high acid concentra-
tion) and PEB at a high temperature (150 °C) can crosslink PHOST, which
could show up as a negative behavior in positive imaging, reducing the con-
trast [148].

A solution presented to this fast dissolution problem is partial protection
with an acid-labile lipophilic group, which will be described in detail later.

meta-Isomer, which dissolves more slowly than the para-PHOST in aqueous
base, has been also prepared and used as a matrix resin [149-151]. ortho-Iso-
mer is almost insoluble in an aqueous base solution. The dissolution rate of
PHOST can be adjusted by partial protection with an acid-inert group such
as methyl or isopropyl carbonate as well as with an acid-labile group as men-
tioned earlier. Substitution of the 3-position of 4-hydroxystyrene with a methyl
group also reduces the dissolution rate significantly and such a phenolic poly-
mer has been evaluated as a matrix resin for chemical amplification resists
[149, 152, 153].
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4.1.5
Copolymers

A copolymer approach can provide more flexibility to the resist design because
all the necessary functions do not have to reside on one component. Today’s
advanced positive deep UV resists are exclusively based on this concept with 4-
hydroxystyrene as one component. However, early copolymer systems and some
of the 193-nm resists consisted of lipophilic components only. Incorporation of
4-acetoxystyrene to poly(4-tert-butoxycarbonyloxystyrene sulfone) has already
been mentioned. This section deals with copolymer resists composed of
lipophilic comonomers first and then the currently dominant hydroxystyrene
copolymers. Co- and terpolymers for ArF excimer laser lithography will be
described in a separate section.

Early examples of copolymer resists were alternating copolymers of styrene
with maleimide (Fig. 29). In one case, the acidic NH group of maleimide was
protected with tBOC [102, 103]. In another case, N-phenylmaleimide was co-
polymerized with 4-tert-butoxycarbonyloxystyrene. An alternating copolymer
of styrene with tBOC-protected N-4-hydroxyphenylmaleimide was also syn-
thesized as a resist polymer [101]. These copolymers tend to have high T,. A
number of alternating copolymers of N-substituted maleimides and 4-substi-
tuted styrenes have been synthesized and evaluated as chemical amplification
resist resins [103]. A photochemical acid generator structure has been incor-
porated into the alternating copolymer through sulfonate-N linkage [52]. One
example is a terpolymer of N-tosyloxymaleimide, N-tert-butoxycarbonylmale-
imide, and 4-tert-butoxycarbonyloxystyrene, which generates tosic acid upon
irradiation and thus functions as a one-component chemical amplification
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The resist system that placed an emphasis on the importance of the co-
polymer approach was a copolymer of a,a-dimethylbenzyl methacrylate with
a-methylstyrene (Fig. 30) [122], which is almost alternating due to the electron-
poor and -rich natures of the comonomers and the lack of homopolymeriz-
ability of the latter. Necessary attributes are carried by several components of
the resist. Styrene and tert-butyl methacrylate were also used as comonomers.
What is noteworthy in this resist system is that dual tone imaging is still pos-
sible, although the concentration of the polar group, carboxylic acid, generated
in the exposed film is always <50%. Generation of <35% of the polar group
solubilizes the copolymer in aqueous base, which is a sharp contrast with the
tBOC resist that requires >90% conversion for base solubility. Conversion of car-
boxylic ester to carboxylic acid provides a greater polarity or solubility change
than that of phenyl carbonate to phenol, allowing positive or negative imaging
at a lower degree of deprotection. Another important message of this work is
that sufficient dry etch resistance can be achieved as long as the concentration
of the aromatic component in the polymer is >50%. This copolymer approach
has been extended to a 1:1 copolymer of tetrahydropyranyl methacrylate with
styrene (Fig. 30) [154], which was reported to provide positive images by de-
velopment with 0.08 mol/L TMAH aqueous developer. These two copolymer
resists employed triphenylsulfonium hexafluoroantimonate as PAG. A block
copolymer of benzyl methacrylate with styrene (Fig. 30) has also been synthe-
sized by group transfer polymerization and evaluated for chemically amplified
imaging [155].

The polymers employed to formulate today’s deep UV positive resists are
predominantly 4-hydroxystyrene copolymers (Fig.31), which has resulted from
realization that only a small amount of a protecting group can make the resin
insoluble in aqueous base. For example, as mentioned earlier, more than 90% de-
protection is needed to render the tBOC resist soluble in aqueous base, mean-
ing that 10% protection sufficiently reduces the dissolution rate of PHOST. Thus,
the partial protection approach has overcome the problem associated with the
much faster dissolution rate of PHOST than novolac resins in aqueous base and
allowed one to make chemical amplification positive resists compatible with the
industry standard 0.263 N TMAH developer which had been selected for the
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Fig. 30 Methacrylate copolymers for acid-catalyzed deprotection
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OH

novolac/DNQ resist. Although these copolymers could be prepared by direct
copolymerization of protected monomers with 4-hydroxystyrene or by copoly-
merization of two protected hydroxystyrene monomers followed by selective
deprotection (for example, radical copolymerization of di-tert-butylmalonyl-
methylstyrene with 4-acetoxystyrene followed by base deacetylation [156] and
living anionic block copolymerization of hydroxystyrenes protected with two
different silyl groups followed by selective desilylation [99] (Fig. 32), the pri-
mary synthetic methodology has been partial protection of PHOST [98]. The
tBOC group has been the most popular protecting group in the copolymer ap-
proach [157,158]. The concentration of the protecting group in the copolymer
is typically 20-30% and is adjusted according to the developer strength and
other factors. As mentioned above, the PHOST most frequently employed as the
starting polymer for deep UV resists contains a significant amount of a pendant
cyclohexanol structure. Narrow polydispersity PHOST has been also utilized to
prepare copolymers [158]. Although partial protection typically employs a base
to abstract the acidic phenolic hydrogen, protection with ketal requires acid. If
the polymer reaction for partial protection is heterogeneous, blends could form
instead of random copolymers because PHOST and fully protected polymer are
phase-incompatible in many cases [159]. One such example is PBOCST and
PHOST, which phase-separate even in solution in good solvents. Other pro-
tecting groups employed in the partial protection of the hydroxyl group include
tetrahydropyranyl [132] and tBOC-methyl [124] groups.

The phenolic OH group is hydrogen-bonded with the ester or ether oxygen
in these copolymer films. This interaction, however, reduces the thermal sta-
bility of the protecting groups significantly; the acid-labile group co-exists with
an acidic phenolic OH group. Figure 33 presents TGA curves of PBOCST and
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PHOST partially-protected with tBOC as an example [159]. While the tBOC
group in the homopolymer is stable to ca. 190 °C, introduction of a phenolic OH
group results in as much as 60 °C reduction in the thermal deprotection tem-
perature. Thus, the thermal deprotection is autocatalytic. All the protecting
groups shown in Fig. 31 exhibit thermal deprotection at ca. 130 °C in the pres-
ence of the phenolic OH functionality. Thus, bake temperatures must be set
below the decomposition temperature of 130 °C for these copolymer resists.
Care must be exercised in handling these copolymers as their storage stability
in the powder form or in resist formulation could be much shorter than the
homopolymer systems. Acetals have been also employed as a protecting group
of carboxylic acid.

An interesting concept has been proposed, which is an acid-labile crosslinked
unit based on acetal [160]. When PHOST is reacted with vinyl ether in the
presence of an acid catalyst, the phenolic hydroxyl groups are converted to
acid-cleavable acetal groups. The molecular weight and molecular weight dis-
tribution remain unchanged, suggesting that no crosslinking has occurred. If
PHOST is replaced with PHM-C (hydrogenated and containing cyclohexanol
units) in the same reaction scheme, higher molecular weight fractions are pro-
duced, increasing the polydispersity from 2 to 3-7. The acetalization is accom-
panied by partial crosslinking through acetal linkage (Fig. 34) but the polymers
thus produced are still soluble. It has been demonstrated by gel permeation
chromatography (GPC) analysis of the exposed crosslinked acetal resist that
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Fig. 34 Protection of PHOST with acetal accompanied by crosslinking
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the acetal linkages including the crosslinks are cleaved by the photochemically
generated acid to reproduce the original PHM-C. The crosslink increases the
thermal flow resistance by more than 10 °C and reduces undesired dissolution
in the unexposed regions.

The crosslinking of PHOST with vinyl ethers has been investigated by other
workers also [161, 162]. In one application, PHOST was partially reacted with
2-chloroethyl vinyl ether to incorporate vinyl ether as a pendant group (Fig. 35)
[161a]. The lithographic behavior of this system is complicated due to the di-
verse reaction modes of the vinyl ether groups. As illustrated in Fig. 35, when
the concentration of photo-generated acids is low, the pendant vinyl ether
groups react very quickly with acids to give small amounts of carbocations,
which initiate cationic polymerization of remaining vinyl ether groups to form
crosslinked networks, resulting in negative-tone imaging. Such negative-tone
imaging mechanisms based on cationic polymerization will be discussed later
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Fig. 35 Reactions involving vinyl ether
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in more detail. When the concentration of acid is increased, the formation
of carbocation is increased and the concentration of the vinyl ether groups
decreased. As a result, the rate of cationic polymerization is reduced and the
carbocation undergoes hydrolysis, exhibiting the positive-tone imaging be-
havior. The hydrolysis and cationic polymerization (crosslinking) are com-
peting reactions. When phenol groups co-exist and the PAB temperature
is high, the vinyl ether groups react with the phenolic hydroxyl groups to give
crosslinked networks. As mentioned earlier, the acetal crosslinks are cleaved
with photo-generated acid to produce PHOST and polystyrene with pendant
alcohol. Thus, positive imaging results (Fig. 35). In other applications bulky
vinyl ethers (Fig. 36) were blended with phenolic resins such as novolac [161b]
and PHOST [161c-e]. Acid-breakable resins that can be converted to poly-
phenol fragments by acidolysis have been prepared through co-condensation
reactions between polyphenol and aromatic multi-functional vinyl ether
compounds (Fig. 36) [162]. A condensation reaction with a polyphenol/vinyl
ether ratio of 100/50 gave a high molecular weight (M,,>5000) resin, which was
insoluble in 0.26 N TMAH aqueous solution. The acid-catalyzed fragmentation
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Fig. 36 Vinyl ethers for thermal crosslinking and acidolytic de-crosslinking
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of the polymer in resist film was confirmed by GPC analysis and the resist
exhibited a high resolution of 80 nm line/space patterns with a high sensitiv-
ity of 5.0 pC/cm? of 30 kV e-beam radiation.

A new type of copolymer resist named ESCAP (environmentally stable chem-
ical amplification photoresist) has recently been reported from IBM [163], which
is based on a random copolymer of 4-hydroxystyrene with tert-butyl acrylate
(TBA) (Fig. 37), which is converted to a copolymer of the hydroxystyrene with
acrylic acid through photochemically-induced acid-catalyzed deprotection. The
copolymer can be readily synthesized by direct radical copolymerization of 4-
hydroxystyrene with tert-butyl acrylate or alternatively by radical copolymer-
ization of 4-acetoxystyrene with the acrylate followed by selective hydrolysis of
the acetate group with ammonium hydroxide. The copolymerization behavior
as a function of conversion has been simulated for the both systems based on
experimentally determined monomer reactivity ratios (Table 1) [164]. In com-
parison with the above-mentioned partially protected PHOST systems, this
copolymer does not undergo thermal deprotection up to 180 °C. Furthermore,
as mentioned earlier, the conversion of the tert-butyl ester to carboxylic acid
provides an extremely fast dissolution rate in the exposed regions and a large
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Table 1 Monomer reactivity ratios for HOST derivatives (M;) and TB(M)A (M,). Deter-
mined by nonlinear regression® [164]

Fig. 1.4ACOST  3ACOST BOCST 4HOST 3HOST

Fig.2TBA  r,=1.140 r,=1.412 r,=0.179
(1.119) (1.208) (0.179)®
r,=0.297 r,=0.248 r,=0.202
(0.294) (0.206) (0.189)

TBMA r,=0.792 r,=0.903 r,=1.162 r,=0.159 1,=0.474
(0.766) (0.912) (1.068) (0.152)¢ (0.482)
1,=0.603 r,=0.571 r,=0.623 1r,=0.410 1,=0.517
(0.594) (0.559) (0.545) (0.394) (0.526)

2 The values in parentheses calculated by the Kelen-Tiidos method.
Y In isopropanol; r;=0.342 (0.333) and r,=0.218 (0.209) in PGMEA.
¢ In isopropanol; r;=0.236 (0.234) and r,=0.496 (0.494) in PGMEA.

developer selectivity. Highly branched tertiary alkyl leaving groups (Fig. 38)
were employed in the ESCAP-type copolymer [165]. The thermal decomposi-
tion temperatures and activation energies were lower with more branched
ester. The lithographic performance was reported to be higher for the highly
branched ester due to its enhanced dissolution switching potential. Deep UV
resist systems built on the ESCAP concept are the current workhorse in device
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CHs (CH3)2CH 182 18100 1.7 151 204 0.15 30
(CH3)2CH (CH3).CH 215 17500 1.7 137 171 0.16 29

Fig. 38 Highly branched fertiary esters employed in ESCAP-based resists [165]
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manufacturing at 248 nm, being evaluated for EUV lithography, and are com-
mercially available from resist companies, which will be described in more
detail later.

Polymers for use in 193 nm lithography are co-, ter-, and tetra-polymers of
1) methacrylates, 2) norbornenes, 3) norbornene-maleic anhydride, 4) nor-
bornene-sulfur dioxide, and 5) vinyl ether-maleic anhydride (Fig. 39). While 1),
3),4), and 5) are prepared by radical polymerization, all-norbornene poly-
mers 2) are synthesized by transition-metal-mediated addition polymerization
[166-168]. Norbornenes (Fig. 40) are sluggish to undergo radical [168, 169] and
cationic [170] polymerizations. Their ring-opening metathesis polymerization
(ROMP, Fig.40) [171] has never produced worthy resist polymers. The C=C dou-
ble bonds introduced in the ROMP polymer backbone must be hydrogenated
to reduce the 193 nm absorption and the ROMP polymers tend to have low T,.
However, the major problem for the ROMP polymers was their unacceptable
swelling in aqueous base development. While polymethacrylate systems con-
tain etch-resistant alicyclic structures in the ester side chain, norbornene-based
systems carry the alicyclic unit in the backbone. Essentially all the 193 nm re-
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Fig. 40 Polymerization of norbornenes R
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sist polymers contain a small amount of carboxylic acid in place of opaque phe-
nol groups. A more detailed description of 193 nm resist polymers is provided
later.

As described in detail later, the polymers for use in 157 nm lithography
universally contain fluorine because only fluoropolymers provide low enough
absorption at 157 nm. The acid group of choice is hexafluoroisopropanol, which
has a pKa similar to that of phenol, as mentioned earlier. Several platforms
are available (Fig.41): 1) tetrafluoroethylene-norbornene, 2) 2-trifluoromethyl-
acrylate-norbornene, 3) 2-trifluromethylacrylate-styrene, 4) 2-trifluoromethy-
lacrylate-vinyl ether, 5) all-norbornene, 6) methacrylate, and 7) cyclopolymers.

4.1.6
Blends and Dissolution Inhibitors

The novolac/DNQ design has been adopted into chemical amplification resists.
Instead of the photoactive dissolution inhibitor, a radiation-inert but acid-sen-
sitive dissolution inhibiting molecule is added to a phenolic polymer together
with PAG. The small lipophilic carbonate, ester, or ether molecules inhibit the
dissolution of the phenolic polymer in aqueous base through an hydrogen-
bonding interaction in the unexposed regions and are converted to base-solu-
ble phenolic or carboxylic acid groups in the exposed regions. Since the acidic
molecules generated in the exposed area of the phenolic film are sometimes
dissolution promoters or no longer dissolution inhibitors, the exposed regions
dissolve rapidly in aqueous base, providing positive tone images. Since, as men-
tioned earlier, it is much more difficult to inhibit the dissolution of PHOST,
novolac resins were extensively used as the matrix resin for small tert-butyl
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ester, carbonate, and ether dissolution inhibitors (Fig.42) [172-174]. Thus, the
three-component blend systems consisting of a purely phenolic resin, small dis-
solution inhibitor, and PAG were not suitable for deep UV lithography due to
high absorption of the novolac resin but were pursued more seriously in X-ray
lithography. In fact, Hoechst developed a three-component RAY-PF resist for
X-ray, which employed a small acetal compound as an inhibitor of a novolac
resin [174]. The dissolution inhibiting acetal is catalytically hydrolyzed in the
phenolic matrix resin to alcohol and aldehyde which are not dissolution in-
hibitors. Due to its lower activation energy of deprotection, the acetal system
undergoes acid-catalyzed decomposition to almost completion at ambient tem-
peratures within 30 min in the presence of water.

The primary function of PAG is to generate acid upon irradiation. However,
other properties of PAGs must be taken into consideration in designing new
resists. One such property is a dissolution inhibition effect. Some of the PAGs
are extremely good dissolution inhibitors of phenolic resins, much better than
DNQ, as mentioned in 3 [44]. One good example is sulfonium and iodonium
salts [44, 89]. Triphenylsulfonium and diphenyliodonium salts can inhibit dis-
solution of a novolac resin very efficiently at a loading much lower than that
needed for DNQ. Furthermore, a two-component system comprising a novolac
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resin and few percent of triphenylsulfonium hexafluoroantimonate provides
positive images upon development with aqueous base (without PEB) at a low
254 nm dose of ~20 mJ/cm? Thus, the sulfonium salt behaves just like DNQ as
mentioned earlier. Other dissolution inhibiting PAGs include disulfones [49]
sulfonyl-substituted diazomethanes [175], and some sulfonate esters [176].

The deprotection chemistry has been incorporated into the acid generator
structure itself [177]. Phenolic hydroxyl groups pendant from triphenylsulfo-
nium salts were protected with tBOC (Fig.43). This dissolution inhibiting PAG
mixed with PHOST becomes base soluble through photochemically-induced
acid-catalyzed deprotection and thus the exposed area dissolves rapidly in
aqueous base, which was named SUCCESS and promoted by BASE. A similar
approach has been later reported on o-nitrobenzyl sulfonate acid generators,
in which a tert-butyl ester was attached to the benzene ring for acid-generation
and acid-catalyzed deprotection on one molecule (Fig.43) [178].

Although it is generally difficult to find polymer pairs that mix homoge-
neously, PHOST partially protected with THP or tert-butoxycarbonylmethyl
group has been reported to be miscible with a novolac resin or PHOST and to
function as a dissolution inhibitor [124, 132]. Another acid-labile polymeric dis-
solution inhibitor is a terpolymer of tert-butyl methacrylate (TBMA), methyl
methacrylate (MMA), and methacrylic acid (MAA), which is miscible with
a novolac resin [179] while PTBMA is not [159]. This methacrylic terpolymer
is only marginally miscible with PHOST but more compatible with C- and
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O-methylated PHOST [179]. This terpolymer was originally developed as a
chemically amplified laser resist for circuit board application [180] and then
as a single layer 193 nm positive resist [181], which will be described in more
detail later. Another interesting three-component approach is the use of a N-ac-
etal polymer as a dissolution inhibitor of poly(3-methyl-4-hydroxystyrene)
[182]. A deep UV resist consisting of poly(3-methyl-4-hydroxystyrene-co-4-
hydroxystyrene), poly(N,0-acetal), bis(arylsulfonyl)diazomethane, and a pho-
tobase was reported from Hoechst (currently Clariant). The function of the
photobase is described later. A copolymer of 4-hydroxystyrene with styrene
was also employed as a matrix resin.

Hexakis(4-tert-butoxycarbonylphenoxy)cyclotriphosphazene was employed
as a dissolution inhibitor of a novolac resin for a design of a three-component
positive resist [183].

The copolymer and blend approaches have been combined to design three-
component chemical amplification positive resists, which consist of PHOST par-
tially protected with an acid-labile group (see Fig.31),an acid-labile dissolution
inhibitor, and PAG [124,157,158]. In this scheme both the matrix polymer and
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Fig. 44 Multifunctional dissolution inhibitors




84 H.Ito

the small lipophilic compound are converted to base soluble forms by photo-
chemically-triggered acidolysis.

Multi-functional phenolic compounds have been protected with tBOC or
tert-butoxycarbonylmethyl to serve as acid-labile dissolution inhibitors. Cal-
ixarenes [184], cyclic oligomers produced by condensation of phenols with
aldehydes, have been investigated as lithographic resist materials. For example,
calix[6]arene derivatives, prepared by condensation of p-cresol and formalde-
hyde, have been reported as high resolution negative electron-beam resist (not
chemically amplified) [185]. Calix[4]resocinarenes, cyclic tetramers which can
be synthesized by condensation of resorcinol with aldehydes (Fig. 44), have
eight OH groups pointing outward. Protected calx[4]resorcinarenes exhibited
a stronger inhibition effect than a bifunctional dissolution inhibitor such as bis-
phenol A protected with fBOC (Fig. 40) [186]. An inhibitor molecule capable of
efficiently shielding the hydrophilic channels in the polymer matrix is the most
effective in dissolution inhibition. A series of multi-functional (1-6) dissolution
inhibitors were evaluated in novolac resins and in PHOST partially protected
with fBOC and the effects of the number of functionality and degree of pro-
tection on the inhibitor molecule have been investigated (Fig. 44) [187]. An
interesting new design of acid-labile dissolution inhibitors has been proposed,
which involves base hydrolysis of deprotected inhibitor molecules based on
bisphenol in the exposed regions during aqueous base development (Fig. 45)
[188]. Acid-catalyzed deprotection of the tBOC group takes place upon PEB,
which renders the exposed area more soluble in aqueous base. Furthermore, the

tBOCO

colorless o)

Fig. 45 Dissolution inhibitor that undergoes selective base hydrolysis
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lactone ring in the 1-(3H)-isobenzofuranone structure is hydrolyzed during the
development process to generate carboxylic acid, which enhances the dissolu-
tion rate even more, providing a high development contrast (Fig. 45). The
ring-opening during development was confirmed by measuring the UV-visible
absorption of a solution containing an exposed resist. A strong absorption
appeared at 568.5 nm, corresponding to the colored form of o-cresolphthalein.

This three component approach has become more popular in the design of
193 nm positive resists as described later.

4.1.7
Deprotection Involving Ring-Opening (Mass Persistent Resists)

The acid-catalyzed deprotection mechanism is in general designed to lose
volatiles and thickness in the exposed areas. As excessive shrinkage is not de-
sirable, the concentration of the protecting group is kept low to minimize the
shrinkage but high enough to maintain a good development contrast. The very
first attempt to eliminate or minimize the thickness loss due to liberation of
volatile products was to employ cyclic esters (lactones) and carbonates [189].
Poly(3-methylenephthalide) is a cyclic analog of poly(x-acetoxystyrene) and
poly(tert-butyl 4-vinylbenzoate), which has a lactone ring with a tertiary car-
bon located in the polymer backbone (Fig. 46). Similarly, poly(4-methylene-4H-
1,3-benzodioxin-2-one) can be considered as a cyclic analog of poly(tBOC
styrene), a cyclic carbonate bearing a tertiary carbon in the backbone. The «,
a-cyclization reduces the steric hindrance significantly and these a-substituted
styrenes undergo radical homopolymerization very readily to form heterotac-
tic (almost completely atactic) polymers [190]. The cyclic carbonate polymer
was confirmed by TGA, IR, UV,and NMR to be converted upon baking at about
200 °C to poly(o-hydroxyphenylacetylene), releasing carbon dioxide [189]. Only
one mole of gas is released in this case, while the liberated olefin is now a part
of the backbone. However, there was no evidence for rapture of the lactone ring;
an unfavored conformation for thermal ring opening and equilibrium between
the cyclic benzoate and carboxylic acid in acidolysis. The ring might open upon
reaction with acid but might close rapidly.

More lactones were later evaluated for the design of mass persistent pho-
toresists [191], but acid-catalyzed ring opening was not observed as the equi-
librium favored the ring-closed form (Fig. 46). A spiro linkage was introduced
into the lactone ring to induce strain. Norbornene bearing a lactone ring with
two spiro linkages was synthesized and polymerized by ring opening metathe-
sis polymerization. No acid-catalyzed ring-opening was observed. A large ring
lactone was attempted but failed. A Fittig bis-lactone containing two lactones
and an acetal moiety did not work either (Fig. 46). Four-membered [-lactones
were selected next and a model acidolysis of the strained lactone in solution in-
dicated that the ring indeed opened upon treatment with p-toluenesulfonic
acid (Fig.46). Styrene bearing a [3-lactone was synthesized and copolymerized
with 4-vinylphenylacetic acid and styrene substituted with hexafluoroiso-
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Fig. 46 Mass persistent resist design

propanol. The latter copolymer developed to give a positive image by 248 nm
exposure.

4.1.8
Dendritic Polymers and Small Amorphous Materials

In addition to the linear and branched phenolic polymers, hyperbranched
dendritic polymers and low molecular weight amorphous materials have been
prepared and evaluated for use in chemically amplified resists. Select examples
are presented in Figs. 47 and 48, respectively. Dendrimers, first reported by
Tomalia [192] in the early 1980s, are nearly completely monodisperse and
spherical molecules, with a core of atoms at the center that branch out radially.
No chain entanglement is feasible. The small spherical structure with no en-
tanglement has prompted resist chemists to design resist materials based on
dendrimers as they have a potential for higher resolution and smaller edge/
surface roughness in comparison with linear polymers [193-195]. However, the
dendrimer synthesis is time-consuming and costly, involving exhaustive step
growth reactions. Thus, dendritic hyperbranched polymers have been evalu-
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Fig. 47 Dendritic polymers

ated as resist materials instead of true dendrimers as such hyperbranched poly-
mers can be prepared much more easily, sometimes in one pot. A chemically-
amplified resist based on a dendritic polymer in roughly 5 nm in diameter has
been reported to exhibit much smaller line edge and surface roughness after
development than a conventional resist [194]. However, these early dendritic re-
sists were typically developed in a negative mode (see tBOC resist above) and
suffered from low T, low sensitivity, and poor adhesion.

The high resolution imaging of a calixarene negative e-beam resist (not am-
plified as mentioned earlier) [185] has spawned a great deal of interest in such
low molecular weight amorphous materials because the polymer size would
eventually limit the resolution of conventional resists as the feature size shrinks
to <50 nm. Low molecular weight organic compounds tend to crystallize and
do not form amorphous homogeneous films upon spin-coating from solution,
limiting their application methods to vacuum deposition. “Amorphous mole-
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Fig. 48 Small amorphous materials

cules,”low molecular weight amorphous materials [196], can be cast into trans-
parent tough films. Such amorphous molecules can be designed by increasing
the number of conformers through lowering the symmetry of non-planer mol-
ecules. Both positive- and negative-type chemical amplification resists have
been reported [197, 198]. However, as the linking unit had a benzoate structure,
which absorbs strongly below 300 nm, lithographic imaging was carried out by
using near UV or e-beam irradiation.

As a viable approach to achieving resolution below 50 nm with minimal
edge roughness, more research efforts are likely to be directed toward dendritic
and amorphous molecular resists.

4.1.9
Evolution of 248 nm Positive Resists

The acid-catalyzed deprotection has become the exclusive foundation for all
the modern positive resists. The first generation system was built on lipophilic
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homopolymer or copolymer such as PBOCST (tBOC resist), P(BOCST-SO,)
(CAMP resist), and P(BOCST-ACOST-SO,) (CAMPG6 resist). The very first
chemical amplification resist, IBM’s tBOC resist, was employed in its negative
mode, using anisole as a developer, in production of 1 Mbit DRAMs in IBM
[43]. Positive imaging with aqueous base as a developer encountered with many
problems. It has later become clear that a highly lipophilic resists are difficult
to develop in aqueous base due to poor wettability of such hydrophobic films.
IBM’s APEX resist is an example of the second generation deep UV resists and
is based on PHOST partially protected with tBOC [199]. This copolymer ap-
proach utilizing a high concentration of an acidic group for aqueous base affin-
ity has become the rule of the design of positive resists (Fig.31). The APEX re-
sist was the first successful chemical amplification positive resist employed in
device manufacturing in the entire semiconductor industry and is still com-
mercially available.

However, the shift from the DNQ/novolac resist to chemical amplification
was not evolutionary but revolutionary and thus many new problems unique
to chemical amplification resists have surfaced. These problems were typically
related to the catalytic nature of the imaging mechanisms and were serious
enough to retard or even to stop implementation of chemical amplification
resists in general manufacturing. Significant progress has been made in solving
or minimizing the problems, resulting in industry-wide use of the chemical
amplification resists in manufacturing.

From the time of the inception, chemical amplified positive resists suffered
from formation of a surface-insoluble layer, which typically showed up as a skin
or T-top profile (Fig. 49). The problem has been ascribed to contamination by

lym250kV 10PE4 00O3-82 NOOX/PC
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1um250kV 119E4 8028-02 B15/T-X

Fig. 49 Skin and T-top profiles in positive-tone images [148]
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a trace amount, on the order of 10 ppb, of airborne basic substances such as
N-methylpyrrolidone (NMP) and amines [200]. A minute amount of base ab-
sorbed by the resist film upon standing after coating (especially after exposure)
interferes with the desired acid catalyzed reaction, resulting in formation of
a surface insoluble layer in positive resists and in linewidth shift in negative
resists. Because the problem is most serious when wafers are not baked im-
mediately after exposure, the skin formation is called a postexposure delay
(PED) effect.

The activated carbon filtration system [200] presented in Fig. 50 was em-
ployed in the unequivocal identification of the cause of the skin formation
[201] and has presented an engineering solution to the formidable problem.
While wafers stored in the filtered air printed normally, wafers stored in an
airstream containing only a few ppb of NMP exhibited severe skin formation
(Fig. 51). Various basic chemicals used in wall paints, cleaning liquids, etc. can
contaminate chemical amplification resists. The activated carbon filtration of
the air enclosing the coated wafers has permitted IBM to manufacture millions
of 1 Mbit DRAMs using the negative tBOC resist by deep UV lithography in the
mid-1980s [43] and remained as an important stabilization technique.

ﬁgo exhaust
coated
wafers
10 ppb NMP

L= ﬁ -

c?rrlltrolled flow “ PR —
OFf Nz activated carbon o
U-tube air filter | < outside air

with NMP

Fig. 50 Activated carbon air filtration

Fig. 51 Effect of activated carbon filtration on image profile: left - wafer stored in an
airstream containing a minute amount of NMP; right — wafer stored in a filtered air [210]
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In addition to the air filtration, several techniques to stabilize chemical
amplification resists toward airborne contamination have been proposed:

— Activated carbon filtration [200]

— Protective overcoat [202-204]

- Additives [205, 206]

- Delayed acid generation [30, 207]

- Associating PAG [208]

- Low activation energy of deprotection [209]
- Reduction of free volume [163,210]

Application of a protective overcoat to seal off airborne contaminants was also
a popular approach initially. Although many polymers, lipophilic and hydro-
philic, have been evaluated as a topcoat, water-soluble poly[ (meth)acrylic acid]
is most commonly employed, which can be cast from a water solution without
interfacial mixing with the resist layer and can be removed during aqueous base
development. However, it has been reported that a poly(acrylic acid) overcoat al-
lows diffusion of water, which reportedly contaminates a chemical amplification
resist [211]. Poly(ci-methylstyrene) has been recommended as a good barrier
against both airborne base and water [211].

Some stabilizing additives, mostly basic, have been incorporated into resist
formulation, which include NMP, diphenylamine, 4-aminophenol, 2-(4-amino-
phenyl)-2-(4-hydroxyphenyl)propane, 2-aminobenzoic acid, tri(4-dimethyl-
aminophenyl)sulfonium triflate, dicyclohexylammonium p-toluenesulfonate,
etc. The additives must stay in the resist film during PAB with minimal evap-
oration and be distributed effectively throughout the film. In addition to the
PED stabilization, these basic compounds are added to formulation in an at-
tempt to reduce acid diffusion during PEB. In fact all the modern chemical am-
plification resists contain a small amount of base (called quencher) to enhance
the resolution. This resolution enhancement effect of a base additive cannot be
over-exaggerated. Such a base additive can also improve the storage stability of
highly acid-sensitive resists such as the ones based on low activation energies
of deprotection. An attention must be paid to selection of a base for a specific
PAG as certain PAGs can be readily decomposed by added base. An interesting
concept has been proposed, which is the use of a photobase, a base that can be
decomposed to a neutral compound by UV irradiation [212]. A photochemi-
cally generated acid diffuses from the exposed to unexposed regions of the film
upon standing after exposure, which results in a linewidth shift. A photobase
in the unexposed area neutralizes the incoming acid, thus maintaining the
intended exposed/unexposed boundary while the base is decomposed in the
exposed area (Fig. 52). An example of photobase is triphenylsulfonium hy-
droxide.

Chemical amplification resists require PEB in general to accelerate acid-cat-
alyzed reactions and thus the acid generated by irradiation could be deacti-
vated (by airborne contamination) upon standing before PEB. Then, generation
of acid when it is needed (at the time of PEB) could eliminate/minimize the
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Fig. 52 Photo-decomposable base

PED problem. The idea is to generate an acid by heating a precursor molecule
produced by irradiation. A couple of examples which could be used for this
purpose have been reported. Electron-absorbed (e-beam exposed) sulfone com-
pounds reportedly have a long life and decompose to sulfinic acid upon heating,
contributing to a better PED stability than triphenylsulfonium triflate [207].
a,0-Bis(arylsulfonyl)diazomethanes undergo a photolysis reaction similar to
the Wolff rearrangement via a carbene intermediate, which is believed to be
partially converted to a highly reactive sulfene to give the expected complex
sulfonic acid or to the corresponding thiosulfonic acid esters. The thioesters
decompose at elevated temperatures typical for PEB to yield sulfonic acids,
which could reduce the PED problem [30].

In 2-nitrobenzyl benzenesulfonate PAGs, 4-nitro, 4-chloro, and 4-methoxy
derivatives, which are assumed to be strongly associating with incoming base
diffusants, have been reported to offer better PED stability [208].

Some of the stabilization techniques discussed above provide improvement
but not a cure and are difficult to implement. More fundamental approaches
have been proposed; reduction of an activation energy of deprotection and
reduction of a free volume of a resist film.

Chemical amplification resists require PEB to accelerate acid-catalyzed re-
actions due to fairly high activation energies in general. However, as described
later, the polyphthalaldehyde resist provided self-development by depolymer-
ization during exposure at room temperature, which is due to the low activation
energy needed to cleave the acetal bond with acid (and the low ceiling temper-
ature) [24, 25]. Thus, the use of protecting groups with low activation energies
such as ketals and acetals has produced a new generation of aqueous base
developable positive resists based on partially-protected PHOST. Since the
acid-catalyzed deprotection proceeds at room temperature as soon as acid
is generated by irradiation, PEB is not mandatory and therefore these resist
systems are stable toward airborne contamination [209]. However, the ketal-
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protected materials may be too unstable hydrolytically, making the synthesis
difficult and the shelf life (polymer powder, polymer solution, and resist for-
mulation) too short. Thus, more focus has been placed on acetal-protected ma-
terials, which could still suffer from the lack of robustness. Another problem
with low activation energy systems is linewidth slimming; instead of forming
a skin layer or T-top profile, the linewidth becomes smaller when development
is delayed due to diffusion of acid into the unexposed regions. Strong standing
wave patterns on the resist sidewall can be a problem also in the low activation
energy resists. Standing wave patterns are produced by constructive and de-
structive interactions of the incoming light and the light reflected from the re-
sist/substrate interface and are indicative of high resolution, indicating a limited
acid diffusion in the case of chemical amplification resists. However, the rugged
sidewalls are not suitable for subsequent substrate etching and therefore PEB is
applied to smooth out the standing wave patterns; by slightly diffusing the acid
or inducing thermal flow. In the case of the low activation energy resist, a poly-
mer with a higher T, is produced at room temperature in the exposed regions.
An attempt to induce a slight thermal flow would require heating the film to the
higher T, and thus would destroy the thermally unstable unexposed film. An
anti-reflection coating (ARC) is effective in reducing standing wave patterns on
the side wall.

The environmental stabilization technique involving reduction of a free vol-
ume of a resist film by annealing [163, 210] is based on the systematic investi-
gation on the propensity of thin polymer films to absorb airborne NMP using
a'“Clabeling technique [213]. This study has clearly indicated that low T, poly-
mer films absorb much less NMP when the bake temperature is set (at 100 °C)
due to good annealing and reduced free volume (Fig. 53). A separate investiga-
tion has revealed that the NMP uptake is not governed by the concentration of
aresidual casting solvent (PGMEA in this case) (Table 2) [214]. As the diffusant
mobility (DM) is expressed by DM=e %/, where f is a fraction of the free volume
and B is a constant ranging from 0.5 to 1.0 depending on the size, shape, etc.
of the diffusant, a small decrease in the free volume can be translated into a
profound reduction of the diffusivity of small molecules in polymer films.
Annealing can be achieved by reducing T, of resist polymer or by increasing the
PAB temperature [163,210]. T, can be reduced by adding a plasticizer, by de-
creasing molecular weight, or by employing a meta isomer [210]. The additive

Table 2 Residual PGMEA in polymer films baked at 100 °C for 5 min [214]

Polymer Epoxy  P3tBOC P4tBOC P(TBMA- P(TBMA- P3Me4 P4HOST Cresol

Novolac ST ST MMA) MMA- HOST Novolac
MAA)
Residual 0.05 0.5 0.6 5.9 8.6 12.8 20.4 21.1

PGMEA
(Wt%)




94 H.Ito

NMP Uptake (ng/wafer)

T — T T T T T

0 50 100 150 200 250
Solubility Parameter ((cal/cm®)*?) T,.(C)

Fig. 53 NMP uptake in polymers [213]

approach mentioned earlier might improve the delay stability due to better an-
nealing resulting from the plasticization effect of the additive. meta-PBOCST
has been compared with para-PBOCST in terms of NMP uptake and imaging
stability against airborne NMP [210]. When baked at 100 °C for 5 min, the poly-
mers contain a very small amount (0.55-0.6 wt%) of PGMEA in ~1 pm thick-
ness but absorb a vastly different amount of NMP (931 ng/wafer for para and
99 ng/wafer for meta from an airstream containing 15 ppb of NMP in 1 h). The
meta isomer with T, of 85 °C absorbs about ten times less NMP than the para
isomer with T, of 130 °C. The para isomer film is slightly anisotropic, indicat-
ing poor annealing at 100 °C. Furthermore, the meta isomer film has a signif-
icantly higher refractive index than the para isomer film (An;=~0.008,
An,=~0.005), indicating that the former is more annealed and densified than
the latter. The refractive index difference of the para and meta isomer films
(~0.4%) suggests that the para isomer film has ~40% more free volume than
the meta isomer. Because the mobility of small molecules in polymer films is
proportional to exp(-Bf™), the meta isomer allows contaminants to diffuse
much more slowly than the para isomer, by a factor of 10°-~107, depending on
the size of the diffusant (B=0.5-1.0). The robustness of the meta isomer system
toward NMP contamination has been lithographically demonstrated. Poly-
(BOCST-co-HOST) positive resist systems also demonstrated smaller NMP
uptake and greater contamination resistance of imaging for the meta isomer
than for the para isomer.

As low T, polymers could suffer from thermal flow of relief images during
high temperature substrate fabrication processes, an approach involving high
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temperature PAB to reduce the free volume has been applied to the design of a
production-worthy positive deep UV resist [163]. However, while this annealing
process requires a resin and PAG that are stable thermally and hydrolytically, the
commonly used positive resist resins (Fig. 31) cannot be heated to their T,. These
partially-protected PHOST resins have rather high T, of ~150 °C due to the high
T, of PHOST (180 °C). Although many of these protecting groups are stable ther-
mally to 200 °C when placed in a homopolymer, they undergo thermal depro-
tection at ~130 °C in the presence of the acidic phenolic OH group as is in the
copolymers. Thus, the thermal deprotection temperature is lower than T, in
these partially-protected PHOSTs and therefore the positive deep UV resist
films cannot be annealed and are consequently susceptible to airborne base
contamination. Copolymers of tert-butyl (meth)acrylate and HOST have been
reported to be exceptionally stable hydrolytically with the thermal deprotection
commencing at ~180 °C while T, is typically in the range of 150 °C in the case
of the acrylate copolymers [163]. Thus, the copolymer of TBA with HOST is a
rare example of the positive resist resins that can be heated to or above its T,
without premature decomposition of the protecting group and thus can be an-
nealed well for the free volume reduction. Figure 54 compares NMP absorption
from an airstream containing 10 ppb NMP by the APEX resist and the new
ESCAP resist based on poly(TBA-co-HOST) [163, 210, 213]. The latter absorbs
NMP much more slowly than the former (7.8 vs 18 ng/min) even when baked
at 100 °C, below its T, of 150 °C, which is due to incorporation of the acrylate
structure (solubility parameter consideration, Fig. 53). Baking the film at 170 °C,
above its T, of 150 °C, significantly reduce the NMP uptake down to 1.8 ng/min,
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Fig. 54 NMP uptake kinetics of resist polymers
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which is close to the value for bare silicon (1.1 ng/min). While the thermal
and hydrolytic stability of PAGs varies widely from below 100 to above 300 °C,
the high temperature bake process requires a non-volatile bulky PAG which is
stable to ~150 °C and generates a bulky non-volatile acid [31]. The poly(TBA-
c0-HOST) resist (ESCAP) has demonstrated a superb PED stability and resulted
in standard commercial products [215].

Another important issue in developing 248 nm resists was compatibility
to 0.26 N (1.38 wt%) TMAH developer. This developer strength was selected
for the novolac/DNQ resists and has become the industry standard. All the ad-
vanced 248 nm resists based on high activation energy (ESCAP-type) and low
activation energy (acetal) systems currently on the market are engineered to be
compatible with the industry standard 0.26 N TMAH developer. The 248 nm
positive resists implemented in manufacturing worldwide for the 180 nm node
are capable of resolving 125 nm (half wavelength) equal line/space patterns,
and being used in 130 nm device production (Fig. 55). The half wavelength
lithography has been achieved by increasing NA of the lens, improving resist
materials, and applying resolution enhancement techniques (RET) [216] such
as off-axis illumination, use of phase-shift masks [217], etc. The critical resist
parameters to control are the dissolution contrast (n) and the minimum dis-
solution rate of the resist (R;,). Higher maximum dissolution rates (R,,,) can
lead to improved underexposure latitude which is very important for printing
dark field features such as trenches and contact holes. Conversion of tertiary
ester to carboxylic acid embodied in the ESCAP resist design provides a high
and controllable dissolution contrast and high adjustable R ,,,, allowing prepa-
ration of several versions for specific applications by varying the resin com-
position and formulation. Furthermore, innovative process tricks to enhance
the resolution limit has been proposed and implemented in manufacturing,
which includes a thermal flow process to shrink contact holes (Fig. 56) [218].
The aerial image contrast degrades the fastest for contact holes. To overcome
this problem and to enhance the resolution, a non-lithographic thermal flow

Fig. 55 Half wavelength lithography with ESCAP (125 nm line/space patterns generated by
248 nm irradiation) [22]



Chemical Amplification Resists for Microlithography 97

U bake

Fig. 56 Thermal flow process

process has been used in production of 64 Mbit and 256 Mbit DRAMs. For
example, 200 nm contact holes were flowed down to 80 nm hole size [219].
However, there is a minimum pitch limit of 400 nm and the process is difficult
to control. The process control has been improved by inducing light cross-
linking.

The 248 nm positive resists based on the ESCAP concept is the workhorse
of the industry and has been applied to 157 nm lithography in a thin form as
well as to EUV lithography. Although the commercial 248 nm resists diluted to
cast thin films to compensate for their high absorption at 157 nm provided
valuable information about 157 nm imaging [220], new transparent materials
are needed for 157 nm photolithography as described in detail later. Thinned
mature 248 nm positive resists continue to be used in EUV lithography [221],
but sensitivity enhancement and reduction of line edge roughness (LER) are
the major issues. Projection electron beam lithography (PEL) employs 248 nm
resists, especially acetal-based systems such as KRS [222], for sensitivity. How-
ever, to make PEL economically feasible in manufacturing, its wafer through-
put must be increased, most likely through sensitivity enhancement of the
248 nm resist systems.

4.1.10
Polymethacrylates and Norbornene Polymers for 193 nm Lithography

Photolithography is further moving to a shorter wavelength for a higher reso-
lution and ArF (193 nm) excimer laser lithography is maturing as a manufac-
turing technology. The first major concern from the material point of view
was the high absorption expected with almost all organic compounds at this
wavelength. Thus, a single layer lithography employing wet development was
not considered feasible and an initial attempt was focused very much on pho-
tochemical ablation [223] and top-surface imaging (TSI) involving oxygen
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reactive ion etching (RIE), which takes advantage of the strong UV absorption
of organic polymers and resists. The top-surface imaging will be discussed in
detail later. Etching of organic polymers with 193 nm ArF excimer laser radi-
ation was demonstrated by Srinivasan and Mayne-Banton in 1982 [223] and the
early ArF excimer laser imaging was primarily centered around this photo-
chemical ablation phenomenon. Upon irradiation with the ArF laser, organic
materials undergo an ablative photodecomposition. Poly(methyl methacrylate)
was again the first resist to be imaged using an ArF excimer laser with the imag-
ing mechanism based on main chain degradation [224]. Furthermore, PMMA
and poly(methyl methacrylate-co-methacrylic acid) were imaged by using
157 nm F, excimer laser [225]. As discussed in detail in this section, the 193 nm
imaging systems which have been studied at an accelerating rate still very much
consist of polymethacrylates, though the imaging mechanism has shifted from
inefficient main chain cleavage to chemically-amplified deprotection involving
pendant groups.

A breakthrough came from the observation that polymethacrylates are
highly transparent at the ArF excimer laser wavelength (OD<0.1/pm, Fig. 57)
[181]. As mentioned earlier, however, polymethacrylates are not resistant to dry
etching conditions in general. Another breakthrough was a discovery that in-
corporation of an alicyclic structure into polymethacrylates improves dry etch
resistance significantly without sacrificing transparency [225]. Thus, 193 nm re-
sist activities have been very much centered around polymethacrylates bearing
pendant alicyclic groups. Incorporation of an alicyclic structure into a polymer
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backbone has been also attempted. Reflecting the importance of incorporating
dry etch resistance in 193 nm resists, serious attempts were made to correlate the
etch rate with the polymer composition and structure. The first model employed
to predict etch resistance was the one that had been reported by Gokan, Esho,
and Ohnishi 20 years ago [227]. They showed that the etch rate (V) of organic
polymers under ion bombardment has a linear dependence on N/(N¢-Ng),
where N, N, and N, are the total number of atoms, number of carbon atoms,
and number of oxygen atoms, respectively, per repeat unit, indicating that the
dry etch resistance is determined by the effective carbon content in polymer:

Ve<N(N¢-No)

Thus, aromatic polymers are more resistant to dry etching than aliphatic poly-
mers in general and in aliphatic polymers cyclization can reduce the number of
hydrogen atoms and therefore N/N¢. As this model showed a poor relationship
to chemical structure for etch rates in largely chemical etching, an additional
parameter based on polymer structure, called the ring parameter (r) was
introduced by Kunz et al. [228], which is defined as

r = Mcp/Mror

where Mcy and Moy are the mass of polymer existing as carbon atoms in a
ring structure and the total polymer mass, respectively. The normalized etch
rate in chlorine-based high density plasmas has been expressed by a third-or-
der polynomial of r. Additionally, an incremental structural parameter model
for predicting RIE rates of 193 nm resist polymers has been proposed [229].

4.1.10.1
Polymethacrylates

A terpolymer of tert-butyl methacrylate (TBMA), methyl methacrylate (MMA),
and methacrylic acid (MAA) was initially developed as a chemically amplified
thick laser resist for circuit board fabrication [180]. The terpolymer containing
1 wt% of di(tert-butylphenyl)iodonium trifluoromethanesulfonate (triflate)
has demonstrated excellent imaging at 193 nm when developed with a dilute
(0.01 N) TMAH aqueous solution [181]. This terpolymer single layer resist was
employed for exposure tool testing.

Several polymethacrylates, primarily alkyl esters, were compared with a
novolac resist in terms of etch rates in CF, and Ar plasmas. The alkyl groups
examined included methyl, tert-butyl, cyclohexyl, norbonyl, adamantyl, and
benzyl [226]. The polymerization of alicyclic methacrylates was pioneered by
Otsu, who has demonstrated facile polymerization of bulky methacrylates and
reported high T, of this class of polymethacrylates [230]. It has been found that
alicyclic polymers exhibit better dry etch resistance than acyclic esters and that
the dry etch durability is increased by an increase in the number of rings. Thus,
poly(adamantyl methacrylate) is as stable as a novolac resist under dry etch
conditions. A 30/70 copolymer of adamantyl methacrylate with tert-butyl
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methacrylate has 80% transmission/pm at 193 nm and etches only 20-30%
faster than a novolac resist in Ar or CF, plasma. The copolymer containing
15 wt% of triphenylsulfonium hexafluoroantimonate was evaluated using a KrF
excimer laser stepper and proposed as an ArF excimer laser resist [226]. How-
ever, incorporation of the highly lipophilic adamantyl group results in poor
aqueous base development including poor adhesion and crack formation.
Thus, an increase in hydrophilicity has been attempted in the design of 193 nm
resist systems in addition to the use of isopropanol/TMAH as the developer
[231]. The mixed developer was also employed in development of a ArF resist
based on a copolymer of 3-oxocyclohexyl methacrylate and adamantly meth-
acrylate (Fig. 58) [232]. A 1-pm-thick film of a 49/51 copolymer has a trans-
mission of ca. 53% at 193 nm. A 0.4-pm-thick resist film containing 2 wt% of
triphenylsulfonium hexafluoroantimonate with 60% transmission was evalu-
ated as an ArF excimer laser resist. The oxocyclohexyl ester is cleaved with a
photochemically-generated acid to produce carboxylic acid {poly(methacrylic
acid)} and cyclohexenone. The adamantyl ester has been rendered acid-cleav-
able and the oxocyclohexyl group replaced with a mevalonic lactone ester
which is also a quaternary ester (Fig. 58) [233]. With 2 wt% triphenylsulfonium
hexafluoroantimonate, a 0.4-pm-thick resist film demonstrated 0.15 pm reso-
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lution at 4.8 mJ/cm? on a 0.55 NA ArF excimer laser stepper, using the standard
2.38 wt% TMAH solution. The resist has successfully delineated 0.12 pm line/
space patterns using an alternating phase shift mask at 193 nm. The etch rate
of the resist relative to a novolac resist was 1.1-1.2 in CF, and Ar plasmas.

The methacrylate terpolymer resist has been rendered dry etch resistant by
incorporating adamantylmethyl methacrylate [234]. While the acceptable etch
resistance required >50 mol% adamantylmethyl methacrylate, it was difficult
to control the hydrophobic/hydrophilic balance and T, (the bulky ester groups
increase T, to >200 °C), resulting in poor resolution and adhesion. The same
problems were encountered with isobornyl (meth)acrylate systems, which are
acid-sensitive (Fig. 58) [234]. The high hydrophobicity of the homopolymer
was reduced by incorporating methacrylic acid as a comonomer, resulting
in excessively high T, of >200 °C and therefore severe stress cracking of the film
upon contact with any solvents. The T, of the polymer was adjusted to an ac-
ceptable range of ~170 °C by copolymerization of isobornyl methacrylate with
acrylic acid to from a 80/20 copolymer, which could dissolve in a 0.26 N TMAH
solution upon exposure/PEB in the presence of di(4-tert-butylphenyl)iodo-
nium triflate. However, a high PEB temperature of >120 °C was required for
the acid-catalyzed cleavage and rearrangement (Fig. 58), that could undergo
reverse reactions with the carboxylic acid and may be the reason for its low
contrast [234].

An alternative strategy has been developed, which involves three compo-
nents; a methacrylate polymer, an alicyclic dissolution inhibitor, and a PAG
(see above) [234b, 235]. Bile acid esters (5B-steroids) were converted to methyl
(passive, acid-inert) and tert-butyl (active, acid-sensitive) esters for use as dis-
solution inhibitors which could provide dry etch resistance. Removing the
hydroxyl group improves the dissolution inhibition effect; lithocholate is more
inhibiting than ursocholate that inhibits more than cholate. The active in-
hibitors provide much greater dissolution rate ratios as expected and therefore
are more preferred. The TBMA-MMA-MAA terpolymer containing 33% of an
active alicyclic dissolution inhibitor and the iodonium PAG showed improved
dry etch resistance and good imaging quality (0.05 N TMAH) but suffered from
low T, due to plasticization by the steroid. The plasticization effect of the
steroid has been utilized in lowering the excessively high T, of the isobornyl
methacrylate tetrapolymer mentioned above, yielding a dry etch resistant
(1.2 times novolac in Cl, plasma) material with good imaging quality. The
androstane structure has been attached to the methacrylate monomer for
radical polymerization (Fig. 59) [236].

Another interesting acrylate polymer for 193 nm lithography is a terpoly-
mer of tricyclo[5.2.1.0%6]decanyl acrylate, tetrahydropyranyl methacrylate,
and methacrylic acid (Fig. 58) [237]. In conjunction, new alkylsulfonium salts
for use in ArF excimer laser lithography have been synthesized [238]. Methyl-
(cyclohexyl)(2-oxocyclohexyl)sulfonium and methyl(2-norbonyl)(2-oxocy-
clohexyl)sulfonium triflates are highly transparent with their absorption co-
efficients of 1125 and 1650 L/mol*cm at 193 nm in sharp contrast with
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R=CHs, H
R'=OH, H
Fig. 59 Androstane methacrylates R%=H, CH,0C,Hs, C(CHj)s

triphenylsulfonium triflate (54,230 L/mol*cm). The former decomposes at
a lower temperature than the latter (142 vs 151 °C). The terpolymer with a
50/30/20 composition (selected for imaging) containing 1 wt% of the more
stable PAG has a transmission of 64.4% for 1-pm-thickness at 193 nm and a
1.42 times faster etch rate than a novolac resist in CF, plasma. The developer
employed was 0.0476 wt% TMAH solution. The balance of the imaging qual-
ity and dry etch resistance is challenging.

To overcome the limitation imposed by the multi-component polymer
approach, a carboxylic functionality has been incorporated into the alicyclic
structure and partially protected with the tert-butyl or tetrahydropyranyl
group (Fig. 58) [239]. The etch rate of the polymers was improved to 1.23-1.25
from 1.42 times novolac in CF, plasma. As the copolymers chosen for litho-
graphic evaluation contained 50-60 mol% carboxylic acid, the developer em-
ployed was a weak (0.0476 or 0.119 wt%) TMAH solution. Other acid-labile
protecting groups (Fig. 58) have been examined in terms of their effect on the
dissolution behavior of the above terpolymers and copolymers containing the
tricyclodecanyl group [240]. The polarity (hydrophilicity) of the protecting
group can significantly affect the dissolution behavior and rate of the copoly-
mers and terpolymers as well as the resists based on these polymers. A similar
observation was made with 50/50 copolymers of MMA and methacrylates bear-
ing tert-butyl, isobornyl, tetrahydropyranyl, and tetrahydrofuranyl protecting
groups [241].

In the development of 193 nm resists, providing hydrophilicity to the
lipophilic alicyclic structure was the most important issue to improve adhesion
and imaging performance. Solubility parameters of polyacrylates bearing sub-
stituted adamantane were calculated using CAChe in an attempt to predict the
hydrophilicity of the polymers [242]. Table 3 summarizes calculated solubility
parameters. The starting alcohols for the synthesis of the acrylate monomers
were prepared by aerobic autooxidation employing N-hydroxyphthalimide
according to the procedure developed by Ishii et al. [243] and commercialized
by Daicel Chemical Ind., Hyogo, Japan (Fig. 60). The calculated solubility pa-
rameter of polyacrylates exhibited a good relationship with the retention time
of corresponding acrylate monomers in aqueous chromatography (Fig. 61)
except for lactones. The retention time suggests that the lactones are more
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Table 3 Calculated solubility parameter (SP) and measured T, of polyacrylates [242]

monomer SP of polymer | polymer monomer SP of polymer | polymer
(cal®/cm'?) T, (°C) (cal®™/cm'™) T, (°0)
CHp=CHCO, 8.45 126.3 CH,=CHCO, 8.63 128.5
@ @0
CHp=CHCO, 10.58 155.8 CH,=CHCO, 8.70 135.1
EI/J (11.60)*
o]
HO
[¢)
CH,=CHCO, 9.71 144.0 8.35 120.5
f CH,=CHCO,
HO,C
CH=CHCO, 9.12 137.0 8.24 1245
CH,=CHCO,
@ OCOtBu
o]
CH,=CHCO, 11.28 165.8 8.87 99.2
CH,=CHCO;,
O
OH

HO,C

CH,=CHCO, 12.26 179.7 8.39 115.0
CH,=CHCO, (11.33)*
OH ° o)
HO

2 Values in parentheses are solubility parameters of hydrolyzed structures (Fig. 62)

hydrophilic than the calculated solubility parameter predicts, which is likely to
be due to hydrolysis of the lactone ring in aqueous solution (Fig. 62). Adopting
the hydrolyzed structure for the lactone, the calculated solubility parameter
showed a good linear relationship with the inverse retention time (Fig. 61).
An alternative approach has been proposed. The very strong absorption of
aromatic compounds at ~190 nm is due to the -m* electronic transition of the
aromatic ring. Although PHOST exhibits an extremely high OD of 35/pm at
193 nm, however, the absorption falls quickly below 180 nm. Molecular orbital
calculations have indicated that the absorption window can be red-shifted to
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Fig. 63 Naphthalene-based 193 nm resist materials

193 nm by extending conjugation [244]. Thus, an acid generator, dissolution in-
hibitor, and polymethacrylate incorporating a naphthalene ring have been pre-
pared for use in 193 nm lithography (Fig. 63) [244]. The PAG and dissolution
inhibitor based on naphthalene show significantly lower absorptions at 193 nm
than the benzene counterparts. However, a copolymer of 2-naphthyl methacry-
late and TBMA containing 50 mol% of the naphthalene group for acceptable
etch resistance has a high OD of 4.7/pm at 193 nm.

4.1.10.2
Norbornene-Maleic Anhydride Copolymers

Although polymers containing an alicyclic structure in the backbone were in-
vestigated along with polymethacrylates with a pendant alicyclic group in the
measurements of the etch resistance, such polymers have been later utilized as
imaging materials (Fig. 64). Norbornene (NB) undergoes radical copolymer-
ization with electron-deficient maleic anhydride (MA) to yield an alternating
copolymer with high T, while its radical homopolymerization (or copolymer-
ization of two norbornene monomers) is extremely sluggish. The NB-MA
copolymer film exhibits only 10% faster etch rates than a novolac resist in Ar
or CF, plasma [226] but is too lipophilic to be used in aqueous base develop-
ment [245]. Acrylic acid (AA) was introduced at 5-20% (in feed) into the
alternating copolymer as a “defect” to provide base solubility (Fig. 64) [245].
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Fig. 64 Norbornene-based 193 nm resist polymers

Compositions resulting from 15 and 17.5% acrylic acid in feed displayed the
most useful development behavior (900-1600 A/min in 0.131 N TMAH) and
therefore were evaluated lithographically using steroid dissolution inhibitors
(20-35% loading) (Figs.42 and 65) and triphenylsulfonium hexafluoroarsenate
or triflate as PAG. The tert-butyl cholate dissolution inhibitor was initially used
in conjunction with a novolac resin [173]. Adhesion failure was a major prob-
lem. A later version incorporated TBA also. Oligomeric dissolution inhibitors
based on the steroid have been evaluated (Fig. 65) [246] and their interaction
with the matrix polymer investigated [247]. Solid-state *C NMR with cross
polarization and magic-angle spinning has been employed to study the chain
dynamics and length scale of mixing in the tetrapolymer resist formulation
[248]. Two-dimensional wide line separation NMR has been used to measure
the chain dynamics via the indirectly detected proton line shapes, showing that
the polymer does not experience large amplitude atomic fluctuations even at
155 °C. Proton spin diffusion experiments have demonstrated that the polymer
and dissolution inhibitors are mixed on a molecular length scale. A new acid
generator called “sweet PAG” was proposed for use in the NB-MA-AA-TBA
tetrapolymer resist [249]. Bis(4-tert-butylphenyl)iodonium cyclamate gener-
ates a zwitterionic sulfamic acid upon exposure to 248 and 193 nm radiation
(Fig. 66), while it is expected to behave as a photodecomposable base. Because
of the zwitterionic nature, sulfamic acids have larger pK, values (6.5 in dimethyl
sulfoxide) than those of sulfonic acids (1.7 for methanesulfonic acid in dimethyl
sulfoxide). The expected high pK, of sulfamic acids would render these acids
ineffective in deprotecting even low activation energy protecting groups such
as acetal as well as high activation energy protecting groups. However, conju-
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Fig. 65 Steroid dissolution inhibitors for 193 nm lithography

gate acids are known to show a substantial decrease in pK, with a temperature
increase. Thus, although compounds capable of generating sulfamic acids can-
not serve as the sole PAG component in resist systems employing high activa-
tion energy protecting groups, they can be used as non-volatile, low diffusive
photodecomposable bases when combined with a PAG capable of generating
a strong acid such as perfluoroalkanesulfonic acid. However, a zwitterionic
conjugate sulfamic acid is expected to be sufficiently active at typical PEB
temperatures in cleavage of low activation energy protecting groups, where
sulfamic acid generators fulfill the dual roles of a PAG and that of photo-
decomposable base.

As was the case with the polymethacrylate-based resists, the CycloOlefin-
Maleic Anhydride (COMA) system attracted a great deal of attention primarily
due to ease of polymer synthesis (radical copolymerization) and good litho-
graphic performance. Various norbornene derivatives including tetracyclo-
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dodecene have been co-, ter-, and tetra-polymerized with maleic anhydride
(Fig. 64) [168,250-252]. M,, is typically <10,000.In almost all the cases, the NB-
MA copolymerization was assumed to proceed via charge transfer mechanism
and to produce strictly alternating copolymers even when a homopolymeriz-
able third monomer was introduced. To elucidate the copolymerization mech-
anism, detailed in situ "H NMR kinetics studies were combined with the analy-
sis of the monomer reactivities by the “mercury” method [253]. Substitution on
the 5-position reduces the copolymerization rate and polymer yield; copolymer
yields are typically <50% for the substituted norbornenes while unsubstituted
NB gives a high conversion of 70-80%. Inverse gated '"H-decoupled *C NMR
analysis of a number of copolymers has indicated that the MA concentration
in copolymers is slightly higher than 50 mol% (55-57%). The in situ analysis
of terpolymerization of NB, NB bearing tert-butyl ester,and MA has clearly in-
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Fig. 67 Kinetics of radical terpolymerization of NB, MA, and TBMA with AIBN in dioxane-
ds at 70 °C as studied by '"H NMR [253]
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Fig. 68 Kinetics of radical terpolymerization of NB, MA, and TBA with AIBN in dioxane-dg
at 70 °C as studied by 'H NMR [253]

dicated that the unsubstituted NB reacts faster than the substituted one. The
terpolymerization kinetics was later studied by in situ IR analysis also [254].
Furthermore, TBMA (or methacrylic acid) has been demonstrated to be con-
sumed and exhausted rapidly in an early stage of terpolymerization with NB
and MA (Fig. 67) while TBA (or acrylic acid) is incorporated into a terpolymer
with NB and MA uniformly throughout the entire period of polymerization
(Fig. 68) [253]. Acrylates can copolymerize with NB and MA. Thus, acrylic
monomers tend to be more uniformly incorporated into the NB-MA polymer
than methacrylates. The incorporation of a third homopolymerizable mono-
mer could increase the polymer yield but introduce significant heterogeneity
into the polymerization and polymer structure. The stoichiometry of MA and
NB could be completely destroyed by the third homopolymerizable monomer
and the polymer could contain a much higher concentration of MA than NB.
This study suggests that the charge transfer mechanism does not play a dom-
inant role in the NB-MA copolymerization.

The charge transfer mechanism for the NB-MA copolymerization has been
discarded through investigation on the basis of the mercury method (Fig. 69)
[253]. A cyclohexy radical generated by treatment of cyclohexylmercuric chlo-
ride with sodium borohydride in dichloromethane was reacted with MA and NB
according to the Giese’s procedure [255]. In the mass balance experiments [256]
on the system consisting of MA and fert-butyl 5-norbornene-2-carboxylate
(NBTBE), the yield of the cyclohexyl adduct of MA was analyzed by gas chro-
matography to be 131-85% whereas NBTBE remained mostly unreacted (81-
93%). Thus, MA exclusively reacts with the cyclohexyl radical, leaving NBTBE



110 H.Ito
O&Q§o
O; iO_/\ =0
Q NaBH,4
HgCl —> — ( >I;< 2 N
O 0] (o} (¢]

0]

: not detected
—

largely unreacted and the addition of the cyclohexyl radical to a 1:1 charge
transfer complex does not constitute a major pathway for the consumption of
the monomers.

The NB-MA copolymers tend to absorb more than polymethacrylates at
193 nm, which is less desirable, perhaps due to a high concentration of ab-
sorbing end groups (low molecular weights) while the anhydride structure may
be only slightly more absorbing than the ester group [257].

Another interesting feature of the COMA polymers and resists is hydrolysis
of the anhydride ring, which can be detrimental and beneficial. The anhydride
ring can be hydrolyzed during work-up after polymerization, resulting in
irreproducible and significant dissolution in aqueous base, and also during
storage in a casting solvent (as a polymer solution or as a formulated resist
solution), resulting in irreproducible lithographic performance and a poor shelf
life [251b,d, 257-260]. The increase in the carboxylic acid concentration in a film
of a copolymer of NBTBE and MA cast from PGMEA solution can be clearly de-
tected by IR spectroscopy [257]. Furthermore, accompanying faster dissolution
rates in aqueous base indicate hydrolysis during storage of the polymer solution
(for example, 524 A/s in 0.26 N TMAH after one year from 8 A/s for one-day-old
solution) [257]. Thus, the casting solvent for COMA must be dried.

However, this hydrolysis is a reason for good imaging performance of the
COMA resist. While a film of a copolymer of NBTBE with MA (free of carboxylic
acid) is essentially insoluble in aqueous base, base hydrolysis in the exposed
area during development accelerates the dissolution, resulting in a higher de-
velopment contrast [257]. The exposed area becomes polar due to generation
of carboxylic acid through photochemically-induced acidolysis of the tert-butyl
ester, allowing penetration of the aqueous base developer into the film. The
anhydride is hydrolyzed by the base developer, increasing the carboxylic acid
concentration and boosting the dissolution rate. The aqueous base cannot
diffuse into the nonpolar unexposed area. The base hydrolysis of the COMA
polymer film during development has been demonstrated and confirmed by IR
spectroscopy (Fig.70) [257,261]. IR bands of the anhydride decrease in inten-
sity on the same timescale as the overall film dissolution. The carboxylate ion
absorption band increases in intensity synchronously with a decrease in an-

Fig. 69 Mercury method
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Fig. 70 Hydrolysis of anhydride ring in a NBTBE-MA copolymer during aqueous base
development [261]

hydride in a static experiment. Aqueous base penetration into the film is the
most important step in base hydrolysis of anhydride during development,
which is controlled by polarity of the matrix. A COMA system incorporating a
polar group such as acrylic acid could suffer from storage instability and from
thinning in the unexposed areas during development. Therefore, incorporation
of a hydrophobic additive is required as a barrier for aqueous base penetration
and as an anhydride protector rather than as a dissolution inhibitor.
Norbornenes bearing pendant steroid [262] and piperidyl [263] groups have
been copolymerized with MA. The latter was an approach to attach a base to
polymer for PED stabilization and a control of acid diffusion. They applied the
same strategy to the ESCAP 248 nm and methacrylate 193 nm resists [264]. Hy-
brid systems based on COMA and methacrylates have also been developed [265].

4.1.10.3
Polynorbornenes and Other Polymers

Poly(2,3-norbornene) has an etch rate that is 15% slower than that of a novolac
resin in an aggressive chlorine plasma and is another primary 193 nm resist
platform [241]. Vinyl addition polymerization of norbornenes resulting in
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poly(2,3-norbornene) was first mentioned in the early 1960s using classical
TiCl,-based Ziegler systems, affording materials with only very low molecu-
lar weight (<1000) in low yields [266]. Zirconocene/methaluminoxane systems
have been reported to give high polymer, although they exhibit low activity
and require a large excess of methaluminoxane [267]. Electrophilic palladium
(II) complexes effect “living” polymerization of norbornene [268,269]. A new
family of single component and multi-component catalysts for vinyl addition
polymerization of norbornenes has been developed by BF Goodrich Company
(currently, Promerus) based on nickel and palladium (Fig.71) [270]. The mol-
ecular weight can be controlled by adding a chain transfer agent, producing
olefin-terminated polymers. These new catalysts, especially Pd, have such a
high tolerance toward functional groups (such as carboxylic acids and esters)
that homo- and copolymerization of a wide variety of norbornene monomers
bearing functional groups is possible. A large number of all-norbornene
193 nm resist polymers (COBRA) have been prepared by this technology
(Fig. 72).

Polynorbornene bearing a pendant tert-butyl ester was imaged in a negative
mode using an onium salt PAG [241]. This highly hydrophobic polymer failed
to develop in a positive tone in aqueous base (see the tBOC resist). Norbornene
bearing carboxylic acid (NBCA) was copolymerized with NBTBE as a polar
group [271]. Unlike the phenolic 248 nm system, however, the dissolution rate
of the NBCA copolymers in aqueous base is not a smooth function of the
copolymer composition and the concentration of the acidic unit cannot exceed
ca. 20 mol%. Typically, the NBCA copolymer does not dissolve in aqueous base
when the NBCA concentration is below 20 mol% and dissolves extremely
rapidly (>10,000 A/s in 0.26 N TMAH) when the acid concentration is above
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Fig. 71 Vinyl addition polymerization of norbornenes
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Fig. 72 All-norbornene 193 nm positive resist polymers (COBRA)

50 mol% [258]. What is unique about the NBCA-based COBRA system is that
the copolymer film swells a lot in aqueous base in the composition range of
20 mol%<NBCA<50 mol% (Fig.73) [258]. The frequency decrease in the QCM
measurement has been confirmed to indeed correspond to gel layer formation
by combining QCM with impedance measurements and interferometry [261].
Important discoveries have been made: a) a four layer (liquid, interfacial layer,
polymer film, quartz) model accurately replicates experimental reflectance, b)
fitting of experiment to model provides gel and dry layer thicknesses and gel
composition (gel contains ca. 55 volume % developer in this case), c) for gel
thickness <500 nm, QCM provides accurate measure of mass of a gel layer,
and d) the growth rate of the gel layer increases linearly with the hydroxide
concentration in developer [261]. This technique has detected previously un-
noticed swelling in novolac and 193 nm methacrylate polymers as well. The
COBRA resist does not dissolve or swell in the unexposed area because the
NBCA concentration is below 20 mol% and dissolves fast in the exposed area
because the combined carboxylic acid concentration is above 50 mol%. How-
ever, a major problem is its swelling in partially exposed areas. This problem
is significantly reduced by adding a dissolution modifying agent (DMA) such
as tert-butyl cholate (Figs.42 and 65). This COBRA formulation does not require
any added dissolution inhibition and DMA is added to improve lithographic
performance through suppression of swelling. The swelling rate is reduced
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Fig. 73 Suppression and promotion of swelling of NBCA-based polymer by addition of
tert-butyl cholate and choric acid, respectively [258]

significantly by adding tert-butyl cholate while addition of cholic acid results
in accelerated swelling as the QCM curves in Fig. 73 indicate [258].

In an attempt to decrease the concentration of the protecting group such as
tert-butyl and methylcyclopentyl ester (MCP), polar norbornene monomers
have been terpolymerized with NBMCP and NBCA (Fig. 74) [258, 272]. The
polynorbornenes containing anhydride such as an itaconic anhydride adduct
suffered from the problems described for the COMA system [258]. Sulfon-
amides pendant from norbornene did not provide base solubility. NBTBE
copolymers containing up to 80 mol% of methanesulfonamide did not dissolve
at all in 0.26 N TMAH. The sulfonamide functionality is not acidic enough in
the polycycloolefin to induce dissolution but polar enough to allow penetration
of aqueous base developer, inducing hydrolysis of anhydride and promoting
swelling [258]. Lactone groups have been found to provide a better stability
than anhydride, high polarity, and selective hydrolysis in the exposed area
during development [258]. Thus, the COBRA 3000/4000 resist is based on a
terpolymer of NBMCP, NBCA, and NB bearing a spirolactone or ester lactone
(Fig. 74) [271-273].

Cationic and radical polymerizations of norbornene yield only low molecular
weight oligomers [169, 170]. Ring-opening metathesis polymerization (ROMP)
of strained cyclic olefins was first reported in the 1950s [171] and is of industrial
importance. Attempts were made to prepare 193 nm resist polymer by ROMP
of functionalized norbornenes and tetracyclododecenes (Fig. 75) [168, 251].
Hydrogenation of the unsaturated backbone was necessary to afford ther-
mooxidative stability and to reduce OD at 193 nm. Use of tetracyclododecene
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Fig. 75 ROMP-based resist polymer

helped increase T,. However, the 193 nm resist platform based on ROMP was
quickly abandoned primarily due to its poor dissolution characteristics, some-
what similar to the all-norbornene system described above.

Another electron-rich monomer, vinyl ether, has been employed for radical
copolymerization with electron-deficient maleic anhydride to yield a VEMA
system (Fig. 76) [274]. Linear or cyclic alkyl vinyl ethers have been used in
conjunction with deprotectable alicylic (meth)acrylate. The replacement of NB



116 H.Ito

o
R
R=H, OC,Hs

Fig. 76 VEMA 193 nm resist
with vinyl ethers improves copolymer yields, increases the chain flexibility,
reduces the very high T,, and improves adhesion.

In addition to the four major platforms described above, new interesting
polymers have been designed and prepared for use in 193 nm lithography. Be-
cause the phenolic functionality is too absorbing at 193 nm, ArF resist polymers
are built on the use of carboxylic acid. As mentioned earlier in this section,
polymers bearing carboxylic acids fail to provide good dissolution properties
in many cases. The COMA system is attractive because the polymers can be
prepared readily by radical copolymerization. However, the yield is rather low.
In an attempt to overcome these two problems, new polymers prepared by rad-
ical co- and terpolymerizations of norbornene bearing hexafluoroisopropanol
(NBHFA) and sulfur dioxide have been reported (Fig.77) [115]. As mentioned
earlier, hexafluoroisopropanol exhibits pK, similar to that of phenol and is
highly transparent at 193 nm. NBHFA was copolymerized with SO, using fert-
butyl hydrogen peroxide at —45 °C for a few hours to afford a 1:1 alternating
copolymer in a quantitative yield. The copolymer exhibited an OD of 0.25/pm
at 193 nm and a high dissolution rate of 30,000 A/s in 0.21 N TMAH. tBOC-pro-
tected NBHFA was also copolymerized with SO,. Terpolymers of NBTBE,
NBHFA, and SO, were prepared by changing the NBTBE/NBHFA ratio and
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OH OH 0
NBHFA CFj CFs ;(

|

e
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CF3 )j\ — o)
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CF4 o
CFs

Fig. 77 NBHFA-SO, copolymer for 193 nm lithography
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Fig. 78 Dense 105 nm line/space patterns printed by 193 nm lithography [273]
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Fig. 79 Radical cyclopolymerization for preparation of 193 nm resist polymers
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their dissolution rates investigated. One drawback of the poly(norbornene
sulfone) system was its unexpectedly poor dry etch resistance in comparison
with its aromatic counterpart, poly(tBOC-styrene sulfone) [104]. However,
the use of NBHFA and hexafluoroisopropanol has attracted a great deal of
attention recently for the design of 157 nm resist materials and the hexafluo-
roalcohol has become the acid group of choice in 157 nm lithography, which
will be described in more detail later. This surge of interest in the use of NBHFA
in 157 nm lithography and its more attractive dissolution behavior than car-
boxylic acids have revitalized the 193 nm resist design and allowed replacement
of NBCA with NBHFA in the COBRA series at last [273]. Dense 105 nm line/
space patterns printed in a 193 nm resist are presented in Fig. 78.

While ring-opening polymerization of camphorsultam was attempted futilely
to prepare a new polymer containing a bicyclic structure and a new acidic
sulfonamide group in the backbone [115b], radical cyclopolymerization was
exploited in the synthesis of 193 nm alicyclic polymers (Fig. 79). Transannular
polymerization to form polynortricyclene bearing tert-butyl ester was utilized
in radical copolymerization with MA (Fig. 79) [275]. Radical cyclopolymer-
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Fig. 80 Cyclocopolymerization with maleic anhydride and subsequent alcoholysis



Chemical Amplification Resists for Microlithography 119

ization of spirobornanes and acyclic analogs has been exploited (Fig.79) [275].
Radical copolymerization with maleic anhydride involving cyclopolymeriza-
tion has been employed in the synthesis of new 193 nm alicyclic polymers
(Fig. 80) [277]. In this approach the anhydride was hydrolyzed with alcohol to
form a half-ester and the remaining carboxylic acid was protected with acid-
labile groups such as acetal for chemical amplification imaging. Molecular
weights were typically low (1000-3700) and OD was rather high (>0.6/pm).

4.1.10.4
New Processes

Block copolymers of TBMA with 3-methacryloxypropylpentamethyldisiloxane
prepared by group transfer polymerization exhibited better development be-
havior in aqueous base than that of the corresponding random copolymer
(Fig. 81) [278]. The block copolymers with higher silicon concentrations are
developable as negative resists using supercritical CO,. In a similar fashion,
block copolymers of THP-methacrylate with fluoroalkyl methacrylates were
evaluated as CO,-developable 193 nm resists [279]. Use of supercritical CO, in
resist processing has started to gain a ground as it is environmentally friendly.
The concept of using supercritical CO, in development was first introduced
by Phasex and IBM in 1995 [280]. However, very few polymers are soluble in
supercritical CO,, and those that are soluble are usually either fluorinated or
siloxane-based. Therefore, supercritical CO, development may be more suited
for 157 nm lithography as described in more detail later.

As mentioned earlier, the COMA positive resists tend to have higher optical
absorption at 193 nm than polymethacrylate and COBRA systems, which would
produce a tapered image profile. To overcome this potential problem, the T-top
formation by absorption of base into the top layer (see above) has been inten-
tionally incorporated in the lithographic process (amine gradient process)
[281]. Poly(acrylic acid-co-methyl acrylate) and L-proline were dissolved in
water and spin-cast on a COMA resist. During PEB the amine in the overcoat
diffuses into the COMA resist layer and compensates for the acid gradient
caused by illumination, providing a vertical profile.

Furthermore, the thermal flow process (REFLOW, Fig. 56) employed in the
248 nm lithography has been applied to the COMA 193 nm resists [282]. How-
ever, shrinking hole sizes by thermal flow is more difficult with 193 nm resists
due to their high T,. Similarly, a hole shrink process named RELACS (resolu-
tion enhancement lithography assisted by chemical shrink) (Fig. 82), initially
developed for KrF positive resists [283] has been utilized in the COMA 193 nm
resists [284]. This shrink technique utilizes a crosslinking reaction catalyzed by
an acid component existing in a predefined resist film. In the SAFIER (shrink
assist film for enhanced resolution) process proposed by Tokyo Ohka Kogyo,
an imaged wafer is coated with a SAFIER chemical and then baked to cause the
resist to flow. The SAFIER material is rinsed away with water and residual
water is removed by baking at 100 °C. The SAFIER material does not chemically
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U overcoat

Fig. 82 RELACS process

react with the resist but provides mechanical support to the contact hole walls
during the thermal flow process, minimizing pattern profile degradation [285].

For further enhancement of the resolution at 193 nm, immersion lithogra-
phy employing water as an optical element between the last lens and resist has
emerged recently as a new technology in competition with 157 nm lithography.
In immersion lithography the effective exposure wavelength is reduced by the
refractive index of the immersion fluid (193/1.44=134 nm for 193 nm water im-
mersion).

4.1.11
Fluoropolymers for 157 nm Lithography

The microelectronics industry is interested in maintaining photolithography as
the primary manufacturing technology and attempting to migrate to an even
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shorter wavelength of F, excimer lasers at 157 nm for a higher resolution
(<70 nm). However, existing 248 and 193 nm resists are absorbing too much
and therefore a search for more transparent materials has been required once
again. At this short wavelength, only fluoropolymers and polysilsesquioxanes
may provide low enough absorption [286], while mature ESCAP-based 248 nm
resists were employed in early imaging experiments in a thin film (<100 nm)
[220,287]. Thus, single layer 157 nm resists must be built on fluoropolymers. The
early screening effort was initiated at MIT Lincoln Laboratories and Table 4
summarizes optical densities (ODs) of representative polymers at 157 nm. In
addition to the good transparency, compatibility with aqueous base develop-
ment is a very important consideration. How can hydrophobic fluoropolymers
be made soluble in aqueous base? The answer was provided by the earlier
193 nm resist design based on norbornene hexafluoroalcohol (Fig. 21) [115].
While carboxylic acid and phenol absorb strongly at 157 nm, the acidic hexa-
fluoroisopropanol group incorporated in a poly(norbornene sulfone) structure
provided good transparency of 3.2/pm [288]. Thus, the hexafluoroisopropanol
functionality has become the acid group of choice for 157 nm lithography.
Fluoropolymers for 157 nm lithography can be categorized into two groups:
1) polymers containing F in the backbone, typically prepared by copolymer-
ization involving tetrafluoroethylene (TFE) and 2) polymers containing F in
the side chain (Fig. 83). NBHFA has been copolymerized with NBTBE, NBHFA

Table 4 Absorbance at 157 nm of 1-pm-thick Polymer Films [286]

Polymer Absorption/ Polymer Absorption/
pm pm

Polyhydrosilsesquioxane 0.06 Polynorbornene 6.10

Polydimethylsiloxane 1.61 Polystyrene 6.20

Polyphenylsiloxane 2.68 Polyvinylphenol 6.25

Fluorocarbon 0.70 Poly(norbornyl 6.67

100% fluorinated methacrylate)

Hydrofluorocarbon 1.34 Poly(adamantyl 6.73

30% fluorinated methacrylate)

Partially esterified 2.60 Poly(f-pinene) 7.15

hydrofluorocarbon

28% fluorinated

Fully esterified 4.56 Acrylic terpolymer 8.20

hydrofluorocarbon (PTBMA-MMA-MAA)

31% fluorinated

Poly(vinyl alcohol) 99.7% 4.16 Polychlorostyrene 10.15

Ethyl cellulose 5.03 Polyvinylnaphthalene 10.60

Poly(methyl methacrylate)  5.69 Poly(acrylic acid) 11.00
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Fig. 83 Fluoropolymers for 157 nm lithography F

protected with tBOC, and other norbornene monomers by vinyl addition
polymerization using Pd or Ni (Fig. 84) [288,289]. NBHFA readily undergoes
addition polymerization with a Pd catalyst without protecting the acidic OH
group to yield a polymer that is highly transparent at 157 nm (1.7/pm) and
dissolves at a few hundred nm/s in a 0.26 N TMAH solution [288]. In a fash-
ion similar to the 248 nm APEX resist, partial protection of PNBHFA produces
an imageable copolymer. However, in such all-norbornene addition copoly-
mers of NBHFA, the concentration of the ester or carbonate must be below
20 mol% for an acceptable OD [288, 289]. PNBHFA protected with 20 mol%
tBOC has a low OD of 1.9/pm at 157 nm owing to the high concentration of
fluorine [289]. However, this copolymer generates hexafluoroalcohol upon
acidolysis and tends to lack the high contrast provided by conversion of tertiary
ester to carboxylic acid. Therefore, a tert-butyl ester oligomer was added to the
copolymer as a dissolution inhibitor to improve the development contrast,
which has become the first commercial 157 nm resist marketed by Clariant
(Fig. 85) [290]. In an attempt to reduce the 157 nm absorption further, the
carbonate was replaced with an acetal protecting group [290]. The TFE-based
systems have been promoted by DuPont [291]. A higher concentration of TFE
in polymer provides lower 157 nm absorption, lower hydrophilicity, and lower
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Fig. 84 NBHFA copolymers prepared by addition polymerization
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dry etch resistance. The polymerization involving TFE requires a special reac-
tor and can be carried out only in a properly-equipped facility. This approach
has been also pursued by Daikin Kogyo, Japan [292,293]. TFE is copolymerized
with NBHFA protected with an acid-labile group or terpolymerized with NB or
NBHFA and acrylate bearing acid-labile ester (Fig. 86) [291-293].
2-Trifluoromethylvinyl acetate has been copolymerized using a radical ini-
tiator with vinyl acetate and the resulting copolymer was hydrolyzed with propy-
lamine to yield poly(vinyl alcohol) containing about 50 mol% CF; (Fig.87) [294].
The CF;-bearing vinyl alcohol copolymer had an OD of 3/pm (4.2/pm for
poly(vinyl alcohol)) and was soluble in 0.26 N TMAH solution. The vinyl alco-
hol copolymer was protected with a tetrahydropyranyl group (~70% modifica-
tion) to produce a resist polymer with OD;s; of 3.2/pm, which was employed
in imaging in conjunction with a steroid-based (cholestanol, pregnanediol, etc.)
active dissolution inhibitor which generates trifluoromethylcarbinol upon
deprotection (Fig. 87) [295]. The distribution of iodonium PAG and the steroid
dissolution inhibitor in the THP-protected poly(vinyl alcohol) has been inves-
tigated by RBS and segregation was detected in some of the combinations [295].
Interesting hexafluorocarbinol-functionalized block copolymers were pre-
pared by a three-step polymer modification process (Fig. 88) [296]. The fluo-
rocarbinol functional group was incorporated into the polymer backbone
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Fig. 86 TFE-based 157 nm resist polymers
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through an ene reaction [297] of hexafluoroacetone with C=C double bonds in
polymer. A block copolymer of isoprene and 1,3-cyclohexadienene was pre-
pared by living anionic polymerization with a sec-butyllithium/N,N,N,N"*-
tetramethylenediamine system. The cyclic structure was incorporated to raise
T, and dry etch resistance. The polyolefin was treated with hexafluoroacetone
at 180 °C for 36 h in a pressure reactor and the resulting polymer was hydro-
genated using a supported Pd catalyst to destroy the absorbing C=C double
bonds, resulting in only partial hydrogenation of 40%. The partially hydro-
genated block copolymer was reacted with ethoxymethyl chloride to produce
a resist polymer with OD,s; of 3.3/pm (Fig. 88).

The hexafluoroisopropanol group has been incorporated in a (meth)acry-
late structure (Fig. 89) [298]. 1,4-Bis(2-hydroxyhexafluoroisopropyl)benzene
was reduced to the corresponding cyclohexane, which was then reacted with
(meth)acryloyl chloride after treatment with n-butyllithium to yield an acrylic
monomer containing twelve fluorine atoms and a hexafluoroisopropanol group.
The acrylate homopolymer prepared by radical polymerization exhibited
an unusually low OD5; of 1.9/pum, perhaps suggesting the electronic effect of
the CF; group on the carboxyl group and the volume effect of the CF; group
(van der Waals volumes for CF; and CH; are 42.6 and 16.8 A%, respectively). A
methoxymethyl-protected acrylate was synthesized and copolymerized with
the unprotected monomer, yielding a copolymer exhibiting low developer se-
lectivity. Therefore, the unprotected monomer was copolymerized with TBMA,
tetrahydropyranyl methacrylate, or 2-methyladamantyl methacrylate to gen-
erate carboxylic acid upon photochemically induced deprotection.

Another interesting building block of 157 nm resist polymers is a 2-trifluo-
romethylacrylic group. Poly(methyl 2-trifluoromethylacrylate) (PMTEMA),
which was initially prepared as an electron beam resist [299], has been found
experimentally [288,289] and by theoretical calculation [300] to be quite trans-
parent at 157 nm (3.1/pm). Replacement of CH; of PMMA with CF; reduces
the 157 nm OD by a 3-4 order of magnitude. MTFMA is reluctant to undergo
radical homopolymerization [301], although it is 54 times more reactive than
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Fig. 89 HFA-bearing (meth)acrylates
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MMA toward an alkyl radical [302]. Because of its low electron density (e=2.7)
[302], this fluoromonomer readily undergoes anionic polymerization with
amines and organic and inorganic salts in the presence of 18-crown-6 [301,
303]. However, anionic initiators commonly used for polymerization of MMA
such as butyllithium and Grignard reagents fail to polymerize this monomer
due to Sn2” addition-elimination [303, 304]. All-acrylate polymers for 157 nm
imaging have been prepared by radical terpolymerization of 2-trifluoromethyl-
acrylate and methacrylate or acrylate [288] (Fig. 90).

The 2-trifluoromethylacrylic monomers have been found to copolymerize
with norbornenes such as NBHFA under normal radical polymerization con-
ditions [288]. The copolymerization behavior has been investigated by ana-
lyzing the kinetics in situ by "H NMR [288]. The monomer consumption curves
for NB and 2-trifluoromethylacrylic acid (TFMAA) are presented in Fig. 91 and
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Fig. 91 Monomer consumption kinetics curves for radical copolymerization of NB with
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the TFMAA concentrations in feed and copolymer in Fig. 92. The copolymer
composition is not 1:1 but TFMAA:NB=~2:1.It has been shown that the com-
monly employed terminal model cannot explain the copolymerization behav-
ior and that copolymerization proceeds according to the penultimate model
(Fig.93) [305]. tert-Butyl 2-trifluoromethylacrylate (TBTFMA) has been copoly-
merized with NBHFA [288, 305] or 5-trifluoromethyl-5-hydroxy-2-norbornene
[290] to prepare 157 nm resist polymers with an OD of 2.6-2.7/pm (Fig. 90). The
copolymer is quite lipophilic and insoluble in aqueous base (0.26 N TMAH) due
to the low concentration of NBHFA (<40 mol%). Because the NBHFA concen-
tration in copolymer cannot be increased by changing the feed ratio, the
copolymer was blended with PNBHFA [305]. The blending increases the hydro-
philicity and reduces OD to 2.0/pm. The successful radical copolymerization of
2-trifluoromethylacrylic monomers with norbornene derivatives prompted
others to seek for electron deficient monomers such as cyanoacrylates for rad-
ical copolymerization with norbornenes [306,307]. However, as cyanoacrylates
undergo anionic polymerization very rapidly, the copolymers were contami-
nated with the homopolymer [306]. 1,2,2-Trifluoroacrylic ester of 2-methy-
ladamantanol has been synthesized and copolymerized by radical initiation
with NBHFA to form an alternating copolymer with T, of 155 °C [307].

Vinyl ethers have been shown to undergo radical copolymerization with
2-trifluoromethylacrylic monomers readily, providing copolymers with high
molecular weights in high yields [305]. The incorporation of vinyl ethers is
typically 30 mol% like NB derivatives and the copolymerization follows the
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penultimate model [305]. However, this copolymerization is much more facile
than that of norbornenes, producing high molecular weight polymers in high
yields even in solution while solution copolymerization of norbornenes with
2-trifluoromethylacrylic monomers is rather sluggish. Dihydrofuran and viny-
lene carbonate copolymers with TBTFMA were used as resist polymers by
blending them with PNBHFA while ethyl vinyl ether and tert-butyl vinyl ether
copolymers were immiscible with the NBHFA homopolymer [305].

An attempt was made to incorporate the good transparency of the 2-triflu-
oromethylacrylic unit in the norbornene structure through the Diels-Alder
reaction of tert-butyl 2-trifluoromethylacrylate [289,290]. However, norbornene
substituted with two groups at the 5-position was reluctant to undergo addi-
tion polymerization. Therefore, this monomer was copolymerized with carbon
monoxide and the low molecular weight copolymer with ODs; of 3.5/pm
(Fig. 94) was employed as a dissolution inhibitor of PNBHFA partially protected
with tBOC and a NBTBE-NBHFA copolymer as mentioned earlier (Fig. 84) [289,
290]. The incorporation of the carbon monoxide copolymer reduces OD in the
former case and increases a development contrast through generation of car-
boxylic acid. Another attempt to polymerize a monomer geminally substituted
with CF; and tert-butoxycarbonyl was to remove the substituents further away
from the C=C bond by synthesizing the corresponding tricyclononene ana-
logues (Fig. 94) [289, 290]. This tricyclononene monomer was copolymerized
with NBHFA using a Pd(II) catalyst to produce a copolymer with OD of 2/pm
at 157 nm. The carbon monoxide copolymer was blended with the tricy-
clononene copolymer as a dissolution inhibitor.
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Fig. 94 Polymerization of norbornene derivatives geminally substituted with CF; and
CO,tBu
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The aforementioned 1,4-bis(2-hydroxyhexafluoroisopropyl)cyclohexane
has been combined with the 2-trifluorometylacrylic structure [290, 305, 307].
The fluorodiol was half-protected with an ethoxymethyl group and reacted
with 2-trifluoromethylacryloyl chloride in the presence of triethylamine to
afford 2-[4-(2,2,2-trifluoro-1-ethoxymethoxy-1-trifluoromethylethyl)cyclo-
hexane]hexafluoroisopropyl 2-trifluoromethylacrylate. This heavily fluorinated
acrylate was copolymerized with 2-methyladamanty 2-trifluoromethylacrylate
by anionic initiation with potassium acetate/18-crown-6 [307] as described in
the literature [303] (Fig. 90). The copolymer (made from a 1:1 feed) was unex-
pectedly transparent with OD,5; of 1.6/pm. However, imaging of the copolymer
resists was sluggish perhaps due to their low T,. Radical copolymerization was
also performed with norbornene derivatives [290, 305].

Aromatic polymers were believed to be too absorbing at 157 nm. However,
polystyrene bearing hexafluoroisopropanol (PSTHFA, Fig. 20) has been found
to be unexpectedly transparent at 157 nm with OD of 3.6/pm [288b,c, 308, 309].
STHFA was copolymerized using AIBN with tBOC-protected STHFA to pro-
duce PF-APEX. Copying the most dominant 248 nm resist design, STHFA has
been copolymerized with TBMA (TBA, isobornyl methacrylate) and TBTFMA
to afford by radical polymerization PF-ESCAP (or F-ESCAP) and PF>-ESCAP
resist polymers, respectively (Fig. 95) [288b,c, 308, 310]. In a similar fashion,
styrene bearing trifluoroisopropanol was synthesized and polymerized but
such polymer did not provide good transparency (OD=4.5/pm) or dissolution
behavior (completely insoluble in 0.26 N TMAH while PSTHFA dissolves at
6000 A/s), which was also the case with norbornene with pendant trifluo-
roisopropanol [288b,c]. While TBMA copolymerizes with STHFA according to
the terminal model, affording copolymers with any compositions, the radical
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copolymerization TBTFMA with STHFA can be explained by the penultimate
model better than the terminal model (Fig. 96), producing copolymers con-
taining <50 mol% TBTFMA [305]. PF>-ESCAP is more transparent than PF-ES-
CAP at 157 nm (3.2-3.6 vs 4.0-4.2/pm) [288b,c, 308]. A copolymer prepared by
radical copolymerization of ethoxymethyl-protected STHFA and 2-[4-(2-hy-
droxyhexafluoroisopropyl)cyclohexane]hexafluoroisopropyl acrylate (1:1 feed)
exhibited good transparency of 2.38/pm [298]. STHFA has also been copoly-
merized with 2-trifluoromethylvinyl acetate at a 1:1 feed ratio and the resulting
copolymer (70% STHFA) was hydrolyzed to alcohol, followed by protection
with THP. The dissolution contrast was too poor to form a nice pattern [307].

4-Hydroxy-2,3,5,6-tetrafluorostyrene was another aromatic monomer inves-
tigated for 157 nm application, which can be easily synthesized from pentafluo-
rostyrene (Fig. 97) [307]. Radical polymerization of this unprotected phenolic
monomer was slow. Its tert-butyl ether was synthesized in a slightly modified
way and polymerized with ease by radical initiation to afford a polymer with
OD,5; of 3.8/pum [307]. The tert-butyl ether monomer was copolymerized rad-
ically with 2-[4-(2-hydroxyhexafluoroisopropyl)cyclohexane]hexafluoroiso-
propyl acrylate (Fig. 97), affording a 80:20 copolymer with OD5; of 2.1/pm.
However, a resist based on the 80:20 copolymer could not be developed even
with a 0.52 N TMAH solution for 5 min after exposure to 248 nm irradiation.
Imaging was more successful with a 60:40 copolymer but a stronger developer
and long development time were required. The copolymers had a low T, of
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about 90 °C. The tert-butyl ether monomer was copolymerized also with 2-tri-
fluoromethylvinyl acetate [307]. Other fluorinated styrenes have been also
evaluated as ESCAP-type 157 nm resists in copolymer with TBA, TBMA, and
TBTEMA [311].

In addition to the oligomeric and polymeric dissolution inhibitors discussed
earlier, small molecules bearing acid labile groups have been employed in 157 nm
resist formulations [295, 312]. Representative examples are shown in Fig. 98.
Some are better than others in dissolution inhibition of a copolymer of NBHFA
and NBTBE (92:8). What is interesting is that a diazonaphthoquinone PAC de-
veloped for mid UV application (Fig. 99) [313] is surprisingly transparent and
can inhibit the dissolution of PNBHFA even better than the small acid-labile
dissolution inhibitors in Fig. 98 [312]. In contrast, the dissolution of PSTHFA
cannot be efficiently inhibited either with diazonaphthoquinone, the small
acid-labile lipophilic compounds in Fig. 98, or the carbon monoxide copolymer
(Fig. 94) [312].

A new fluoropolymer has been synthesized by cyclopolymerization and
demonstrated to have a very low OD,s; of <1/pm for the F concentration of
>50 wt% (Fig. 100) [314]. A thick film of 200 nm has been successfully imaged
at 157 nm using a resin with OD5; of 0.8/pm, resolving 70-65 nm dense patterns
(alternating phase shifting). This is an outstanding achievement in transparency
and imaging. However, the fluoropolymer exhibits a high dry etch rate of as
much as 1.5 times 248 nm resists.

Completely new polymer architecture for 157 nm lithography has been pro-
posed on the basis of quantum chemical calculation of VUV absorption of a
number of model compounds [315]. Time-dependent density functional theory
(TD-DFT) calculations suggested that sulfonic acid esters are transparent in
the 157 nm region. In fact, poly(vinylsulfonyl fluoride) and poly(methyl vinyl-
sulfonate) have been found to show low OD,5; of 2.1 and 2.2/pm [316]. Various
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alkyl vinylsulfonates have been synthesized from 2-chloroethanesulfonyl
chloride and alcohols in the presence of pyridine and subjected to radical
homo- and copolymerizations with STHFA using AIBN as the initiator in bulk
(Fig.101) [316]. Efforts to prepare tertiary-alkyl vinylsulfonates resulted in de-
composition of products during purification by column chromatography. Small
primary sulfonates homopolymerized easily, producing high molecular weight
polymers in good yields, while large primary sulfonates were reluctant to un-
dergo homopolymerization. Small secondary sulfonates polymerized below
50 °C but homopolymerization of large secondary sulfonates did not occur, pro-
ducing only vinylsulfonic acid. 1:1 Copolymerizations of primary and secondary
sulfonates with STHFA produced high molecular weight copolymers containing
20-30 mol% sulfonate. The secondary sulfonate copolymers were readily hy-
drolyzed and became soluble in water. The ODs of the copolymers at 157 nm
ranged from 2.4 to 3.5/pm. A copolymer of hexafluoroisopropyl vinylsulfonate
with STHFA (40:60) with OD,5; of 2.4/pm was partially protected (32 mol% out
of 60%) with tBOC to produce an imageable terpolymer with OD,5; of 2.6/pm.

Copolymers of methacrylonitrile with 4-trimethylsilyloxy-a-methylstyrene,
HFA-bearing a-methylstyrene, and trimethylsilyl methacrylate have been pro-
posed as 157 nm positive resits [317].

Candidates and design rules for 157 nm resist polymers were sought by
measuring VUV absorption of existing polymers including fluoropolymers or
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Fig. 101 Vinylsulfonate polymers
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of small model compounds in gas phase and by calculating VUV spectra of
model compounds. An empirical increment scheme to estimate absorption of
polymers at 157 nm have been proposed (STUPID model) [318], which cannot
describe all aspects of absorptivity. It is generally difficult to predict how sub-
stituents affect the absorbance of molecules because the introduction of such
substituents significantly affects energy levels and spatial distribution of oc-
cupied and unoccupied molecular orbitals. Mtasuzawa et al. have demonstrated
that TD-DFT calculation is useful in aiding the design of transparent materi-
als [300,319].In their calculations, the transition energies of the molecules were
adjusted using empirical equations because the employed methods had ex-
hibited systematic errors over a wide range of wavelengths (80-310 nm). Ando
et al. have recently shown that the TD-DFT calculations employing the B3LYP
hybrid functional by combining geometry optimization using the 6-311G(d)
basis set and subsequent calculations of transition energies and oscillator
strengths using the 6-311++G(d,p) basis set can reproduce observed spectra
of model compounds without incorporating empirical equations (Fig. 102)
[315]. The calculated absorbance was represented by the oscillator strength
divided by the van der Waals volume (nm?) of molecules. Incorporation of
hexafluoroisopropanol effectively reduces absorption owing to its large van der
Waals volume (dilution effect). For estimating absorbance in the solid state
(polymer film), calculated oscillator strengths should be divided by molecular
volume. Fluorinated compounds have larger molecular volumes than those
expected from their van der Waals volumes, which further reduces the ab-
sorbance. This study has correctly predicted that poly(alkyl vinylsulfonates)
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Fig. 102 Calculated VUV absorption for NB and NBHFA [315]
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can be a viable platform for 157 nm lithography as mentioned earlier [316].
Highly precise theoretical calculation of VUV spectra has been performed by
using a symmetry adapted cluster configuration interaction (SAC-CI) method
but was limited to relatively simple molecules [320].

4.1.12
Resists for Next Generation Lithography

While immersion lithography at 157 nm [321] (the gap between the wafer and
the objective lens filled with a liquid medium with index of refraction, n, that
reduces the effective wavelength, and the resolution is now expressed by R=
kA/nNA) has emerged as a means to extend photolithography, extreme ultra-
violet (EUV) lithography at 13.4 nm and electron beam projection lithography
(EPL) are considered to be the next generation lithography (NGL) technologies
after (or competing with) 193 nm immersion and 157 nm lithography for
resolution below 50 nm. X-ray lithography has dropped out of the roadmap
recently in US, although this is the only NGL that has demonstrated its feasi-
bility by fabricating a working chip. In the case of the soft X-ray at 13.4 nm,
atomic absorption dominates and there is little leverage in polymer structural
modifications. Ultra-thin films (80-125 nm) of the mature 248 nm resists are
likely to be employed in conjunction with a hard mask. Modification of the
existing ESCAP resist for thin film imaging is under way as mentioned earlier.
The major issues are a control of LER below 3 nm, sensitivity enhancement for
throughput, shot noise limits in extremely sensitive resists (2 mJ/cm?=1 pho-
ton/nm?), and mask fabrication.

EPL (SCALPEL, scattering angular-limited projection electron-beam litho-
graphy developed by Bell Laboratories, and PREVAIL, projection reduction ex-
posure with variable-axis immersion lenses developed by IBM) has been built
around the mature 248 nm resists and have the same issues as EUV and some
requirements unique to e-beam. Even in the projection mode, high sensitivity
is critical for throughput (5-15 pC/cm? at 100 keV). The sensitivity enhance-
ment has been achieved by increasing the PAG concentration and changing the
resin composition, considering a strong dissolution inhibition effect of PAG
[222]. For SCALPEL, the ESCAP-type 248 nm resist has been modified to in-
crease the sensitivity [322]. For PREVAIL a ketal-based system has been pri-
marily employed and optimized for the development of the technology [222].
The major concern in the use of the low activation energy protecting group
in e-beam exposure under high vacuum (~10~? torr) was potential outgassing
leading to e-beam tool contamination due to deprotection during exposure.
However, because the ketal deprotection reaction requires a stoichiometric
amount of water (Fig. 103), the polymer essentially remains intact during
exposure in low humidity vacuum. Only after the exposed resist film has been
removed from the e-beam chamber into contact with moist ambient air, the de-
protection reaction proceeds. The effect of humidity on the degree of depro-
tection of a ketal resist system (KRS) is presented in Fig. 104 as investigated by
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real-time infrared reflectance-absorbance spectroscopy [222].In addition, the
ketal group is selected so as to generate low volatility deprotection products.
Another important application of the e-beam technology is photomask print-
ing, which has its own specific requirements such as stability after coating on
thick chrome-on-glass (COG) substrates. The aforementioned KRS resist has
been employed in this application also because it does not require PEB for
deprotection to proceed, which is advantageous as the COG substrates are not
particularly efficient conductors of thermal energy. Fluctuation in the PEB tem-
perature could results in loss of the line width control. Figure 105 presents high
resolution 75 nm line/space images printed in KRS by e-beam exposure. An
interesting approach has been proposed recently for the acetal-based e-beam
resist system. High molecular weight blocking groups were employed to pre-
vent outgassing during exposure and upon acid-catalyzed hydrolysis these
compounds were designed to produce phenolic or carboxylic hydroxyl groups
capable of deprotonation during development (Fig. 106) [323].

While SCALPEL and PREVAIL utilize high energy electrons and fairly thick
resist films, requiring high sensitivity, a low energy electron beam projection
lithography (LEEPL) approach [324] using thin film imaging has some advan-
tages including less constraint on sensitivity and a small proximity effect. Thin
film imaging using a bilayer system alleviates the line collapse in high aspect
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ratio patterning of single layer resists. The bilayer resist systems will be de-
scribed in detail later in this chapter.

4.2
Depolymerization

PMMA was the very first e-beam [325] and deep UV [326] resist with an ex-
tremely good resolution, which functions on the basis of radiation-induced
main chain scission; low molecular weight polymers are more soluble in a
developer solvent. A large effort was directed toward enhancement of sensi-
tivity of these polymethacrylates and related polymers till the early 1980s but
the increase in G values (the number of main chain scission events per 100 eV
of absorbed dose) or quantum yields achieved was marginal [327]. The ulti-
mate form of polymer main chain degradation is depolymerization to starting
monomer. Polymers characterized with low ceiling temperatures (T.) could
undergo depolymerization upon scission of one bond. The initial bond scission
could be acid-catalyzed. Repeated catalytic main chain scission of acid-labile
backbones could constitute another mechanism of depolymerization, which is
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essentially the same reaction mechanism as the acid-catalyzed deprotection
discussed earlier.

Although the acid-catalyzed deprotection discussed in the earlier chapter
is the paradigm for essentially all the advanced positive resists, polymers that
undergo depolymerization might provide lower LER and/or higher resolution
and are currently being revisited.

4.2.1
Thermodynamically-Driven Depolymerization

There are three mechanisms for initial backbone cleavage that cascades into
complete depolymerization (Fig. 107) [110, 328]:

- Protonation of a backbone heteroatom followed by scission
- Protonation and cleavage of a pendant group
- Protonation and cleavage of a polymer end group

Polyaldehydes can be prepared by anionic or cationic polymerization and are
known to have low T.in many cases [329]. Since aliphatic polyaldehydes are
crystalline and rather intractable materials, lithographic evaluation was per-
formed on non-crystalline amorphous polyphthalaldehyde, which can be syn-
thesized by anionic or cationic cyclopolymerization at cryogenic temperatures
[330]. The polymer must be end-capped (with an acetyl group, for example) at
the end of the polymerization before the mixture is warmed up for polymer
isolation. Once properly end-capped, the acetal polymer is stable thermally to
~200 °C. However, the acetal linkage is very labile toward acid. The C-O bond of
polyphthalaldehyde is catalytically cleaved with a photochemically-generated
acid, which triggers depolymerization of the entire polymer chain and there-
fore results in spontaneous formation of positive relief images by irradiation
alone (self-development) (Fig. 108) [24, 25]. The acid-catalyzed depolymer-
ization of polyphthalaldehyde leading to self-development was one of the very
first chemical amplification mechanisms proposed and later has been sub-
jected to molecular orbital calculation [331]. Single-component non-catalyzed
positive e-beam resists employing aliphatic aldehyde copolymers were re-
ported [332].
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Fig. 107 Three modes of chain cleavage for depolymerization
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Fig. 108 Acid-catalyzed depolymerization of polyphthalaldehyde for self-development

The self-development involves evaporation of materials during exposure
and thus could contaminate expensive exposure tools (cf. low activation energy
protecting groups discussed earlier). The potential tool contamination problem
has been alleviated by suppressing the depolymerization at ambient tempera-
tures. In this approach complete depolymerization is accomplished by heating
the exposed film after exposure (thermal development) to accelerate the un-
zipping process and to facilitate evaporation of the monomer (crystalline at
room temperatures). Poly(4-chlorophthalaldehyde) prepared by cationic poly-
merization with BF;OEt, was imaged by this thermal development technique
[333,334].

However, polymers that degrade readily cannot be resistant to dry etching
and thus cannot function as a resist. Two approaches have been pursued to ren-
der the highly sensitive polyphthalaldehyde system more dry etch resistant and
practical. One approach was to incorporate silicon into the polyphthalaldehyde
structure for use as a thermally-developable, oxygen RIE barrier resist in bilayer
lithography [334-336], which will be described later. The other approach was to
utilize polyphthalaldehyde as a polymeric dissolution inhibitor of a novolac
resin [89,337]. Unsubstituted polyphthalaldehyde blends homogeneously with
a cresol-formaldehyde novolac resin while it is not miscible with PHOST. The
lipophilic polyaldehyde dispersed in the novolac film retards the dissolution of
the phenolic resin film in an aqueous base solution. The polymeric dissolution
inhibitor is completely reverted to the starting monomer upon PEB by photo-
chemically-induced acid-catalyzed depolymerization and thus removed from
the exposed area of the film through evaporation of the monomer produced. As
a consequence, the exposed region that lacks the dissolution inhibitor dissolves
rapidly in the aqueous base developer, providing positive-tone images.

Poly(a-acetoxystyrene) is an acetophenone enol ester and its acidolysis
involves the polymer backbone in contrast to the side chain deprotection
discussed earlier (Fig. 30). Protonation of the side chain carbonyl oxygen results
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in scission of the C-O bond to form a highly stable, tertiary benzylic carboca-
tion in the backbone and acetic acid (Fig. 109) [338]. Polyphenylacetylene is
formed upon B-proton elimination. However, main chain scission could compete
to generate an a-acetoxystyrene terminal carbocation. Unzipping propagates
from the scission point due to the low T, of 47 °C. The degree of depolymeriza-
tion amounts to 80% in solution at room temperature. The solubility change by
the structural alteration and the molecular weight reduction through depoly-
merization bring about positive-tone imaging with xylenes as a developer [338].
In sharp contrast to other a-substituted styrenes, ai-acetoxystyrene readily
undergoes radical polymerization, which is characterized with a low T, [339].
The radical polymerization of a-acetoxystyrene is an equilibrium process with
T, of 47 °C at 1 mol/L of monomer. The rate of polymerization (R;) can be
expressed by R,=k[AIBN]***([M]-[M],)"’, considering the depolymerization
process with an equilibrium monomer concentration of [M], [339]. The over-
all activation energy has been determined to be 116 kJ/mol. The enthalpy and
entropy of polymerization obtained are -26.5 kJ/mol and -82.6 J/(K*mol),
respectively. The T, is low because of the low AH, but high enough to allow
radical homopolymerization owing to the low AS, which is significantly lower
than the typical value (-100 to -125 J/(K*)) for vinyl monomers [339]. Monomer
reactivity ratios of bulk copolymerization of a-acetoxystyrene with MMA (M,)
are r;=0.644 and r,=0.754 at 60 °C. The temperature dependence (50-80 °C) of
the reactivity ratios has revealed that the copolymerization mechanism can be
adequately described by the Mayo-Lewis model; a depolymerization process
does not have to be taken into consideration in copolymerization. Q and e
values of a-acetoxystyrene can be calculated as 0.82 and -0.45, respectively,
from the reactivity ratios. Poly(c-acetoxystyrene) is transparent in the 250 nm
range and as durable in CF, plasma as polystyrene or novolac [338]. Because
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Fig. 109 Acid-catalyzed depolymerization of poly(a-acetoxystyrene)
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of the rigid backbone, the polymer has a high T, (no glass transition observed
below 200 °C) and is resistant to common solvents but its film tends to crack
during development due to solvent-induced stress [338].
Poly(4-hydroxy-a-methylstyrene), prepared by cationic polymerization,
undergoes depolymerization from the polymer end [100, 110, 328]. A photo-
chemically-generated acid attacks a polymer end group to yield a terminal
carbocation, from which depolymerization propagates (Fig. 110). This phe-
nolic polymer can be prepared by cationic polymerization of 4-tert-butoxy-
carbonyloxy-o-methylstyrene with BF;OEt, in liquid sulfur dioxide with the
acid-labile tBOC group intact [105] followed by heating the polymer powder to
~200 °C (Fig. 110). While the thermal process produces the phenolic polymer
without main chain cleavage, deprotection with an acid in solution results in
significant backbone scission even at room temperature. In contrast, poly(4-hy-
droxy-a-methylstyrene) synthesized by living anionic polymerization of 4-di-
methyl(tert-butyl)silyloxy-a-methylstyrene followed by desilylation with HCI
(Fig. 110) is very much inert to acidolysis [100, 110]. The difference between the
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Fig. 110 Acid-catalyzed depolymerization of poly(4-hydroxy-a-methylstyrene)
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cationic and anionic polymers suggests that the depolymerization proceeds
from the polymer end. The anionic polymers are expected to have acid-stable
end groups such as alkyl groups derived from an alkyllithium initiator and hy-
drogen atoms introduced by protonation of the growing anions at termination
(Fig.111). The cationically-prepared polymers contain acid-labile end groups.
Accidental and intentional termination with hydroxyl compounds introduces
OH or OCHj; groups to form tertiary benzylic alcohols or ethers that are highly
susceptible to acidolysis (Fig. 110). a-Methylstyrenic end groups introduced by
deprotonation during polymerization can readily react with photochemically-
generated acid to form terminal carbocations (Fig. 110). Thus, cationically-
prepared polymers undergo depolymerization from the end due to the low T..
The electron-donating p-OH group stabilizes the carbocation, rendering the
depolymerization very facile.

The depolymerization mechanism from the polymer end has been recently
revisited in the design of positive electron beam resists. 2-Phenylallyl-termi-
nated poly(a-methylstyrene) was prepared by living anionic polymerization,
which exhibited a significantly lower depolymerization temperature on TGA
than the H-terminated counterpart [340]. The 2-phenylallyl-terminated poly-
mer depolymerized completely when treated with n-BuLi in THF at room
temperature. A single-component resist (without PAG) formulated with the 2-
phenylallyl-terminated poly(ax-methylstyrene) demonstrated a higher e-beam
sensitivity (500 pC/cm? at 20 keV) than the one based on the H-terminated
polymer when developed with methanol/methyl isobutyl ketone (2/3 vol/vol)
[340]. However, the sensitivity of the non-catalyzed single-component system
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Fig. 111 Synthesis of poly(p-hydroxy-a-methylstyrene)
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was a couple of magnitudes lower than those of acid-catalyzed chemical am-
plification systems.

4.2.2
Repeated Catalytic Main Chain Scission

If the reactions described in 4.1 occur in the polymer backbone, depolymer-
ization results. Polymers consisting of tertiary, secondary alylic, or secondary
benzylic carbonates, esters, or ethers in the backbone yield stable carbocations
upon mild heating through acid-catalyzed cleavage of the C-O bond (Fig. 112)
[341, 342]. The carbocations eliminate 3-protons to form olefins. The reaction
is repeated on the polymer chain and eventually results in complete degrada-
tion. If the reaction fragments evaporate out of the resist film during PEB, this
degradation mechanism could provide thermal development.

Polycarbonates based on 2-cyclohexen-1,4-diol and a dihydroxy compound
liberate benzene through aromatization, a dihydroxyl compound, and carbon
dioxide, upon acidolysis [343]. The low volatility of the dihydroxyl compound
hampers complete development by heating alone and necessitates wet devel-
opment.

Polyformals containing secondary allylic and benzylic groups undergo com-
plete acidolytic decomposition to volatile products such as an aromatic com-
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Fig. 112 Acid-catalyzed main chain cleavage
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pound, formaldehyde, and water (Fig. 112) and thus a resist based on such poly-
formals develops thermally without use of a developer solvent [343]. However,
positive images obtained by thermal development are very much rounded due
to the low T, of the polymers and perhaps also due to plasticization by the aro-
matic degradation product.

This catalytic main chain scission has been revisited recently in an attempt
to reduce LER and outgassing but high resolution imaging or the validity of the
concept has not been demonstrated [344].

Polyethers consisting of alkoxypyrimidine units undergo an acid-catalyzed
tautomeric change from the alkoxypyrimidine to pyrimidone, releasing dienes
(Fig. 112) [345].

43
Rearrangement

Acid-catalyzed rearrangement reactions are also very useful in the design of
chemical amplification resists. However, the potential of this imaging mecha-
nism has been exploited only partially so far.

4.3.1
Polarity Reversal

The acid-catalyzed deprotection of polymer pendant groups results in a change
of the polarity from a nonpolar to a polar state. However, there are instances
where a postexposure treatment renders the unexposed areas more polar than
the exposed, resulting in polarity reversal.

Replacement of one of the methyl groups of poly(tert-butyl 4-vinylbenzoate)
with a cyclopropyl group lowers its thermal deprotection temperature by as
much as 80 °C [127]. However, the thermolysis of poly(2-cyclopropyl-2-propyl
4-vinylbenzoate) at ~160 °C does not convert the ester polymer cleanly to
poly(methacrylic acid) but is accompanied by ca. 10% rearrangement of the
tertiary dimethyl cyclopropyl carbinol ester to a primary 4-methyl-3-pentenyl
ester (Fig. 113) [127]. Acid promotes the rearrangement to as much as 66%.
Thus, when the resist film containing triphenylsulfonium hexafluoroantimonate
is postbaked at 100-130 °C, the exposed areas are insoluble in nonpolar organic
solvents such as anisole due to the presence of 4-vinylbenzoic acid units (33%),
resulting in negative imaging with anisole as a developer (based on the polar-
ity change). When the PEB temperature is raised to 160 °C, deesterification
takes place in the unexposed area to the extent of ca. 90% and therefore the
unexposed polymer film becomes soluble in aqueous base. The exposed area
contains only 33% of the acidic units and is therefore insoluble in the base de-
veloper. The high temperature PEB results in negative imaging with aqueous
base due to polarity reversal (Fig. 113).

Poly(methacrylic acid) and methacrylic acid-methacrylate copolymers un-
dergo anhydride formation losing water and/or alcohol at relatively low tem-
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Fig. 113 Thermal deesterification and acid-catalyzed rearrangement of cyclopropyl carbinol
ester; negative imaging processes based on polarity change and polarity reversal

peratures of ~180 °C while poly(tert-butyl methacrylate) is stable to >200 °C.
The tone of the PTBMA resist can be reversed by utilizing the anhydride
formation (destruction of carboxylic acid) [121]. When the TBMA resist is ex-
posed, baked at temperatures below 150 °C, and developed with aqueous base,
a positive image results (a negative image with use of a nonpolar organic sol-
vent). However, when the exposed PTBMA resist is baked at a high temperature
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(180 °C), anhydride formation proceeds in the exposed area while PTBMA in
the unexposed regions remains intact. After this high temperature process, the
PTBMA resist film is flood-exposed and baked at <150 °C, which converts
PTBMA to poly (methacrylic acid) in the initially unexposed areas. This entire
process renders the unexposed area more polar (carboxylic acid) than the
exposed area (anhydride), allowing negative imaging with aqueous base [121].
This concept has been later employed in the design of water-castable and
water-developable resist [346].

43.2
Claisen Rearrangement

Poly(4-tert-butoxystyrene) is converted to PHOST through acid-catalyzed de-
protection, releasing isobutene, but its model compound, 4-tert-butoxytoluene,
undergoes significant realkylation onto the ortho position as well as deblock-
ing in solution [125]. When the tert-butyl group is replaced with a cyclohexenyl
group, acid-catalyzed deprotection to yield PHOST and 1,3-hexadienene is
only partial and realkylation onto the ortho position competes through Claisen
rearrangement (Fig. 110) [347]. The net result of Claisen rearrangement is still
a polarity change from a nonpolar to polar state. Poly(4-phenoxymethyl-
styrene) is isomerized in a similar fashion with an acid as a catalyst to a C-alky-
lated phenolic structure (Fig. 114).
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Fig. 114 Claisen rearrangement for polarity change
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43.3
Pinacol Rearrangement

A change of a polarity from a polar to nonpolar state (reverse polarity change)
can be accomplished by the pinacol-pinacolone rearrangement and has been
exploited in chemically amplified lithographic imaging [151, 348-350]. The
pinacol rearrangement involves conversion of vic-diols to ketones or aldehydes
with an acid as a catalyst (Fig. 115).

A polymeric pinacol, poly[3-methyl-2-(4-vinylphenyl)-2,3-butanediol], has
been prepared by radical polymerization of the styrenic diol monomer and
shown to be cleanly and quantitatively converted to a non-conjugated ketone
in the solid state by reaction with a photochemically-generated acid [151, 348,
350]. The rearrangement reaction can be readily monitored by IR spectroscopy
as the disappearance of the hydroxyl OH absorption is accompanied by ap-
pearance of a new ketone carbonyl absorption (Fig. 116). Since a polar alcohol
(isopropanol) dissolves the polar diol polymer in the unexposed regions but
cannot dissolve the less polar ketone polymer produced in the exposed regions,
the resist functions as a negative system with alcohol as a developer. The diol
polymer is stable thermally to 225 °C in the absence of acid.

Aqueous base developable two- and three-component negative resists have
been designed on the basis of pinacol rearrangement [151, 348-351]. In the
two-component design, the styrenic pinacol monomer was copolymerized with
4-acetoxystyrene with AIBN as the initiator and the resulting copolymer was
hydrolyzed with base to yield an aqueous base soluble copolymer (Fig. 117)
[351]. The diol groups are converted by reaction with a photochemically-gen-
erated acid in the exposed areas to ketones, which form hydrogen bonds with
the surrounding phenolic OH groups and thus inhibit the dissolution of the
copolymer film in an aqueous base solution. The three-component approach
involves the use of a small diol such as benzopinacole or meso-hydrobenzoin
in a phenolic matrix resin together with a PAG [151, 348-350]. In these resist
systems small ketone or aldehyde generated in the exposed areas through pina-
col rearrangement functions as a dissolution inhibitor while the unexposed
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Fig. 115 Pinacol rearrangement of polymeric vic-diol for reverse polarity change
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(a) 90 °C (5 min)

(b) 5.5 mJ/cm’
120 °C (2 min)

(c) 225 °C (15 min)
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Fig. 116 IR spectra of polymeric pinacol demonstrating its thermal stability and acid-
catalyzed rearrangement to ketone [151]

film containing polar diol is highly soluble in aqueous base. The dissolution
promotion/inhibition effect of added diols must be taken into consideration
[151, 348, 350]. Phenyl trityl ketone produced from benzopinacole is a very
strong dissolution inhibitor of phenolic resins. The IR carbonyl absorption of
the ketone product is shifted to a lower wavenumber due to hydrogen-bonding
with the phenolic OH group.

An aqueous base developable negative resist for use in 193 nm lithography
was developed by combining NBHFA and norbornene bearing a pendant vic-
diol (Fig. 118) [352]. One problem in the design of 193 nm resists is that the
benzylic stabilization effect cannot be utilized to drive the acidolysis reactions
and two kinds of ketone can be formed in this case.

The reverse polarity change mechanism to convert polar polymer to non-
polar polymer could be an excellent basis to design a resist that could provide
positive-tone images upon development with supercritical CO,.
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4.4
Intramolecular Dehydration

Dehydration is the first step of pinacol rearrangement of vic-diol. Tertiary
alcohols can dehydrate intramolecularly with an acid as a catalyst to form
olefins, which provides another mechanism of a reverse polarity change from
a polar to nonpolar state [353].

Poly[4-(2-hydroxy-2-propyl)styrene] undergoes acid-catalyzed dehydration
to yield a stable tertiary benzylic carbocation, which then eliminates a 3-pro-
ton to form a pendant olefinic structure (Fig. 119) [353]. This intramolecular
dehydration reaction converts the hydrophilic alcohol to a highly lipophilic
olefin and allows negative tone imaging with a polar alcohol as a developer.
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Fig. 119 Intramolecular dehydration for reverse polarity change

However, the a-methylstyrene structure produced by the dehydration further
undergoes acid-catalyzed linear and cyclic dimerizations to a small degree,
resulting in concomitant crosslinking and therefore precluding positive imag-
ing with a nonpolar organic solvent [353].

The dimerization pathway can be eliminated by replacing one of the methyl
groups with a phenyl ring to generate a 1,1-diphenylethylene structure (Fig. 119)
[351]. The resist system based on this polymer can be developed in a positive
mode with use of a nonpolar solvent such as xylene and in a negative mode
with a polar alcohol as a developer. This is the first and only example of dual
tone imaging systems based on the reverse polarity change from a polar to
nonpolar state and is the most sensitive resist currently known. Generation of
a carbocation through dehydration is extremely facile in this case due to an
additional stabilizing phenyl ring.

4.5
Condensation/Intermolecular Dehydration

Acid-catalyzed condensation has been the primary and dominant foundation
for aqueous base developable negative resist systems [354-363]. The first com-
mercial chemical amplification resist was built on this mechanism. The con-
densation resists are typically three-component systems comprising a base
soluble binder resin bearing reaction sites for crosslinking (phenolic resin), a
radiation-sensitive acid generator, and an acid-sensitive latent electrophile
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(crosslinking agent). The very first system designed on the basis of acid-
catalyzed condensation employed a novolac/DNQ positive photoresist and
a N-methoxymethylated melamine crosslinker [354]. As mentioned earlier
(Fig. 5), photolysis of DNQ produces indenecarboxylic acid, which is strong
enough to react with the melamine crosslinker and to generate a carbonium
ion, releasing methanol. The N-carbonium ion undergoes electrophilic substi-
tution onto the electron-rich benzene ring of the novolac resin, regenerating
a proton (Fig. 120). Since the melamine compound is multifunctional, crosslink-
ing results. While this chemically amplified negative tone imaging requires
baking after exposure, the resist develops in a positive mode without PEB (no
amplification) [354].

The novolac resin and DNQ have been replaced with PHOST and chloro-
methyltriazine as a HCI generator, respectively, for deep UV applications [356—
358,361,362]. Furthermore, various crosslinkers have been evaluated. The PEB
conditions (temperature and time) strongly influence the crosslinking efficiency
(sensitivity and contrast) and resolution of these resists, as is typically the case
with chemical amplification resists. The rate-determining step for crosslinking
in these resists is the formation of a carbocation from the protonated ether
moiety. In addition to the C-alkylation initially proposed, O-alkylation is re-
sponsible for crosslinking and also results in destruction of the base-solubi-
lizing phenolic OH groups [362, 363]. Furthermore, it has been demonstrated
that lower molecular weight PHOST provides a higher resolution [364]. The
condensation resists have provided excellent lithographic performance in deep
UV, e-beam, and X-ray exposures. However, the first generation negative resists
employed a rather weak 0.14 N TMAH developer. As mentioned in the depro-
tection positive resist section, the new resist systems had to be compatible with
the industry standard 0.26 N TMAH developer optimized for the DNQ/novolac
resist. Use of the stronger developer with the first generation negative resists
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Fig. 120 Acid-catalyzed crosslinking of novolac through condensation
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Fig. 121 Microbridging in crosslinking negative resist based on condensation (courtesy of
C.E. Larson, IBM)

Fig. 122 Negative 200 nm line/space patterns printed at 248 nm in a condensation resist
with 0.26 N TMAH developer (courtesy of ].W. Thackeray, Shipley)

resulted in microbridging, which limited the resolution (Fig. 121) [364]. Partial
blocking of PHOST to lower its base solubility has resulted in successful for-
mulation of a 0.26 N-compatible negative resist free from microbridging [364].
Figure 122 presents a scanning electron micrograph of 200 nm features printed
in such a negative resist on a KrF excimer laser stepper using a 0.26 N TMAH
solution. While positive resists are needed for memory device fabrication be-
cause of their contact hole capability, negative resists can print isolated lines
nicely and therefore could find use as logic resists. Furthermore, a recent sim-
ulation study showing an advantage of negative resists in trench imaging [365]
has renewed an interest in developing high performance 193 nm negative resists.
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Other crosslinkers have been also extensively studied (Fig. 123). Benzyl
acetate derivatives are such a latent electrophile, which yields a stable benzylic
carbocation, releasing acetic acid, upon acid treatment. The carbocation un-
dergoes electrophilic substitution reactions onto the electron-rich benzene ring
and crosslinks the phenolic resin when the latent electrophile is multifunc-
tional [366-370]. The crosslinker can be an additive or incorporated into a phe-
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nolic resin through copolymerization. In the former (three-component) ap-
proach, 1,4-di(acetoxymethyl)benzene is added to PHOST (or novolac) along
with a PAG. In the latter (two-component) approach, 4-vinylbenzyl acetate is
copolymerized with BOCST, followed by selective removal of the tBOC group
in refluxing glacial acetic acid, to afford a copolymer bearing both the latent
electrophile and the crosslinking site on the same polymer chain. While the
base solubility is controlled by adjusting the copolymer composition, only less
than 5% of the acetoxy group is removed at an imaging dose of ~2 mJ/cm?
[370]. Mechanistic studies by NMR employing 4-isopropyphenol and a sub-
stituted benzyl acetate as model compounds in chloroform revealed that the
rate-determining step was the formation of a benzylic carbocation [367,368].
In an early stage of the reaction, some O-alkylation products were observed,
which underwent acid-catalyzed rearrangement to C-alkylation products [367,
368]. The three-component design has been extended to include a number of
latent electrophiles such as benzyl alcohol derivatives [371] (Fig. 123). Vinyl
cyclic acetals (Fig. 123) have also been reported as a cationic crosslinker of
PHOST [372,373].

Calixarenes and dendrimers (see above) have been employed as a matrix for
negative imaging through condensation [374].

When a bulky substituent is attached to the phenolic group through C- or
O-alkylation, the dissolution rate of the phenolic resin in aqueous base becomes
slower (Fig. 124). Thus, such condensation can provide negative imaging even
without involving crosslinking. N-Hydroxy- and acetoxymethylimides, which
are monofunctional latent electrophiles, undergo acid-catalyzed condensation
with a phenolic resin, reducing the dissolution rate in the exposed regions
and therefore providing negative images upon aqueous base development. The
model reactions have indicated that the C- vs O-alkylation depends on the
latent electrophile structure [150].
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Fig. 124 C- and O-Alkylation of phenol with a monofunctional electrophile
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Aldehydes can methylolate phenols with an acid as a catalyst and therefore
function as latent electrophiles in the negative resist design based on conden-
sation (Fig. 125) [150]. The methylolated phenolic resin is expected to dissolve
more slowly in aqueous base than its precursor resin and therefore this process
could be exploited in negative imaging. Furthermore, the methylolated phenol
can undergo further condensation with phenol. If the phenol is polymeric,
the second reaction results in crosslinking, lowering the dissolution rate even
further.

In the above condensation resist designs, the phenolic resin offers a reaction
site as well as base solubility. Self-condensation of polymeric furan derivatives
has been utilized as an alternative crosslinking mechanism for aqueous base
development (Fig. 126) [375]. The copolymer resist is based on poly[4-hydroxy-
styrene-co-4-(3-furyl-3-hydroxypropyl)styrene], which was prepared by radical
copolymerization of the acetyl-protected furan monomer with BOCST followed
by base hydrolysis. The furan methanol residue, highly reactive toward elec-
trophiles due to a mesomeric electron release from oxygen that facilitates the
attack on the ring carbons, readily yields a stable carbocation upon acid treat-
ment. Thus, the pendant furfuryl groups serve as both the latent electrophile
and the nucleophile. Model reactions indicated that the furfuryl carbocation
reacts more preferentially with the furan nucleus than the phenolic function-
ality.

Poly[4-(1-hydroxyethyl)styrene] bears secondary alcohol as a pendant group
and crosslinks through acid-catalyzed interchain dehydration to form ether
linkages. Development with alcohol produces negative images [353]. The self-
condensation induces a polarity change from a polar to a nonpolar state, which
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Fig. 126 Acid-catalyzed self-condensation of polymeric furan methanol
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is responsible for the negative imaging in conjunction with crosslinking. This
negative resist system has been modified for aqueous base development by
copolymerizing the styrenic secondary alcohol monomer with 4-acetoxystyrene,
followed by base hydrolysis (Fig. 127) [351]. Model studies indicated that the
acid-catalyzed intermolecular dehydration results in self-condensation to di(x-
methylbenzyl) ether, O-alkylation to a-methylbenzyl phenyl ether, and C-alky-
lation to o-(a-methylbenzyl)phenol (Fig. 127). All these condensation reactions
contribute to crosslinking and therefore to negative aqueous base development.
In addition, the ether formation is a reverse polarity change which also con-
tributes to the negative imaging. In a fashion similar to the pinacol rearrange-
ment discussed above, small phenylcarbinols were incorporated into PHOST
along with a PAG to formulate an aqueous base developable negative e-beam re-
sist [376]. Aromatic tertiary diols and triols presented in Fig. 128 were evaluated
as a dissolution inhibitor precursor and a water generator. The dimethylcarbinol
of benzene was selected as the most suitable material because it gave the high-
est sensitivity and promoted the dissolution of PHOST in aqueous base whereas
the carbinols with two benzene rings functioned as a dissolution inhibitor. The
insolubilization mechanism has been reported to be primarily O-alkylation of
phenol and it has been proposed that water generated through acid-catalyzed
dehydration accelerates acid diffusion (anisotropic acid diffusion; acid diffu-
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sion is faster in the exposed regions where water is present). The dehydration
resist employing anionically-prepared PHOST as a phenolic matrix resin, di-
phenyliodonium triflate as a PAG, and 1,3,5-tris-(2-(2-hydroxypropyl)benzene)
as a water generator/dissolution inhibitor precursor exhibited a smaller PEB
temperature dependence of the line width (6.2 nm/°C) than the acid-harden-
ing resist (44 nm/°C), high e-beam sensitivity (5 pC/cm? at 50 kV), and high
resolution (<100 nm) using a 2.38% TMAH developer [377].

A high contrast negative resist, called a contrast boosted resist, using a
water-repellent compound that is converted to a hydrophilic compound during
aqueous base development, has been developed for e-beam lithography [378].
The water-repellent compound such as 1,3,5-tris(bromoacetyl)benzene in a
three component resist consisting of a novolac resin, hexamethoxymelamine,
and 1,3,5-tris(tricloromethyl)triazine PAG acts as a strong dissolution inhibitor
in the exposed regions and is converted to a hydrophilic dissolution promot-
ing compound in the unexposed region, resulting in contrast enhancement.
This function is similar to that of anhydrides and acetoxystyrene in positive
tone aqueous base development discussed above.

Self-condensation of silanol compounds in a phenolic matrix resin has found
use in formulation of negative resists that develop with aqueous base (Fig. 129)
[379]. This system is similar to pinacol rearrangement of small vic-diol to a
dissolution inhibiting compound and thus functions on the basis of a polarity
change instead of crosslinking. Base-soluble silanol compounds such as di-
phenylsilanediol are dissolution promoters of phenolic resins (a novolac resin
in this case) but are converted to polysiloxanes upon PEB through acid-cat-
alyzed condensation, providing negative images in aqueous base development.
However, siloxane oligomers do not inhibit the dissolution of the novolac resin
at all when blended, presumably because the hydrophobic siloxane compounds
are located apart from the hydrophilic phenolic OH groups. In contrast, the
hydrophilic silanol compounds associate themselves with the phenolic OH
groups and are then converted to siloxane oligomers, maintaining their initial
orientation relative to the phenolic OH groups. Thus, the siloxane oligomers
generated from silanols in a phenolic resin can inhibit dissolution of the resin
in aqueous base due to the hydrophobic barrier surrounding the phenolic OH
groups. Silsesquioxanes have been also employed in a similar negative resist
formulation [380]. Application of silanol condensation to bilayer lithography

will be discussed later.
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Fig. 129 Silanol condensation for negative aqueous base development
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Exclusion of aromatic structures in 193 nm resists makes the design of ArF
negative resists difficult because the benzylic stabilization of carbocations can-
not be utilized and electron-rich phenol which serves as a reaction site cannot
be employed in the condensation reaction. For negative 193 nm applications
aliphatic polymers bearing pendant OH or epoxide groups (and CO,H for
aqueous base development) were reported to undergo crosslinking using
urea/melamine latent electrophiles (Fig. 130) [381]. 'H NMR investigation of
model reactions of hydroxytricyclo[5.2.1.0>6]decene and carboxytetracy-
clo[4.4.0.1%°.17'%]dodecene with 1,3,4,6-tetrakis(methoxymethyl)glicoluril in
the presence of p-toluenesulfonic acid in CDCI; at 50 °C has revealed that the
carboxylic acid did not react at all and that the OH group exhibited high reac-
tivity toward the carbocation generated from the uril compound. Cyclic urea
crosslinkers showed higher transparency than the linear urea or melamine
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Fig. 130 ArF resists based on condensation
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at 193 nm. A resin containing 68 mol% OH was selected as a resist polymer,
the glicoluril as the crosslinker, and triphenylsulfonium triflate as a PAG for
193 nm negative imaging using 2.38 wt% TMAH developer. Addition of 2,3-di-
hydroxy-5-hydroxymethylnorbornan to the resist formulation improved the
resolution [381].

In a similar approach polyacrylates bearing alcoholic hydroxyl groups (hy-
droxyethyl methacrylate) was mixed with a small molecule functionalized with
two or three epoxides and a PAG [382].

4.6
Esterification

Esterification of carboxylic acid results in a reverse polarity change and thus
can be exploited in the design of aqueous base developable negative resists
especially for 193 nm lithography. As mentioned earlier, 193 nm resists are
predominantly based on the use of carboxylic acid as a polar group for good
transparency.

A methacrylate terpolymer containing 35 mol% methacrylic acid units was
mixed with diepoxides (Fig. 131) and triphenylsulfonium triflate and imaged
in a negative mode by exposure to ArF excimer laser followed by development
with 0.06% (weak) TMAH solution [383]. The aromatic epoxide was selected
for imaging because the more transparent aliphatic epoxide was liquid and thus
lowered the T, of the resist film to an unacceptable level. The insolubilization
mechanism was speculated to be crosslinking through acid-catalyzed esterifi-
cation between the carboxylic acid and epoxide.

The MA copolymers of NB involving cyclopolymerization of dienes
(Fig. 80) have been employed in negative 193 nm imaging [384]. In this appli-
cation the anhydride was converted to y-hydroxy acid using NaBH,, with
concomitant formation of y-lactone (Fig. 132). The y-hydroxy acid moiety
undergoes acid-catalyzed intramolecular esterification (ring-closure) to form
y-lactone, resulting in a reverse polarity change for negative imaging with
aqueous base (Fig. 132) [384]. Because carboxylic acid was not completely de-
stroyed to form less polar lactone, aqueous base penetrated into the exposed re-
gions, causing swelling-induced distortion. Furthermore, the 193 nm trans-
parency was not high enough and the shelf life of polymers bearing y-hydroxy
acid was quite short [384].

In an attempt to overcome the above-mentioned problems, acrylates bear-
ing pendant androsterone with 8-hydroxy acid (Fig. 133), 3-B-acryloyloxyan-
drosterone, was polymerized with a radical initiator in THF to 80-90% yield
[385]. The polymer was oxidized with CH;CO,H/H,0, to form §-lactone in 95%
yield. The lactone ring was hydrolyzed in THF with 0.2 N aqueous NaOH in
85-90% yield. The final polymer contained 25 mol% unreacted lactone, had a
good transparency of 0.21/pm at 193 nm, and a much better shelf life than the
y-hydroxy acid system. *C NMR of the polymer treated with methanesulfonic
acid in THF and IR studies of the resist film after exposure indicated that the
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Fig. 131 Acid-catalyzed esterification involving epoxide and anhydride (or carboxylic acid)

intramolecular esterification indeed occurred and was responsible for the neg-
ative aqueous base development without concomitant crosslinking as evidenced
by clean and fast dissolution of highly exposed films in THE The resist produced
120-100 nm dense line/space patterns when developed with a weak developer
(0.048 wt% TMAH) after exposure on an ArF excimer laser stepper (NA=0.60)
with a phase shift mask [385]. Hydrolysis of several lactone-containing 193 nm
resist polymers was investigated and acid-catalyzed esterification of y-hydroxy
acid produced from a-acryloyloxy-p,f-dimethyl-y-butyrolactone units was
utilized in the development of a high performance 193 nm negative resist [386].

The negative behavior of 193 nm methacrylate resists based on methacrylic
acid and hydroxyethyl methacrylate has been investigated and transesterifica-
tion involving the hydroxyethyl ester has been proposed as a new mechanism
of negative imaging (Fig. 134) [387, 388].
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4.7
Polymerization/Crosslinking

The onium salt cationic photoinitiators were originally developed for photo-
chemical curing of epoxy resins [33]. Non-nucleophilic gegenanions such as
hexafluoroantimonate and hexafluoroarsenate were chosen for this application
to minimize premature termination by coupling between the growing cation
and the gegenanion. One of the first chemical amplification resists was based
on crosslinking of epoxy resins (Epi-Rez SU-8) via cationic ring-opening poly-
merization of pendant epoxide groups [25]. This first imaging was carried out
using a rather thick film (6 pm) and the SU-8 resist is currently a material of
choice in thick film imaging (50-100 pm) [389] for micro-electromechanical
systems (MEMS) (Fig. 135) [390]. Copolymers of styrene with allyl glycidyl
ether have been prepared for deep UV applications (Fig. 136) [391]. Pendant
episulfides have been also employed as cationically-polymerizable groups for
crosslinking in negative resist formulations (Fig. 136) [392, 393].

However, the crosslinking mechanism does not generally offer high resolu-
tion because swelling during development with organic solvents distorts de-
veloped images in the form of bridging and/or snaking. The developer solvent
which can dissolve the uncrosslinked polymer in the unexposed regions has an
affinity toward the crosslinked polymer and penetrates into the three-dimen-
sional network, inducing swelling. The epoxy chemistry has been combined
with aqueous base development, which is less prone to swelling, by blending
PHOST with an epoxy-novolac resin (15 wt%) and triphenylsulfonium hexa-
fluoroantimonate (10 wt%) [394]. Another blend formulation employed a no-
volac resin, triphenylsulfonium hexafluoroantimonate, and a bifunctional small
epoxide, bis(cyclohexene oxide) [394].

i

+

Fig. 135 Thick SU-8 negative resists patterns (5, 10, and 20 pm posts in 50 pm thick film)
(courtesy of D. Johnson, MicroChem Inc.)
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Fig. 136 Epoxy resins for cross-linking by cationic ring-opening polymerization

A copolymerization technique has been also employed to render the epoxy
crosslinking system developable with aqueous base. Dicyclopentyloxy meth-
acrylate was copolymerized with BOCST and the copolymer solution was
heated to reflux (145 °C) in a casting solvent (PGMEA) to remove the tBOC
group to afford the desired base-soluble copolymer (Fig. 136) [395]. The two-
component negative resist containing a PAG provided high lithographic per-
formance in deep UV and e-beam imaging using aqueous TMAH solution as
a developer [395].

Cationically reactive vinyl ethers have been utilized also in the design of
crosslinking negative phenolic resists. Since the pendant vinyl ether reacts with
the phenolic unit in the polymer to form acetal crosslinks during high tem-
perature PAB, acid-catalyzed deprotection of the acetal group results in de-
crosslinking, providing positive images. Thus, the vinyl ether resist systems
exhibit interesting and complex dual mode imaging, depending on the com-
position of the polymer, bake conditions, and exposure doses (Fig. 36) [161,396].
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5
Environmentally Friendly Processes

Aqueous base has completely replaced organic solvents in the development
process of semiconductor devices while organic developers are still being used
in a much smaller volume in mask making, MEMS, etc. However, a great deal
of interest in environmentally friendly lithographic processes, as evidenced by
establishment of NSF/SRC Engineering Research Center for Environmentally
Benign Semiconductor Manufacturing [397], has spawned research activities
directed toward designing resist materials that can be cast from and/or devel-
oped with water or other environmentally benign solvents such as supercritical
carbon dioxide to reduce further volatile organic compound (VOC) emission
from lithographic fabrication facilities and to facilitate cost saving in treatment
of waste streams.

5.1
Water-Processable Resists (Casting and Development)

Attempts have been made to design chemical amplification resists that can be
cast from and/or developed with pure water, although casting from a solvent
with a high surface tension (such as water) might not produce high quality thin
films needed for microlithography.

An early effort to design a chemical amplification resist that could be devel-
oped with water involved synthesis of acrylamide-based water-soluble homo-
and copolymers [398]. Negative images were generated by crosslinking through
acid-catalyzed self-condensation. In this case the casting solvent was still organic
cyclohexanone and the resolution was reportedly limited to 2 pm, presumably
due to swelling.

This work led later to a design of a resist that can be cast and developed
with water, which consisted of three water soluble components; poly(methyl
methoxy[(1-oxo-2-propenyl)amino]acetate) [poly(methyl acrylamidoglycolate
methyl ether)], 2,4-dihydroxyphenyldimethylsulfonium triflate, and 1,4-bu-
tanediol (Fig. 137). The crosslinking mechanism responsible for the negative
imaging (ca. 30 mJ/cm? at 248 nm) was investigated by using model compounds
and reported to be via transesterification/transetherification at low tempera-
tures and via alcoholysis of the amide at high temperatures [399].

Commercially available water soluble copolymers of maleic anhydride with
ethylene and methyl vinyl ether (presumably partially hydrolyzed to vicinal
carboxylic acids) and triphenylsulfonium triflate were dissolved in water as a
casting solvent. Spin-cast films were baked at 130 °C for 10 s, exposed to 254 nm
radiation, and postexposure-baked at 130 °C for 40 s. Development with pure
water provided negative tone images, presumably due to acid-catalyzed de-
hydration between vicinal carboxylic acids to form less polar anhydride,
as was demonstrated for polarity reversal (4.3.1). However, a copolymer of
maleic acid with methyl vinyl ether failed to provide any negative images,
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presumably due to the extremely high water solubility of the carboxylic acid
copolymer [346].

Poly(vinyl alcohol), another classical and commercially available water
soluble polymer, was utilized in conjunction with the aforementioned water-
soluble PAG and hexamethoxymethylmelamine as a latent electrophile [400].
Poly(vinyl alcohol) prepared by 80-90% hydrolysis of poly(vinyl acetate) was
used as a matrix polymer (completely hydrolyzed polymer is insoluble in water
due to extreme levels of hydrogen-bonding). Even at a high loading (20 wt%)
of PAG and crosslinker, the imaging dose was quite high (>200 mJ/cm?) and
thermal crosslinking occurred at >130 °C. The negative tone imaging based on
crosslinking of a water-castable resist with water as a developer can suffer from
swelling-induced resolution limits as the exposed/crosslinked regions still have
an affinity toward water (Fig. 138) [400]. Another attempt to utilize poly(vinyl
alcohol) in negative imaging with water was based on the fact that while pure
poly(vinyl alcohol) is insoluble in water due to extensive hydrogen-bonding,
a small amount of substitution by other functionalities is enough to disrupt
hydrogen-bonding and to give aqueous solubility. Poly(vinyl alcohol) was pro-
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Fig. 138 Poly(vinyl alcohol)-based water processable resists
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tected with 3-4 mol% tert-butyl carbonate, rendering the polymer soluble in
water (Fig. 138). A formulation based on the copolymer and 4-methoxyphenyl-
dimethylsulfonium triflate reportedly gave negative images upon development
with pure water [401].

Poly(3-0O-methacryloyl-p-glucopyranose) was prepared through deprotec-
tion of poly(1,2:5,6-di-O-isopropylidene-3-O-methacryloyl-a-p-glucofuranose)
and used as a water-soluble resin that could be crosslinked by generating triflic
acid from water soluble (4-methoxyphenyl)dimethylsulfonium triflate (Fig. 139)
[402]. The presence of some remaining acetonide rings greatly improved the
sensitivity and contrast of these water-soluble resist systems. The resist based
on a polymer still containing some isopropylidene rings may not be fully
water-soluble but rather is water-dispersible. However, such materials were able
to resolve 0.45 pm dense patterns and 0.225-0.200 pm isolated lines at 248 nm,
though swelling was still observed [402].

2-Isopropenyl-2-oxazoline was homo- and copolymerized with styrene via
radical mechanism to prepare two-component negative resists (Fig. 140) [403].
Polymers containing at least 80 mol% oxazoline afforded casting from and de-
veloping with water. However, higher quality imaging was achieved when the
resist was cast from 2-methoxyethanol, presumably because side reactions such
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Fig. 139 Sugar-based water processable resists
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Fig. 140 Oxazoline-based water processable negative resists

as partial hydrolysis of the pendant oxazoline rings in aqueous environments
were avoided. In fact, radical polymerization of the oxazoline monomer in
water resulted in extensive hydrolysis [403].

As aqueous base development of crosslinking negative resists suffers from
swelling during development, the concept of a reverse polarity change through
pinacol rearrangement [151, 350, 351] (4.3.3) from a polar to nonpolar state
has been also incorporated in the design of water processable resists. Since
polystyrene with a pendant vic-diol and copolymers with 4-hydroxystyrene are
insoluble in pure water, the styrenic diol monomer was copolymerized with
methyl styrenesulfonate and the resulting copolymer was converted to a
polyanion with a tetramethylammonium cation [404]. Copolymers containing
55-70 mol% diol were targeted as water-soluble resist polymers. Because the
styrenesulfonate unit has a strong absorption in the 248 nm region, imaging
employing a deep UV PAG such as 4-methoxyphenyldimethylsulfonium triflate
did not yield high sensitivity, high contrast, and high resolution. A PAG ex-
tending its absorption to the 365 nm region was prepared and added to the
copolymer for i-line imaging. Alternately, a naphthalene chromophore pendant
from styrene was terpolymerized with the diol monomer and styrenesulfonate
as a sensitizer of the deep UV sulfonium salt for i-line exposure [404].

The design of a positive tone resist that can be cast from and developed with
water is much less straightforward because the exposed areas must remain sol-
uble in water and the unexposed regions must somehow become insoluble in
water. A dual solubility change must be incorporated; an original water-solu-
ble polymer film is insolubilized thermally during the postapply bake step and
the exposed regions are rendered soluble in water through an acid-catalyzed
process. In an early investigation, the aforementioned poly(2-isopropenyl-
2-oxazoline), 2-phenyl-1,3-dioxane-5-yl-carbonic acid, and 4-methoxyphenyl-
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dimethylsulfonium triflate dissolved in water was cast into a film, which was
insolubilized through crosslinking by heating. Formation of an amide-ester was
expected to append an acetal functionality for subsequent acid-catalyzed de-
protection. However, the crosslinking was irreversible and the desired positive
images were not obtained after exposure and PEB presumably because the
oxazoline rings were prone to acid-catalyzed crosslinking or so basic that the
acid-catalyzed acetal cleavage was prevented (Fig. 141) [401,405].

Thermal crosslinking of acidic polymers with use of di(vinyl ethers) and
acid-catalyzed de-crosslinking through cleavage of the acetal crosslinks [161,
396] were attempted in water development (Fig. 142). Commercial poly(acrylic
acid), 40 mol% (relative to COOH) tetra(ethylene glycol) divinyl ether, and
5 mol% (relative to COOH) 2,4-dihydroxyphenyldimethylsulfonium triflate
were dissolved in methanol (not H,0) [405]. Spin-cast films were baked at 110 °C
for 3 min, exposed to UV, postexposure-baked at 90 °C for 1 min, and then
developed with water for 20 s to generate low resolution positive images [405].
The positive resist design based on the vinyl ether chemistry has been then
modified by introducing vinyl ether as a pendant group on poly(acrylic acid).
Since carboxylic acids readily add to vinyl ethers in aqueous solution, the
reactive carboxylic acids were protected as their ammonium salts. The ammo-
nium salt copolymer was highly soluble in water. Upon PAB ammonia is
volatilized from the films and the corresponding free carboxylic acid is formed.
The free acid quickly reacts with the vinyl ether groups to form acetal crosslinks,
rendering the film aqueous insoluble. Upon exposure, photochemically gener-
ated acid and water hydrolyze the acetal linkages to de-crosslink the exposed
film. Thus, development with pure water generates positive images. In addition
to the expected poor dry etch stability of the aliphatic resist, a slow dark reac-
tion limited its shelf life (less than six days even at 8 °C).

To address these shortcomings the carboxylic acid was replaced with weaker
phenol for a better shelf life and dry etch stability and the vinyl ether func-
tionality was separated from the acidic functionality employing a three com-
ponent design. A water soluble phenolic copolymer was prepared by radical
copolymerization of 4-acetoxystyrene and sodium styrenesulfonate, followed
by deacetylation with ammonium hydroxide. A water soluble bis(vinyl ether)
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Fig. 142 Vinyl ether-based water processable positive resist

was synthesized from 3,5-dihydroxybenzoic acid, which was first protected as
the methyl ester and reacted with 2-iodoethyl vinyl ether. The water insoluble
bis(vinyl ether) was hydrolyzed with NaOH to give a water soluble sodium
salt, which was then converted to the ammonium salt. A three component re-
sist was formulated by dissolving the phenolic copolymer, bis(divinyl ether),
and 4-methoxyphenyldimethylsulfonium triflate in water. Spin-cast films were
insolubilized in water by baking above 110 °C for 10 min and finally re-solubi-
lized in water by exposure to 254 nm radiation and PEB at 90 °C for 1 min
(Fig. 142) [404].

However, no aqueous resist system has been reported that has both high
resolution and dry etch resistance. In order to design an aqueous processable
positive resists with more practical performance, pure water was replaced with
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widely accepted aqueous TMAH solution in development [406]. B-Keto car-
boxylic acids, such as malonic acid, undergoes thermal decarboxylation to
produce propionic acids and carbon dioxide. The ammonium salts of the half
esters of malonic acids provide not only the initial solubility for the polymer
but also the insolubilization mechanism at PAB via sequential volatilization
of ammonia and decarboxylation. Acid-catalyzed deprotection renders the ex-
posed area soluble in aqueous base. The polarity switching group was attached
to polystyrene for good dry etch resistance (Fig. 143) [406]. In the case of
tert-butyl ester concomitant occurrence of decarboxylation and deprotection
during PAB reduced the developer selectivity and contrast significantly. More
stable isobornyl ester provided a better selectivity between decarboxylation
and deprotection, and thus performed better lithographically. The polymer film
cast from water had to be baked at 155 °C for at least 5 min to be insolubilized
in 2.38 wt% TMAH aqueous solution but exhibited significant swelling. The
solubility threshold existed around 4 min at 165 °C and the swelling of the film
was reduced as the bake time was increased. Imaging experiments were carried
out at 248 nm, using an aqueous solution of the ammonium salt of the iso-
bornyl-protected polymer and triphenylsulfonium nonaflate. Spin cast films
were baked at 165 °C for 5 min, exposed to 20 mJ/cm? of 248 nm radiation,
postbaked at 140 °C for 1 min, and developed with 0.26 N TMAH for 30 s, pro-
viding 1.0 pm line/space patterns. Smaller features suffered from pattern de-
formation due to swelling and adhesion failure. With longer PAB time of 10 min
no image was obtained after development. The decarboxylation was found by
IR to occur only slowly even at 165 °C and prolonged heating at this tempera-
ture induced crosslinking [406].

5.2
C0,-Processable Resists (Casting, Development, Rinse, and Strip)

Use of liquid or supercritical carbon dioxide in microlithography (and also
in other areas such as separation and cleaning) has attracted a great deal of at-
tention recently, which stems from the environmental/health consideration and
from practical lithographic process issues. The 1997 Semiconductor Industry
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Association National Technology Roadmap for Semiconductors (and its 1999
update) and the 1996 Electronics Industry Environmental Roadmap both em-
phasize the importance of reducing wet organic and aqueous consumption in
the industry. Among supercritical fluids (SCF), carbon dioxide has been touted
as the solvent of choice because it is nonhazardous and inexpensive and
has been proposed to be employed in the lithographic process to replace one
or two or entire wet process. SCF CO, has high diffusivity, comparable to gas,
which may aid in rapid and effective dissolution. It has no surface tension since
liquid and vapor states are not present simultaneously, and produces no lateral
forces to damage high aspect ratio resist patterns. SCF CO, has density higher
than other supercritical fluids (up to 900 g/L), near that of its liquid state. The
most useful trait is the supercritical solvating capability that can be tuned by
minor adjustment of temperature and pressure.

Resist systems that can be cast from and/or developed with environmen-
tally-benign CO, have been sought. As polar polymers are not soluble in CO,
in general, protected fluorine-containing nonpolar polymers were employed,
which were converted to polar polymers by acid-catalyzed deprotection, pro-
ducing negative images upon development with SCF CO,. The first example of
the use of SCF CO, in lithographic imaging was disclosed by Allen and Wallraff,
who developed negative images using SCF CO, in a polymethacrylates resist
containing an acid-labile group and fluorine or siloxane esters [407]. In this
case the casting solvent was not CO, but conventional organic solvents. Similarly,
TBMA copolymers with siloxane ester of methacrylate were prepared by random
radical copolymerization and by group transfer polymerization to form block
copolymers. The block polymer and triphenylsulfonium hexafluoroantimonate
were dissolved in an organic solvent (PGMEA) and developed in a negative
mode after exposure to 193 nm radiation (Fig. 81) [408]. Block copolymers were
prepared by group transfer polymerization of tetrahydropyranyl methacrylate
and 1H,1H-perfluorobutyl or 1H,1H-perfluorooctyl methacrylate, dissolved in
an organic solvent (PGMEA) together with a PAG, and developed in a negative
mode with SCF CO, after exposure to 193 nm radiation [409].

An interesting all-CO, process has been reported [410]. Radical copolymer-
ization of TBMA and the aforementioned 1H,1 H-perfluorooctyl methacrylate
was carried out using AIBN as the initiator in SCF CO,, the isolated copolymer
and a newly prepared CO, soluble PAG were dissolved in CO, (Fig. 144). The
films cast from CO, were developed, after exposure to 193 nm radiation and
PEB, with CO,, producing negative images of the mask. Coatings from liquid
CO, can be extremely uniform, smooth, and thin on large surface areas because
CO, has a low surface tension and viscosity and it can wet practically any
surface. No residual solvent is found. The rate of AIBN decomposition in SCF
CO, has been found to be 2.5 times lower than that observed in benzene, which
has a higher dielectric strength and stabilizes the transition state of the primary
scission reaction more than SCF CO,. Furthermore, a high radical efficiency has
been observed in SCF CO,, which is due to the low viscosity of CO, (no cage
effects to promote recombination of primary radicals).
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Thus, significant efforts have been directed toward designing resist systems
that can be cast from and/or developed with SCF CO,. However, the use of SCF
CO, in microlithography is likely to be implemented first in the rinse step after
aqueous base development as it could provide a solution to the line collapse
problem first reported by X-ray lithographers in high aspect ratio imaging and
then frequently observed in the current water rinse process. The mechanism of
resist pattern collapse has been elucidated by Tanaka et al. by observing resist
patterns in a rinse liquid (H,0) using an atomic force microscope (AFM) [411].
The cause of resist pattern collapse is related to the surface tension (y) and the

resist

Pa " Pa
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P

Fig. 145 Line collapse
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Fig. 146 High aspect ratio images (60 nm lines in 300 nm thick resist) dried with N, blow
after H,O rinse (fop) and with SCF CO, (bottom) [412b]

resulting capillary forces acting on the resist walls. The capillary force (P)
can be expressed as P=y/r, where r is a radius of the curvature of the water-air
interface and y is a surface tension of water (Fig. 145). These researchers
suggested the use of low surface tension rinse liquids or a surface tension free
drying process, such as freeze-drying or supercritical drying, as promising
methods for preventing pattern collapse. Namatsu et al. [412] and then other
research groups [413] have demonstrated that the low surface tension of SCF
CO, eliminates image collapse during development and rinse. Figure 146 pre-
sents high aspect ratio images (60 nm wide/300 nm high) dried with N, blow
after H,O rinse and with SCF CO,.

6
Bilayer Lithography and Top-Surface Imaging

The semiconductor manufacturing prefers single layer resists over multilayer
systems from the viewpoint of simplicity and cost and therefore strives to im-
prove single layer aqueous base development to meet the ever-demanding chal-
lenges. However, bilayer lithography and dry development schemes can reduce
some of the burdens placed on resist materials and imaging technologies. Due
to the paramount difficulties associated with single layer lithography, bilayer
and dry imaging techniques were heavily investigated a decade ago and have
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re-surfaced recently as viable/necessary techniques as the semiconductor tech-
nology moves to the minimum feature size of <130 nm. Use of a bilayer process
can extend the life of the current workhorse technology before a new shorter
wavelength technology becomes available and/or improve process latitudes and
yields of cutting edge product lines.

The linewidth control over steps and wafer topography becomes extremely
challenging and difficult as the feature size shrinks. Reflection from the topo-
graphic features on the wafer results in linewidth variation. Higher resolution
is achieved in optical lithography at the expense of the depth-of-focus (DOF)
because DOF is proportional to the exposure wavelength and inversely pro-
portional to NA? while the resolution is proportional to the wavelength and
inversely proportional to NA. The multilayer scheme discussed in this section
can provide solutions to these difficult problems encountered in optical litho-
graphy. Furthermore, the use of a thin imaging layer can improve resolution
and linewidth control and a thick bottom layer offers superb etch resistance for
etching of substrate, thus imaging and etch performances do not have to reside
in resist. The dry development process is more suited to high aspect ratio imag-
ing while thin tall lines tend to fall down in wet development due to a capillary
effect as mentioned earlier, which has become increasingly serious.

The more directional dry etching process employing plasmas has long re-
placed the isotropic wet etching technique in substrate fabrication, which allows
a tighter control of the image transfer step. The advent of the dry etch technique
motivated resist chemists and engineers to design resist systems that can be de-
veloped with a plasma without use of a developer solvent. Generation of primary
resist images with use of a plasma was first reported in 1979. In this plasma-de-
velopable photoresist (PDP) process [414], the resist is coated in the usual fash-
ion and exposed. The exposed film is then heated to produce a relief image of
a negative tone, which is then transferred into the underlying layer by RIE. The
PDP concept was extended to the design of an X-ray resist system, which is
based on poly(2,3-dichloropropyl acrylate) as a host polymer and a silicon-con-
taining monomer [415]. X-ray exposure of the resist film initiates radical
crosslinking of the polymer, and hence it incorporates the silicon-containing
monomer into the network (fixing). The exposed film is then heated to remove
the unreacted organometallic monomer from the unexposed areas. Develop-
ment is accomplished by treating the baked film with an O, plasma.

Two general schemes are available in the use of plasmas, especially oxygen
reactive ion etching (RIE), in the resist development processes, which typically
employ organometallic polymers that form refractory oxide upon treatment
with oxygen plasma. Organosilicon polymers are of particular interest, which
are converted to a thin (ca. 50 A) layer of silicon oxide in oxygen plasma. It is this
thin oxide layer that is impervious to further etching. The first approach, which
is bilayer lithography, involves coating a substrate with a thick (0.5-2 pm) pla-
narizing layer of an organic (aromatic) polymer, followed by application of
a thin (<0.5 pm) organosilicon resist (two coating steps). The silicon species
is selectively removed from either the exposed or the unexposed areas by de-
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velopment, which provides a protective stencil for transfer of the resist image
to the planarizing layer by oxygen RIE. The second approach to patterning with
oxygen RIE is selective incorporation of silicon in an organic resist film after
image-wise exposure, which provides single layer all-dry processes without use
of a developer solvent. Many variations of these general schemes have been
developed as described in this section.

6.1
Bilayer Lithography with Organosilicon Resists

The bilayer lithography technique employing an organometallic resist has
evolved from a trilayer imaging scheme involving a top organic imaging layer,
a thin middle layer of silicon oxide as an oxygen RIE barrier, and a thick bottom
organic polymer layer for planarization of a topographic substrate (Fig. 147).1In
this trilevel scheme, the top resist layer is imaged with a developer in a conven-
tional fashion and the three-dimensional resist pattern thus generated is then
used as a protective mask to etch the middle oxide layer with a fluorocarbon
plasma. The imaged oxide layer now protects the underlying organic polymer

spln-on glass orgamc resist Si- contalnlng resist

organlc polymer?

ﬁ - exposure

HE EE N

Fig. 147 Trilayer (left) and bilayer (right) lithography
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film in the subsequent oxygen RIE pattern transfer step. The bilayer lithogra-
phy technique (Fig. 147) combines the functions of the top imaging resist and
the middle oxide film in one layer through use of an organometallic resist and
thus simplifies the time-consuming and therefore costly trilayer process. In
general organosilicon polymers for use in the oxygen RIE bilayer process con-
tain >10 wt% Si for good etch resistance.

The bottom planarizing layer plays a non-trivial role in the bilayer scheme
and thus must satisfy a number of criteria:

- Suitable for spin-coating

- Resistant to common casting solvents with no interfacial mixing with the
top resist layer

- Highly opaque at the exposing wavelength to eliminate the topography effect

- Not detrimental to the top resist

- Etched rapidly in oxygen plasma

- Thermally stable

- Resistant to fluorocarbon plasmas

- Easy stripping after substrate fabrication

The polymers most commonly employed as a planarizing material in the
oxygen RIE bilayer lithography are hard-baked (crosslinked) novolac resists and
cured polyimide. These materials possess all the good attributes as a bottom
layer but lack the strippability. To avoid interfacial mixing with the imaging
resist layer, the bottom layer is typically rendered insoluble by crosslinking or
curing, which enhances its thermal stability but makes clean stripping extremely
difficult. Poly(4-vinylbenzoic acid) has been reported to be suitable as a strip-
pable bottom layer material for use in all-dry bilayer lithography with poly(4-
timethylsilylphthalaldehyde) (discussed later) [336]. This acidic polymer is
soluble in 2-ethoxyethanol for spin-coating but resistant to common casting
solvents such as PGMEA and cyclohexanone even without crosslinking. It is
highly opaque in the deep UV region with OD of 3.4/pm at 248 nm. The poly-
mer has a high T, of 250 °C and remains soluble even after prolonged heating
at 230 °C. It is resistant to fluorocarbon plasmas due to its aromatic nature but
etches rapidly in oxygen plasma. The polymer film can be readily stripped with
commonly available TMAH solution after substrate etching because of its high
solubility in aqueous base even after high temperature treatment.

6.1.1
Semi-Dry Bilayer Lithography (Wet Development/0, RIE Pattern Transfer)

The first organometallic polymers employed in the bilayer imaging were
commercial polysiloxanes, which function as crosslinking negative resists
(not chemically amplified) [416]. Poly(phenylmethylsilsesquioxane), which
undergoes acid-catalyzed silanol condensation and crosslinks upon PEB, was
evaluated as a chemically-amplified bilayer resist using an organic developer
(4-methyl-2-butanone/2-propanol=1/1) [417]. A low molecular weight ladder
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polymer (M,=1700, M,,/M,=1.56) (Fig. 148) was selected because condensation
occurs between OH end groups.

Poly(di-tert-butoxysiloxane), which combines acid-catalyzed deprotection
and subsequent silanol condensation to produce an O, RIE resistant glass
(Si0,), has been evaluated as an e-beam resist resin [418]. The polymer was
synthesized by reacting diacetoxy(di-tert-butoxy)silane with triethylamine and
water and subsequent end-capping with trimethylsilyl chloride in the presence
of triethylamine. The polymer in the unexposed area is soluble in an organic
solvent such as methyl isobutyl ketone while the three-dimensional inorganic
network produced in the exposed areas is insoluble. Thus, development with
the organic solvent results in negative tone imaging.

Acid-catalyzed silanol condensation to form insoluble networks has been
also utilized in the design of aqueous base developable negative resist systems
[419]. An aqueous base soluble silicone polymer was synthesized by a sol-gel
reaction of a mixture of phenyltrimethoxysilane and 2-(3,4-epoxycyclohexyl)-
ethyltrimethoxysilane. This polymer contained a high concentration of silanol
OH groups and thus was soluble in aqueous base.

Poly(hydroxybenzylsilsesquioxane) is soluble in aqueous base. The polymer
was synthesized by treating poly(methoxybenzylsilsesquioxane) with BBr; and
then partially protected with the tBOC group to design an aqueous base de-
velopable positive resist [420]. This partially-protected polymer with T, of
90 °C is highly transparent at 248 nm. Acid-catalyzed deprotection renders the
exposed region highly soluble in an aqueous TMAH solution, while the unex-
posed film dissolves insignificantly. A similar silsesquioxane homopolymer
with T, of 115 °C and a Si content of 17 wt% was employed in the design of
aqueous base developable 248 nm negative resists based on acid-catalyzed con-
densation using melamine and uril derivatives (see 4.5) [421]. The O, etch
selectivity of the resist layer vs a hard-baked novolac resist was greater than
25:1. The underlying novolac resist was selected so as to closely match the
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reflective index to minimize the reflectivity from the interface between the top
resist layer and the underlayer. High resolutions of 137.5 nm dense line/space
patterns and 130 nm isolated lines were printed by annular illumination on
a 248 nm step-and-scan tool (NA=0.60) using a chrome-on-glass mask and
0.14 N TMAH. The shelf life stability of such aqueous base soluble silsesquiox-
ane polymers is a concern.

As is the case with the single layer resists, use of aqueous base as a developer
has been mandated in the bilayer scheme involving wet development, thus
necessitating incorporation of a polar functionality along with an acid-cleavable
group and Si. Each functionality must be present in resist in a large enough
concentration to perform its function; a polar group for aqueous development
and adhesion, a protected group for high development contrast, and Si for etch
resistance. It is sometimes difficult to incorporate the three functional groups
in one polymer in sufficient concentrations. This dichotomy has been overcome
by designing a Si-containing acid-labile group [421b, 422]. The versatility of
silicon in organic chemistry can in part be attributed to the electronic effects
of silicon substituents on chemical reactivity. One of the most interesting and
widely studied characteristics of silicon is its ability to stabilize -carbocations
(R;SiCH,CHZ) [423]. This stabilization is believed to be due to both the elec-
tropositive nature of silicon and to hyperconjugation involving donation of the
C-Si o electrons into the empty carbocation p orbital. The effective stabilization
requires the C-Sibond to be coplanar with the empty p-orbital. The -silyl car-
bocations of this type are significantly more stable than the parent ethyl cation
with stabilization energies similar to that of a fert-butyl cation. Thus, B-silyl
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Fig. 150 High aspect ratio image printed in 248 nm bilayer resist by oxygen RIE [422c]

groups have been employed as an acid-labile protecting group in the design
of aqueous base developable 248 nm positive bilayer resist. Methacryloxy-
ethyltris(trimethylsilyl)silane and methacryloxyethyltrimethylsilane were syn-
thesized and copolymerized with 4-hydroxystyrene using AIBN, copying the
248 nm ESCAP design (Fig. 149). The deprotection mechanism was elucidated
by NMR analysis of model reactions between AcOCH,CH,SiR; and triflic acid
in CHCl; and also by ?Si NMR analysis of exposed resist films (Fig. 149). When
R was CHj, only a single Si-containing product (hexamethyldisiloxane) was de-
tected in addition to acetic acid and ethylene. When R was Si(CHj;);, a number
of Si-containing species were detected and significant silylation of the pheno-
lic OH group was observed. This 248 nm bilayer positive resist (EIRIS™) de-
veloped at IBM is now commercially available from JSR (Fig. 150).

Bilayer resist systems have been actively pursued also in 193 nm lithography.
One example is based on polymethacrylate. 3-[Tris(trimethylsilyloxy)silyl]-
propyl methacrylate, methacrylic acid, and methacrylate bearing acid-labile
ester (tert-butyl, tetrahydropyranyl, and 1-ethoxyethyl) were terpolymerized
using AIBN in THF [424]. In order to ensure sufficient dry etch stability, the Si
monomer fraction in feed was kept between 0.15 and 0.3, leading to polymers
with Si contents of 10-15 wt%. An increase in the Si monomer concentration
results in lower T,and a higher methacrylic acid concentration results in higher
T, and faster dissolution rates in aqueous base. A terpolymer made from
methacrylic acid/THP methacrylate/Si-methacrylate=3/5/2 was employed in
193 nm imaging using triphenylsulfonium triflate as a PAG. The strength of the
TMAH developer employed was only 0.003 N and the thermal flow stability of
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Fig. 151 Si-containing polymethacrylates for 193 nm bilayer lithography

the resist pattern was about 120 °C [424]. The same Si-containing methacrylate
was later terpolymerized with acetal-protected methacrylate and property
enhancing methacrylate (Fig. 151) [425,426]. Block terpolymers were also pre-
pared by the nitroxide (TEMPO) procedure for comparison. Importance of the
optimization of the underlying layer in bilayer lithography has been described
[426] and detailed evaluation of the methacrylate bilayer resist on a 193 nm step
and scan exposure tool can be found in the literature [427].

The cleavable Si group as described above has been also incorporated in a
polymethacrylate resist for 193 nm bilayer lithography (Fig. 151) [422b].In a
similar fashion 1,3-bis(trimethylsilyl)isopropyl methacrylate was terpolymer-
ized with methacrylic acid and methyl methacrylate with AIBN in THF [428].
The COMA system has been modified to be used as a bilayer positive resist by
incorporating norbornenes bearing a passive Si group and an acid-cleavable Si
group (Fig. 152) [429].

Polysilsesquioxanes have found a use in the design of 193 nm bilayer resist.
The phenol structure has been replaced with cyclohexyl carboxylic acid for



Chemical Amplification Resists for Microlithography 183

gﬁoxo

O
0}
\
R

R= Si-containing 2 _
group _ Si
\

Fig. 152 COMA-based Si bilayer resist

base solubility and 193 nm transparency. The carboxylic acid was partially pro-
tected with an acid-labile group for chemically amplified positive imaging [430,
431]. The TMAH developer employed was 0.12 wt% (0.04 wt% in some cases).
The cyclohexylcarboxylic acid polymer in CASUAL (Chemically Amplified
Si-contained Resist Using Silsesquioxane for ArF Lithography) has a low cal-
culated T, of 13 °C and the resist based on an acetal-protected polymer did not
provide high enough development contrasts due to its excessive dissolution
(even in a weak developer). In an attempt to improve the contrast (preferably
in a stronger developer), the remaining carboxylic acid was converted to alco-
hol through an amide linkage, which increased the contrast dramatically even
in the standard 2.38 wt% developer but decreased the 193 nm transparency
significantly. Another attempt to minimize the unexposed dissolution rate
without sacrificing the transparency was to employ a copolymer of cyclohexyl-
carboxylic acid silsesquioxane and tricyclodecylalcohol silsesquioxane (Fig. 153)
[432]. A blend of polysilsesquioxane and the aforementioned methacrylate
terpolymer (see above) was employed as a positive bilayer 193 nm resist, which
could be developed with 2.38 wt% TMAH [433].
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Fig. 153 Polysilsesquioxanes for 193 nm bilayer lithography
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Silsesquioxane polymers are a logical choice for the design of 157 nm
bilayer resists because of their good transparency. Since carboxylic acids
and phenols absorb strongly at 157 nm, the fluoroalcohol functionality
has been incorporated into the peripheral Si-H bonds by hydrosilylation
(Fig. 154) [434-436] 1,3,5,7,9,11,13,15-Octakis(dimethylsilyloxy)pentacyclo-
[9.5.1.1%°.1515.1%3] octasiloxane was reacted with 1,1-di(trifluoromethyl)-3-
butene-1-ol (4.1.1) protected with methoxymethyl or tBOC, in THF using a
Karsted’s catalyst at room temperature. The protected polysilsesquioxanes thus
obtained were a viscous liquid or wax. When unprotected 1-methyl-1-trifluo-
romethyl-3-butene-1-ol was employed instead, a solid product exhibiting a
glass transition at 5.4 °C and melting at 62 °C was obtained, which cast a clear
transparent film from a PGMEA solution. These silsesquioxane oligomers were
developed as low molecular amorphous materials (see 4.1.8). Matrix-assisted
laser desorption ionization-time of flight mass spectroscopy (MALDI-TOF MS)
analysis of these materials exhibited only one peak [434]. The 157 nm absorp-
tion of the silsesquioxane resist polymers ranged from 3.5 to 2.0/pm.

Copolymers of 4-silyloxy-a-methylstyrene or silyl methacrylate with meth-
acrylonitrile were prepared by radical copolymerization of silyl monomer
or by silylation of acidic copolymer and evaluated as 157 nm positive bilayer
resists [437].

LER and resist outgassing during exposure are major issues in bilayer litho-
graphy [438, 439]. Si species generated from a bilayer resist during exposure
could badly contaminate lenses. Thus, formation of gaseous products must be
minimized by proper selection of deprotection chemistry and resist components.

6.1.2
All-Dry Bilayer Lithography

The very first chemical amplification resist designed for use in bilayer litho-
graphy employed Si-containing polyphthalaldehyde as a top layer resin,
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which undergoes acid-catalyzed depolymerization to provide positive images
[333-336]. Poly(4-trimethylsilylphthalaldehyde) was prepared by anionic cy-
clopolymerization at cryogenic temperatures and end-capped with acetyl
groups by adding acetic anhydride to the cold polymerization mixture. The
end-capped polymer is stable thermally to ~200 °C but undergoes clean de-
polymerization at ~100 °C in the presence of a photochemically-generated
acid. The resist consisting of polysilylphthalaldehyde and triphenylsulfonium
triflate (1.2 wt%) develops completely by PEB alone (thermal development)
and the positive relief image functions as a stencil for oxygen plasma etching
of a 2-pm-thick hard-baked novolac resist film (Fig. 155). Deep UV sensitivity
curves for the thermal development of the resist are presented in Fig. 156.
Scum-free clean development is critical in bilayer lithography because residual
silicon remaining in the exposed regions after development can interfere with
clean etching of the planarizing layer. Acid-catalyzed and thermodynamically-
driven depolymerization completely reverts the Si-containing polymer to the
starting monomer, which evaporates out during the PEB step (which is also the
development step), providing clean complete removal of the Si species from
the exposed areas simply by moderate heating after a low dose UV exposure,
as Fig. 156 demonstrates. The sulfonium triflate is completely decomposed in
oxygen plasma to volatile fragments due to its non-metallic nature. The ther-
mally-developable resist has demonstrated sub-half-micrometer resolution in
e-beam and KrF excimer laser exposures. Figure 157 shows a scanning electron
micrograph of sub-half-micrometer positive images printed on a KrF excimer
laser stepper in a bilayer structure by thermal development of the polysilylph-
thalaldehyde resist and subsequent oxygen RIE pattern transfer [336]. As men-
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Fig. 157 Sub-0.5 pm line/space patterns printed by thermal development and subsequent
O, RIE pattern transfer [336]

tioned earlier, poly(4-vinylbenzoic acid) was employed as a strippable bottom
layer specifically for the polysilylphthalaldehyde resist [336].
Poly[4,5-bis(trimethylsilyl)phthalaldehyde] has been used in a similar all-dry
process to etch a ~2 pm-thick polyimide film [440].
Acid-catalyzed hydrolysis of poly(4-trimethylsilyloxystyrene) was employed
in the design of an aqueous base developable positive resist as described earlier
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Fig. 158 Acid-catalyzed desilylation for positive bilayer lithography

but Si-containing single layer resists were not widely accepted because of
difficult stripping with O, plasma. Desilylation can be useful in positive all-dry
bilayer lithography, if the Si-containing fragments generated by acidolysis can
be cleanly removed from the exposed areas without use of a developer solvent
(by heating, for example). This concept was first reported in non-amplified
photochemical cleavage of Si-containing side group pendant from poly(methyl
methacrylate) [441]. A system consisting of poly(4-trimethylsilyloxystyrene)
and triphenylsulfonium hexafluoroarsenate was studied in this context. In a
similar fashion copolymers of trimethylsilyl methacrylate with styrene, methyl
methacrylate, and benzyl methacrylate were evaluated in conjunction with
1,2,3,4-tetrahydronaphthylideneamino p-toluenesulfonate as the acid generator
in terms of acid-catalyzed desilylation (Fig. 158) [442]. The silyl ester hydrol-
ysis reached a limited value of 85% at 390 mJ/cm? of 254 nm radiation and only
45% of trimethylsilanol generated at this high dose escaped from the film.
It was necessary to treat the resist film, after UV exposure, with an organic
vapor such as acetone, n-hexane, or alcohol at room temperatures to completely
remove the silanol. The treatment with acetone vapor not only improved the re-
moval of the silanol but also enhanced the acid-catalyzed hydrolysis. This study
indicates that removal of Si-containing fragments produced by acidolysis is not
a trivial task. As mentioned earlier, a small amount of Si species remaining
in the exposed areas after development can result in residue formation after
oxygen RIE.



188 H.Ito

6.2
Silylation of Organic Resists

Instead of selectively removing Si species from an organosilicon resist film, one
can selectively introduce Si species into an organic resist film, which could then
provide a potential for all-dry development with oxygen RIE. Two mechanisms
for selective silylation are available: reactivity-controlled silylation and diffu-
sivity-controlled silylation. Silylation can be carried out either in a gas phase
or in solution. If the penetration depth of the exposing radiation is shallow, due
to a strong absorption in photolithography, for example, the photochemical
reaction occurs only in the top surface of the film, freeing the latent image
formation from the challenging substrate and topography effects as discussed
earlier. Wet development would not work adequately in this case but selective
silylation can produce a quasi-bilayer structure that is suitable for oxygen RIE
development. The process is called “top-surface imaging (TSI).” The selectivity
of silylation is a key factor in high resolution imaging.

6.2.1
Reaction-Controlled Silylation

In this scheme, a functionality that does not react with a silylating reagent is
converted to a reactive group to incorporate Si selectively in the exposed area,
or conversely, a reactive functionality is rendered inert by a radiation-induced
process so that Si is selectively introduced in the unexposed region.

The dual-tone resists based on acid-catalyzed deprotection (see 4.1) are
ideal for selective silylation because the polarity change is equivalent to the
alteration of reactivity (Figs. 12 and 22). In these resist systems, reactive phe-
nolic hydroxyl or carboxylic acid groups are unmasked during PEB through
acid-catalyzed deprotection. When the exposed/postbaked resist film is treated
with a silylating reagent such as hexamethyldisilazane or dimethylamino-
(trimethyl)silane, Si is incorporated only into the exposed areas through cova-
lent bonding but not into the unexposed areas consisting of carbonate or ester
which is inert to silylation. Thus, the silylation selectivity is high. The silylated
resist film is then subjected to oxygen RIE to provide negative tone images
without use of a developer solvent (Fig. 159) [443]. Figure 160 presents IR spec-
tra of the tBOC resist after PAB (a), after UV exposure (10 mJ/cm?at 254 nm)
and PEB (b), and after treatment with gaseous dimethylamino(trimethyl)silane
for 5 min at 100 °C and 200 torr (c). The IR study clearly indicates that PHOST
generated by acid-catalyzed deprotection can be completely silylated in the solid
state under mild conditions. The process can be extended to all-dry bilayer litho-
graphy simply by using a wafer coated with an organic polymer layer.

The tone of this imaging process can be reversed according to the scheme
in Fig. 161 [443b, 444]; the phenolic OH group in the imagewise-exposed area
generated by acid-catalyzed deprotection is blocked first with a non-metallic
group which is unreactive toward silylation, the tBOC group in the initially
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27.7 kPa [443]
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unexposed area is removed by flood deep UV exposure and baking to generate
reactive phenolic OH groups, and since silylation results in incorporation of
Siin the initially unexposed area; this process provides positive tone images of
the mask upon oxygen RIE. The masking reagent useful in the first gas phase
functionalization is isocyanate, which reacts with phenol in the presence of
triethylamine to form a urethane.

As mentioned earlier, however, deprotection and subsequent silylation can
take place throughout the entire thickness of the fBOC resist film because of its
high transmission in the 250 nm regions. Addition of an appropriate dye to the
tBOC resist formulation is required to render the system opaque at 248 nm and
suitable for TSI. Use of the 248 nm fBOC resist at 193 or 157 nm for silylation
is TSI. Chemical amplification resists that undergo acid-catalyzed deprotection
to form reactive acidic repeat units shrink in the exposed areas. The silylation
process incorporates a mass into the exposed areas of the film and causes the
exposed film to swell. In order to avoid distortion, the film shrinkage must
equal the film swelling. To achieve a zero volume change in the film, it is pos-
sible to silylate with an appropriate mixture of two silylating agents having
an average molecular weight equivalent to the mass of the gaseous products
liberated upon exposure and bake [445]. In contrast, the diffusion-controlled
silylation described in the next section always results in an increase in film
thickness. The fBOC resist exposed to 248 nm radiation and silylated to a nearly
zero net thickness change produced well-defined 200 nm dense patterns. How-
ever, when the tBOC resist was exposed to 193 nm radiation (TSI), extraordi-
nary LER and residues were observed after O, RIE regardless of the silylation
parameters. This was attributed to the shallow penetration of the 193 nm light
(TSI) and the shallow silylated profile, casting a serious doubt on the usefulness
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of TSI, especially near the resolution limit of the tool [445]. Nevertheless, the
negative tone TSI with the fBOC resist at 193 nm (NA=0.6) produced 100 nm
L/S patterns by off-axis illumination using a binary mask [446].

Poly(tert-butyl 4-vinylbenzoate) is useful in deep UV TSI because of its high
absorption below 300 nm and high T,. The ester polymer is converted to a car-
boxylic acid polymer in the exposed area, which can be silylated in a fashion
similar to the tBOC resist [336]. Silylation of methacrylate 193 nm resists has
been investigated also. Carboxylic acids can be more readily silylated than phe-
nol but desilylation of silyl ester is faster than silyl ether, rendering the silylated
image less stable. TBMA and TBA were copolymerized by changing the feed
ratio to prepare copolymers with varying T, (and composition). Lowering T,
resulted in faster silylation and desilylation. In order to improve the stability of
the silylated state, the T, was increased by incorporating bulky alicyclic groups
such as isobornyl and adamantyl and a bulky silylating agent (trimethylsilyl
dimethylamine instead of dimethylsilyl dimethylamine) was employed [447].

In an attempt to overcome the LER problem associated with the use of
PHOST-based resists (fBOC and diffusion-controlled systems discussed below)
in 193 nm lithography, which is TSI, alicyclic polymers with higher transparency
and higher T, were employed in silylation [448]. As mentioned earlier, silylation
of an opaque resist in a TSI scheme produces a non-square silylation profile very
similar to the light energy deposition profile, resulting in LER. A second con-
tribution to LER is the silylation contrast of the system. The silylation contrast
can be measured by plotting the extent of silylation monitored by IR (Si-H
stretch at 2100 cm™) as a function of exposure dose as presented for the tBOC
resist exposed to 248 nm illumination and silylated with 30 Torr of dimethylsi-
lyldimethylamine for 60 s at 90 °C in Fig. 162 [448]. The silylation response is not
a step function and not as nonlinear as the dissolution response to dose in wet
development steps. Since the silylation contrast is rather low and the response
is linear, the edge of the silylated feature is somewhat indistinct without being
able to sharpen the pseudo-Gaussian shape of the aerial image and this gray-
scale response manifests itself as LER. Another factor is T, of silylated poly-
mers. Although PHOST has a fairly high T, of 150-180 °C, silylation reduces T,
drastically. In fact, the fully deprotected and silylated (with dimethylsilyl-
dimethylamine) tBOC resist film has a low T, of 70 °C. Thus, silylation tem-
peratures in excess of 70 °C flow silylated polymer, resulting in problematic
imaging with LER. Therefore, alicyclic systems that are characterized with high
193 nm transparency and high T, have been tested for 193 nm silylation (not
TSI). The poly(norbornene sulfone) bearing a pendant hexafluoralcohol pro-
tected with tBOC (see Figs. 21 and 77) proposed as a single layer 193 nm
positive resist [115] has been shown to be selectively silylated in the exposed
area where acidic hexafluoroisopropanol is generated. Although the silylation
response was not of high contrast, the deep 193 nm light penetration produced
a much more square silylation profile, resulting in significantly reduced LER
after O, RIE [448]. The poly(norbornene sulfone)-based system was also eval-
uated as TSI at 157 nm [448c].
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6.2.2
Diffusion-Controlled Silylation

An alternative approach to selective silylation employs a phenolic resist that
can be silylated. Selective silylation is achieved in this case by crosslinking the
phenolic resist so as to limit the diffusion of the silylating reagent. The “diffu-
sion enhanced silylation resist” (DESIRE) process was originally proposed
to render the commonly-available novolac/DNQ resists dry-developable with
oxygen plasma for near UV lithography [449]. The novolac resist undergoes
thermal crosslinking in the unexposed areas upon PEB, which prevents diffu-
sion of a silylating reagent, while the gaseous silyl compound diffuses at a much
faster rate into the uncrosslinked exposed regions and reacts with the sur-
rounding phenolic OH groups. The process yields negative tone images upon
oxygen RIE (Fig. 163). Since the thermally crosslinked phenolic resin in the
unexposed areas is also silylated to a minor degree, pre-burning with fluoro-
carbon plasma prior to oxygen RIE is employed to remove a thin uniform layer
of organosilicon polymer. The DESIRE process with the novolac/DNQ resist
has been applied to deep UV lithography, which is TSI due to the high opacity
of the resist below 300 nm [450]. Certain formulation adjustments were needed
to prevent crosslinking by deep UV exposure in this case. The deep UV cross-
linking of the resist was combined with near UV flood exposure, followed by
silylation, to reverse the tone, which was called PRIME (Positive Resist Imaging
by dry Etching) [451]. The novolac/DNQ resist and novolac resin by itself have
been evaluated for 193 nm TSI through silylation [452].
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PHOST crosslinks efficiently by exposure to ArF excimer laser radiation
even without a crosslinking reagent perhaps through photo-oxidation and thus
can be selectively silylated in the unexposed regions for positive tone TSI [452,
453]. TSI utilizing oxygen RIE was thought to be a very logical approach to ArF
lithography because of excessive absorption of most organic polymers at
193 nm. The DESIRE process can be combined with the chemical amplification
concept as crosslinking of a phenolic resin can be readily achieved through
acid-catalyzed condensation. Since crosslinking occurs in the exposed areas,
silylation proceeds more rapidly in the unexposed regions and therefore this
system provides positive images upon oxygen RIE. Thus, this process was
named SUPER (Sub-micron Positive dry Etch Resist) [454]. The novolac-based
acid-hardening resist containing melamine crosslinker and PAG (Shipley
SAL601, Fig. 120) was employed in 193 nm and X-ray positive TSI. Although the
pure PHOST performs very well lithographically in the TSI scheme at 193 nm,
the chemical amplification scheme (acid-catalyzed condensation for crosslink-
ing) is likely to be needed to increase the sensitivity to an acceptable range
[455]. The chemically-amplified TSI process for use in 193 nm lithography has
been developed, focusing on three critical areas, sensitivity, contrast,and LER.
It has been reported that the use of a chemically amplified resist can improve
the sensitivity by a factor of 1.5-2 without compromising LER. While the sily-
lation contrast of this chemical amplification resist was poor (y<1), the RIE
contrast was excellent (y>>10). The use of disilanes as a gaseous silylating
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agent further reduced the dose-to-size and increased the contrast. Further-
more, using sulfur dioxide in the plasma etch process improved the sidewall
passivation of the resist lines and thus reduced the overall LER [455b]. The TSI
process employing an acid-hardening resist SAL601 was evaluated for X-ray
lithography in an attempt to circumvent the line collapse problem encountered
in the common wet development step [456].

In addition to the aforementioned gas phase silylation, incorporation of Si
into exposed resist films was performed in a liquid phase [457]. The liquid phase
silylation reportedly incorporates higher concentrations of Si in the PHOST film
[458]. Since a phenolic resin is an imaging layer, a nonpolar solvent such as
xylene is used as a silylation solvent. However, a silylating agent cannot diffuse
into a phenolic film in such a nonsolvent. Therefore, a diffusion promoter such
as NMP or PGMEA is added. Swelling is needed for diffusion but excess swelling
deteriorates imaging. Bulky non-volatile silylating agents can be employed in
silylation in solution while the volatility of Si compounds matters in the gas
phase process. Thus, it has been reported that the silicon concentration in the
region silylated with bis(dimethylamino)dimethylsilane in solution is about
two times higher that that for gas phase silylation with dimethylsilyldimethyl-
amine, as studied by RBS [458]. The high Si concentration in the silylation with
the (bisamino)silane is reportedly due to formation of polysiloxane linkages,
which is mediated by water [458]. The liquid phase silylation kinetics of SAL601
and PHOST has been investigated using 1,1,3,3,5,5-hexamethylcyclotrisilazane
as a silylating agent and NMP as a diffusion promoter in xylene [459]. The
extent and depth of the silylation reaction were analyzed by IR and cross-sec-
tional SEM, respectively, as a function of the concentration of the silylating
agent and NMP. When the NMP concentration is high (>2%) and the concen-
tration of the Si agent is low (10%), the kinetics can be described as Fickian
diffusion. Case II diffusion is dominant when the NMP concentration is low
(<1%) and the concentration of the Si compound is high (30%). The Case II dif-
fusion was shown to provide a higher silylation contrast than Fickian diffusion.

6.2.3
Bilayer Silylation

A discovery that a very thin silylation resist was effective in widening the process
margin led to a bilayer silylation process for 193 nm lithography (Fig. 164) [460].
A thin layer (70-50 nm) of PHOST coated on a 350 nm thick film of a hard-baked
novolac resist was silylated, after exposure to 193 nm radiation, with gaseous
dimethylsilyldimethylamine at 80 °C. After the gas phase silylation and break-
through etch the top and bottom organic polymer layers were etched with O,
plasma. The bilayer silylation process demonstrated better LER,a good exposure
latitude of 14% for 130 nm line/space patterns, and a high line/space resolution
of 110 nm. While in the conventional single layer silylation process the depth of
silylation and the degree of swelling depended on the pattern size, the bilayer
process provided size-independent almost rectangular silylation profile [461].
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The bilayer silylation technique was later applied to a chemically amplified
negative resist, focusing on the effects of a delay between the processes [462].

6.2.4
Silylation after Wet Development

Phenolic resists can be silylated also after wet development with aqueous base
[463,464]. In the silicon-added bilayer resist (SABRE) process (Fig. 165), a di-
azoquinone/novolac resist is coated on a top of a planarizing layer and imaged
in the conventional fashion by UV exposure and aqueous base development
[463]. The phenolic polymer remaining in the unexposed area after develop-
ment is silylated in a gas phase or in solution to provide O, RIE resistance
for dry etching of the underlying layer [463, 464]. This bilayer scheme takes
advantage of high contrast aqueous base development to produce square resist
profiles, which are then converted to a well-defined Si mask by silylation for O,
RIE pattern transfer. Thus, a poor silylation contrast sometimes encountered
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with the single layer silylation process can be overcome. While in the afore-
mentioned Si-based bilayer resists, a balance between aqueous base develop-
ment and etch resistance is critical, best available aqueous base developable
resists (either positive or negative) can be employed in the silylation-after-wet-
development process as a thin film. The technique has been recently adopted
for 157 nm lithography by employing PHOST-based chemically amplified
positive and negative resists [465]. In this silylation process after alkaline wet
development (SILYAL), a thin film (70 nm) of a 248 nm chemical amplification
resist (OD=5.6/pm at 157 nm) is coated on top of a hard-baked novolac resist
(300 nm thick), exposed to 157 nm radiation, developed with aqueous base,
silylated in a gas phase using dimethylsilyldimethylamine, and finally subjected
to O, RIE pattern transfer. In the case of the negative resist, the best exposure
dose range was quite narrow because while sufficient crosslinking was required
for aqueous base development, higher exposure doses reduced Si uptake due
to a higher degree of crosslinking. A major problem was a low T, (~45 °C)
after silylation (as described earlier) while the typical silylation temperature
was 80 °C. The pattern deformation due to thermal flow of the silylated film was
reduced either by decreasing the silylation temperature to 50 °C or by per-
forming UV curing after development (which raised T, to 70 °C). With use of a
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50 nm-thick positive 248 nm resist on a 157 nm microstepper (NA=0.60) 110 nm
line/space patterns were generated in a 300-nm-thick novolac film after wet
development, gas phase silylation, and O,/SO, RIE. Another interesting appli-
cation of this SILYAL process is pattern size biasing based on the volume
change induced by silylation (10 nm/10 s of silylation time in this case). This
biasing technique is particularly useful in printing small holes. By combining
underexposure of a high contrast 248 nm positive resist to open small holes and
following silylation to shrink the hole size, 100 nm contact holes were etched
into a 300-nm-thick novolac layer [465].

The biasing technique by silylation to print features smaller than the nomi-
nal size was first reported from Siemens in 1990 [466]. In the CARL (Chemical
Amplification of Resist Lines) process an imaging layer containing anhydride is
silylated in solution with bis(aminosiloxane) either after exposure (Top-CARL)
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[466D] in a negative mode in single- or bilayer configuration or after develop-
ment (Si-CARL) [466¢] in a positive bilayer mode. This solution silylation
involves hydrolysis of the anhydride ring in the polymer with the amino group
in the silylating agent, attachment of Si to the polymer through amide linkages,
and crosslinking via the siloxane bridge due to the bifunctional aminosiloxane
(Fig. 166). In the initial near and deep UV applications a non-chemically am-
plified resist consisting of poly(styrene-co-maleic anhydride) or poly(allyltri-
methylsilane-co-maleic anhydride) and a diazonaphthoquinone was employed
[466]. Maleimide was incorporated into the anhydride copolymers to im-
prove alkaline solubility of the diazoquinone dissolution inhibition resist for
the sensitivity enhancement. Then, the chemical amplification concept was
incorporated in Si-CARL [467]. N-t-BOC-maleimide was terpolymerized with
maleic anhydride and styrene using AIBN to prepare a chemically amplified
positive resist polymer. Positive images generated by acid-catalyzed
deprotection and aqueous base development were silylated with bisamino-
propyl-oligomethylsiloxane (10-12 silicon units) in water/isopropanol and
etched into a bottom layer by O, RIE [467]. For 248/193 nm dual wavelength Si-
CARL application a new polymer was prepared by radical polymerization of
maleic anhydride, allyltrimethylsilane, TBMA, and a plasticizing monomer
[468]. The thermal properties and base solubility of the polymer were adjusted
by addition of the plasticizing monomer and by partial hydrolysis of the
anhydride to form pendant carboxylic acids. The polymer T, was set to <135 °C
to make use of the annealing concept for airborne contamination prevention
(see 4.1.9). The process has been evaluated for 157 nm imaging as well [468].

6.2.5
Flood Silylation/Imagewise Desilylation

Instead of coating trimethylsilyl-protected PHOST containing a PAG on a pla-
narizing layer in a bilayer scheme (see 6.1), a thick single layer of PHOST doped
with a PAG is formed on a Si substrate [469]. A surface area of the PHOST film
is uniformly silylated with hexamethyldisilazane in a gas phase or with hexa-
methylcyclotrisiloxane in solution, which essentially forms a quasi-bilayer
system, allowing process steps similar to those of the bilayer resist. Exposure
followed by PEB deprotects the silyl group attached to the polymer through the
action of the photochemically-generated acid. However, as acid-catalyzed desi-
lylation is hydrolysis, PEB was carried out in the presence of steam. Development
with aqueous TMAH followed by O, RIE produced positive tone images. The
system is coined “Surface-Silylated Single-Layer Resist (SSS)” [469].

6.2.6
Surface Modification

A conceptually simple example of surface modification for lithographic imag-
ing was based on the use of focused ion beam to write a pattern onto the sub-
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strate of an organic polymer film (Fig. 167). When the ion-implanted film was
subjected to O, RIE, the surface of the implanted regions was oxidized to indium
oxide, which served as an etch barrier [470]. A bisazide/polyisoprene resist was
exposed to UV light and, in a subsequent step, treated with an inorganic halide
such as SiCl,. Silicon was reported to be predominantly incorporated into the
unexposed regions, providing positive images upon O, RIE [471].This scheme
has been extended to a variety of polymer systems in conjunction with TiCl,,
which exhibited a marked dependence of the reactivity on humidity [472]. Later,
layers of water selectively absorbed in photooxidized areas of polymer films
were reacted with TiCl, to generate an O, RIE barrier layer [473]. These early
systems were not chemically-amplified.

Cationic polymerization has been utilized in surface modification to design
plasma developable chemical amplification negative resist systems [474]. In this
technique an onium salt cationic photoinitiator is coated directly on the sub-
strate or with a radiation-inert binder polymer. Deep UV irradiation results in
formation of strong acids in the exposed areas. Treatment of the irradiated film
with an organometallic monomer that undergoes cationic polymerization in
the vapor phase or in solution results in deposition of organometallic polymer
only in the exposed area where the photochemically generated acid initiates the
cationic polymerization. A subsequent O, RIE development generates negative
relief images. The technique has been recently re-investigated, using vinyl ether
and ethylene oxide bearing Si under the name of graft polymerization litho-
graphy. However, there is no need for the organometallic polymer to be grafted
onto the host polymer in this case and such grafting is unlikely [475].

Silicon oxide formation at the near surface of UV irradiated polymers
was applied to surface imaging [476]. For example, a photosensitive polymer
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Fig. 167 Surface modification for dry imaging process
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generating a polymer-bound sulfonic acid was employed in this application.
Water is absorbed from the atmosphere into the exposed regions containing the
photochemically-generated sulfonic acid. When the exposed film is treated
with a vapor of alkoxysilanes, silicon oxide is formed selectively only at the
irradiated surface, which functions as an O, RIE mask to generate negative re-
lief images (Fig. 168) [54]. The tone has been reversed by employing a polymer
which generates base photochemically and acid thermally [476]. The process
has been extended to incorporate chemical amplification. Thermal decompo-
sition temperature of the cyclohexylsulfonate is lowered in the presence of
a strong acid [477]. The technique was then applied to 193 nm lithography by
preparing co- and terpolymers of the photosensitive styrenesulfonate with
methacrylates bearing acid-cleavable ester groups. The polymer-bound sul-
fonic acid generated by irradiation undergoes deprotection of the ester group
upon PEB. The exposed film is treated with a water vapor and then with
methyltrimethoxysilane to form polysiloxane on the surface of the exposed
regions. O, RIE etches away the unexposed areas to generate negative images
[478]. Use of a polymer capable of generating sulfonic acid upon exposure to
254 nm radiation and amine by 193 (or 146) nm irradiation has produced pos-
itive tone images after surface siloxane formation and O, RIE [479].

6.3
Process Issues in Bilayer and Dry Lithographic Techniques

The shift from aqueous base development to the dry development employing
oxygen plasma is rather drastic and therefore many issues must be addressed
before implementation of the new technology in manufacturing. First of all, a
new equipment (etcher) is needed and the etch uniformity (across a wafer and
wafer-to-wafer) is a very important issue from a tooling point of view. The
all-dry TSI technique requires a silylation equipment as an additional tool set.

There are also some lithographic process issues that must be addressed. The
single layer TSI scheme is very attractive as it could solve many difficult prob-
lems associated with photolithography. However, the silylation occurs in the
thin surface area of the resist film according to the latent image and therefore
the silylated image does not have a square edge (Fig. 169), which could con-
tribute to etch bias, LER, and erosion of small features. Diffusion-controlled
silylation results in volume increase and T, reduction in the silylated area. The
reaction-controlled silylation based on acid-catalyzed deprotection has been
reported to be free from the volume increase; the areas that are depressed due
to the deprotection chemistry to eliminate small molecules are silylated, with-
out inducing a net volume increase. Because of this potentially serious problem
associated with the silylation technique, the bilayer lithography has re-surfaced
as a viable alternative approach to higher resolution lithography. In the bilayer
scheme, aqueous base development of the top organosilicon resist could pro-
duce a well-defined stencil with vertical wall profiles (Fig. 169) which is much
more robust in oxygen RIE.
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Fig. 169 Silylation profiles (left) and bilayer system (right)

Another important issue in the gas phase silylation is a control of thermal
flow. The silylation is typically carried out at ~100 °C to render a liquid sily-
lating reagent gaseous. Introduction of silicon species lowers T, of the polymer
in general. Thus, the oven temperature should not greatly exceed the T, of the
silylated polymer to afford a high silylation contrast. In a wet silylation process
in solution, swelling must be well controlled. For a silylating reagent to pene-
trate into the resist film and to react with the polymer, swelling is necessary, but
excessive swelling destroys contrast and resolution. Various silylating reagents
have been evaluated in both dry and wet processes to investigate the effects
of the size and reactivity of the Si compounds. Multifunctional crosslinking
silylating reagents are sometimes preferred to reduce swelling.

In the case of organosilicon bilayer resists, the balance between the silicon
concentration for oxygen RIE resistance and the aqueous base developability is
the most important issue. The highly hydrophobic silicon groups could jeopar-
dize aqueous base development that is an unavoidable requirement in the mod-
ern semiconductor manufacturing. An interesting solution to this dichotomy
has been proposed, which employs a block copolymer of propylpentamethyld-
isiloxane methacrylate and TBMA synthesized by the group transfer polymer-
ization technique, as mentioned earlier (Fig. 81) [278]. The block polymer resist
dissolved much more rapidly in a 0.26 N TMAH solution after UV exposure and
PEB than a resist made with a random copolymer at the same Si concentration,
suggesting that the exposed block copolymer forms micelles in the aqueous
base developer with the Si-containing block forming the core and the poly-
(methacrylic acid) block forming the corona.

While the bilayer lithography can improve the process margin and therefore
yield without introducing a new exposure tool, the most serious potential prob-
lem is the resist LER after O, RIE, which is likely to be more devastating as the
feature size moves toward <50 nm.

7
Resist Characterization

There are numerous analytical and characterization steps in resist formulation
and lithographic evaluation processes. First of all, each component of a resist
formulation, polymer, acid generator, and additives, must be synthesized as
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specialty materials in many cases. During the course of the synthesis work,
common analytical and characterization techniques are employed. The purity
of each ingredient and final resist formulation is an important issue, especially
in terms of metal contents. The semiconductor industry is extremely sensitive
to contamination of devices by trace metallic impurities and demands ex-
tremely low levels of metals in resist formulations, currently on the order of
several tens of ppb, which is a formidable challenge to resist manufacturers
and material suppliers. In some cases reactors and mixers coated with Teflon
are employed in synthesis, blending, and formulation to reduce metallic con-
tamination. Another impurity which is uniquely concerned about in the chem-
ical amplification resist systems is residual acid in resist formulations, which
might come from polymer, PAG, additive, or casting solvent. A trace amount
of residual acid in a resist formulation could reduce the storage shelf life
and induce a premature acid-catalyzed thermal reaction in the film during
PAB, thereby reducing the contrast or destroying resist performance. Residual
acids are typically titillated spectroscopically using a dye that bleaches on
UV spectroscopy in contact with acid. Conversely, residual base impurities
carried over from polymer synthesis could lower and fluctuate sensitivities for
imaging.

In this section, some analysis and characterization techniques unique to
resist polymers and resists are briefly described.

7.1
Molecular Weight Determination

Determination of molecular weight is one of the most fundamental character-
izations unique to macromolecules. Because the molecular weight affects the
dissolution rate of polymers and resists, molecular weight determination has an
important position in resist chemistry and as is the case with any other fields,
gel permeation chromatography (GPC) or size exclusion chromatography (SEC)
is conveniently employed. In addition to the routine polymer characterization,
GPC is sometimes utilized in monitoring resist chemistries involving a molec-
ular weight change (crosslinking or main chain scission). Light scattering and
membrane osmometry have been also occasionally employed. NMR has been
also useful in determining degrees of polymerization by analyzing polymer
end groups for low molecular weight polymers.

7.2
Thermal Analysis

As baking is an important integrated step in lithography, thermal stability of
resist films and therefore resist ingredients is an indispensable requirement. In
polymers, glass transition, decomposition (deprotection and/or main chain
degradation), and other thermal events such as crosslinking, cyclization, re-
arrangement, etc. are important phenomena to be investigated. In the case of
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small molecules such as PAG, crosslinker, dissolution inhibitor, etc. melting,
decomposition, sublimation, evaporation, and thermochemical events must be
carefully studied. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) are the most commonly employed thermal analysis instru-
ments. Attachment of a mass spectroscopy to TGA can provide useful infor-
mation on temperature profiles of formation of volatile products associated
with thermal events and acid-catalyzed reactions.

Modern advanced resists contain acidic polymers for aqueous base devel-
opment, which in many cases lower the thermal stability of resist ingredients.
Acid-labile protecting groups undergo thermal deprotection at much lower
temperatures in the presence of an acidic functionality such as in phenolic
resins (Fig. 33) and many PAGs decompose at lower temperatures in phenolic
polymer films [31,32]. Thus, it is important to study hydrolytic stability as well
as thermal stability of resist ingredients. Furthermore, real resist films on
wafers may have much lower T, due to residual solvent and/or by plasticization
with a PAG or additives. Therefore, it is also important to consider interactions
between components. Modulating temperature DSC is highly useful in deter-
mination of T, near decomposition (deprotection) events [480].

Thermal analyses provide guidance as to at what temperature a resist film
should be baked after coating. The PAB temperature must be below a depro-
tection temperature in the case of positive resists based on acid-catalyzed
deprotection but should be preferably higher than its T, to minimize the free
volume in the film, as discussed earlier.

Furthermore, in addition to the bulk thermal properties of polymers and re-
sists, determination of T, of film interfaces and of ultrathin films has become
an important issue in thin film imaging (bilayer, 157 nm, and EUV). Various
techniques have been employed, which include ellipsometry [481,482], positron
annihilation spectroscopy (PALS) [483], QCM [484], scanning viscoelasticity
microscope (SVM) [485], x-ray reflectivity [486,487], and thermal probe [488].

7.3
Spectroscopic Analysis

In addition to analysis and characterization of resist components, spectro-
scopic techniques can find use in investigation of imaging mechanisms and
resist chemistries.

7.3.1
UV Spectroscopy

Because UV absorption of resist films at the exposing wavelength is a very
important parameter that affects lithographic performance, UV measurements
of components and resulting resists are critical in photolithography. Further-
more, since UV spectroscopy can be readily carried out on thin films coated on
substrates, resist chemistries can be monitored by this technique in some cases.
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For example, conversion of PBOCST to PHOST is accompanied by an increase
in absorption at ca. 280 nm (Fig. 170). Furthermore, UV absorbing polymer end
groups can sometimes be detected. As mentioned earlier, UV spectroscopy
is highly useful in determination of acid concentration when employed in
conjunction with an acid sensitive dye.

7.3.2
NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is indispensable in prepara-
tion of resist materials such as polymers and PAGs. *C NMR is particularly use-
ful in determining copolymer compositions and in observing microstructures.
The *C NMR analysis can be rendered highly quantitative by applying the in-
verse-gated decoupling technique in conjunction with the use of Cr(acac); as a
relaxation agent. NMR has been employed very often in elucidation of imaging
mechanisms by carrying out model reactions in solution. Furthermore, it is also
possible to obtain NMR data on an exposed or baked resist film. Exposed or
baked films are scraped or rinsed off the wafers and then subjected to solution
NMR analysis. Typically one five-inch wafer coated with a 1-pm-thick polymer
film provides ~10 mg of scraped powder and therefore ten coated wafers are
typically needed to obtain good *C NMR spectra using a 5 mmg tube. Resid-
ual casting solvents in baked resin and resist films have been quantified, and
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side reactions and PAG decomposition analyzed by this ’C NMR technique
[66]. °F NMR is particularly useful in characterization of fluorine-containing
157 nm resist polymers and analysis of PAGs, many of which contain fluorine.
2%Si NMR has been applied to investigation of deprotection of Si-containing
bilayer resists [422].

A 2D-NOESY (two dimensional nuclear Overhauser effect spectroscopy)
NMR technique has been utilized in investigation of hydrogen-bonding be-
tween phenolic OH and ester groups attached to a polymer chain [489]. Solid-
state ’°C NMR (with cross polarization and magic-angle spinning) has been
used to study the chain dynamics and length scale of mixing in COMA-based
193 nm resist formulations along with 2D-WISE (two-dimensional wide line
separation) NMR [248]. 1°C and F NMR in solution have been utilized in
investigation of interaction between phenolic and HFA OH with PAG, respec-
tively [490,491]. A '"H NMR technique to analyze radical co- and terpolymer-
ization kinetics in situ has been developed and applied to copolymerization
of hydroxystyrenes with (meth)acrylates to prepare the 248 nm ESCAP resist
[164], of norbornenes with maleic anhydride to prepare the 193 nm COMA re-
sist [253], and of fluoroacrylates with norbornenes and vinyl ethers for 157 nm
lithography [305, 492].

733
IR Spectroscopy

FT-IR is the spectroscopic technique most commonly employed in investiga-
tion of resist chemistries and imaging mechanisms because it can be easily per-
formed on thin resist films coated on NaCl or KBr plates, or even on undoped
Si wafers. IR microscopy is particularly useful in such studies as small spots on
one wafer coated with a resist exposed to different doses can be automatically
measured on the IR spectrometer, which can conveniently generate chemical
contrast curves. This IR technique becomes particularly powerful when com-
bined with a thermogradient plate (TGP) [493]. Acid diffusion was investigated
by generating a thin layer of acid at the top of a resist film through exposure
of 248 nm resists to 193 nm radiation and 193 nm resists at 157 nm and then
monitoring the degree of deprotection by IR (or thickness loss) at various PEB
temperatures [88,493]. IR is also useful in isothermal kinetics studies of poly-
mer decomposition and in investigation of hydrogen-bonding in resin and
resist films. IR spectroscopy was utilized in investigation of anhydride ring
opening in COMA upon contact with aqueous base [257, 258, 261].

The kinetics of the copolymerization of norbornenes and maleic anhydride
has been analyzed in situ by IR spectroscopy [254]. Gas phase FT-IR has been
combined with TGA to investigate outgassing from the ketal-based KRS-XE
e-beam resist [222]. A flow cell which allows exposure and heating of a resist-
coated wafer was attached to the IR spectrometer to study exposure- and tem-
perature-dependent outgassing. Real time deprotection of the KRS resist has
been also monitored by infrared reflectance-absorbance spectroscopy [222,494].
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7.3.4
Mass Spectroscopy

Mass spectrometry is an analytical method of choice for identification of
volatile compounds and has been employed in investigation of thermolysis and
acidolysis mechanisms of chemical amplification resists [96, 121, 122]. This
technique has been also utilized in screening of resists systems, especially Si-
containing 193 nm bilayer resists, for outgassing [438,439]. MALDI-TOF mass
spectroscopy has been applied to characterization of dendritic resist polymers.

7.4
Surface Analysis

The above spectroscopic techniques deal with solution, bulk properties, or phe-
nomena averaged through the entire film thickness (except glazing-angle IR).
However, in the solid state chemistry including the resist chemistry occurring
in a glassy film, understanding the distribution of reagents such as PAG in the
film and distinguishing the surfaces (air and substrate interfaces) from the bulk
are extremely important. As the resist film becomes thinner and thinner, the
contribution of the interfaces becomes more and more significant.

As the use of aqueous base in the development step has been mandated, the
wettability of resist films is very important and therefore water contact angles
of polymer and resist films are measured often. The contact angle measure-
ment can provide important information about surface segregation of blend
films.

ESCA and Auger spectroscopic studies have been carried out on organo-
metallic resists to demonstrate that the organometallic species are converted to
oxides in the thin surface layer [443]. RBS, X-ray photoelectron spectroscopy
(XPS), secondary ion mass spectroscopy (SIMS) and laser ablation microprobe
mass spectroscopy (LAMMS) have been employed to study the distribution of
PAG and the surface of a chemically-amplified resist [90, 91, 495]. Sometimes
these techniques are combined with sputtering to remove a thin surface layer
to obtain a depth profile. NEXAFS (near edge X-ray absorption fine structure)
spectroscopy has been utilized in probing the surface and bulk chemistry of
chemical amplification resists including PAG distribution and polymer segre-
gation [496].

Total internal reflection fluorescence spectroscopic measurements have
been carried out on pyrene-doped PHOST thin films, in which pyrene serves
as a fluorescence probe to study inhomogeneous distribution of small mole-
cules and hydrophobicity of the interface layer [497].

In addition to scanning electron microscopy (SEM), scanning tunneling
microscopy, (STM), atomic force microscopy (AFM), and scanning probe mi-
croscopy (SPM) have emerged as a powerful tool for investigation of surface
topographies. AFM has been also applied to examination of resist patterns
during rinse [411].



208 H.Ito

7.5
Neutron Scattering

Small angle neutron scattering (SANS) has been employed in investigation of
chain conformation in ultrathin polymer films [144, 498].

7.6
Neutron and X-Ray Reflectometry

Thermal expansion of thin (130-5 nm) PHOST films coated on various sub-
strates has been measured by using specular X-ray reflectivity [487]. Comple-
mentary use of neutron and X-ray reflectometry has allowed one to measure
the spatial evolution of the reaction front in the tBOC resist with nanometer
resolution [499]. Using a bilayer geometry with a lower layer consisting of
PHOST protected with COO(CD;); and an upper layer consisting of PHOST
containing PAG, compositional and density depth profiles were measured.

7.7
14C Labeling/Scintillation

Titration of *C-labeled casting solvent during aqueous base development was
employed in investigation of the effect of a residual casting solvent gradient in
DNQ/novolac resists on developed image profiles [500]. Later, residual PGMEA
in various baked polymer films was quantified by using the “C-labeling and
scintillation technique [214]. Furthermore, as mentioned earlier, the propensity
of polymer film to absorb NMP was quantitatively determined by using *C-la-
beled NMP, providing an insight into the formation of surface insoluble layer
in positive imaging and resulting in the development of the ESCAP 248 nm
resist [213].

7.8
Laser Interferometry

The development process produces final three-dimensional resist images. This
is a critical process as a sinusoidal latent image generated by exposure must be
converted to a step function in order to produce resist images with vertical wall
profiles. Thus, it is important to understand the dissolution behavior of resist
films in a developer (especially aqueous base).

The study of the dissolution behavior involves measurements of film thick-
ness as a function of time. Although the simplest procedure requires manual
measurements of the initial thickness and the thickness after development
for a given period of time to generate average dissolution rates, automated in
situ thickness measurement methods are much more preferred as kinetics in-
formation is much more valuable than simple average dissolution rate data.
Two methodologies are available; laser interferometry and quartz crystal mi-
crobalance (QCM).
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The laser end-point detection system, more commonly employed, uses a
low-power He-Ne laser directed through a bifurcated fiber optic cable onto the
surface of a resist film coated on a reflective substrate such as silicon. The laser
light is reflected both from the resist/developer interface and from the re-
sist/substrate interface. The two reflected lights are collected into the optical
fiber and imaged onto a photodiode. The output is recorded on a strip chart.
As the film dissolves, the reflected intensity goes through a series of maxima
and minima due to constructive and destructive interference of the two re-
flected light waves. The temporal distance between maxima can be related to a
change in resist thickness through At=A/2n, where A is the wavelength of the
laser, n is the refractive index of the resist material at this wavelength, and At
is the change in thickness occurring in the time span between maxima (or min-
ima).

7.9
Quartz Crystal Microbalance

Piezoelectric quartz crystal oscillators function on the basis of the well-estab-
lished relationship (Sauerbery equation) between the oscillation frequency of
a quartz crystal and the mass of a thin film deposited on its surface [501]. QCM
has been extensively used in measurements in vacuo and in the gas phase,
which includes the studies on gas phase silylation for oxygen RIE development
[443] (see 6.2) and on resist outgassing [439, 502]. The QCM technique has been
extended to measurements in the liquid phase including aqueous media and
has found powerful utility in studies of dissolution kinetics of phenolic and
other acidic resists in aqueous base [503].

Roughening of the film surface during dissolution can cause such severe
degradation of the reflected optical signal that calculation of the film thickness
is impossible and if reflection from the resist/developer or resist/substrate
interface is weak due to near-matching of the refractive indexes, detection of
the desired optical interference effects can be difficult because of low signal am-
plitude, which restrict the use of the optical measurement technique. Further-
more, the optical technique cannot properly handle extremely fast dissolution
rates of highly-exposed chemically-amplified resists. On the other hand, QCM
is capable of following tremendously fast dissolution behavior (~30,000 A/s) in
minute detail [258, 490]. Figure 171 presents dissolution kinetics curves
generated by using QCM of the ESCAP resist exposed above E; of 6 mJ/cm?.
Notice the time scale of 0 to 0.5 s [490]. Highly exposed films of several thousand
A thickness dissolves away completely in 0.3 s. Between E, and 20 mJ/cm? at
which conversion of ester to carboxylic acid saturates at 95%, the dissolution
rate does not change but the induction period becomes shorter with increas-
ing dose.

The dissolution rates obtained by the either method are then plotted in
many cases as a function of the dose in a log-log mode (Fig. 172). The slope of
the steepest portion of the S-shaped curve is defined as a developer selectivity
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(n), which is perhaps more meaningful than the contrast (y) determined from
the sensitivity curve (Fig. 3). The higher n value indicates higher lithographic
performance in general.

A unique QCM dissolution rate monitor has been constructed that allows
changes in both oscillation frequency and resistance to be accurately recorded
at high data rates during dissolution/swelling, providing more accurate de-
scription of the interfacial behavior of thin films during aqueous base disso-
lution [261]. Furthermore, this QCM apparatus has been coupled with a high
speed visible reflectance spectrometer and with an IR spectrometer to provide
information on the structure of the dissolving film and its chemical composi-
tion [261]. Figure 173 demonstrates the complex dissolution/swelling behavior
of PNBHFA in 0.21 N TMAH [491]. The gel layer thickness is estimated as
ca. 50 nm.

7.10
Measurements of Optical Properties of Films

Refractive indices (n) and film thicknesses of not only resist films but also
underlying layers and topcoats are important parameters when developing a
lithography process. Ellipsometers are employed to measure accurately film
thickness, refractive index, and extinction coefficient (k) in a wide range of
wavelength. The spectroscopic ellipsometry has been extended to 157 nm [504].
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8
Resist Performance Parameters

Although the bulk properties such as sensitivity (E,), contrast (y), and devel-
oper selectivity (n) discussed earlier represent characteristics of a resist, fine
line lithography provides the most meaningful and precise judgment on the
performance of a resist.

8.1
Resist Sensitivity and Contrast

Radiation sensitivities of polymers are expressed simply in quantum yield,
G,, G, etc. The resist sensitivity is process-dependent (PAB and PEB temper-
ature and time, developer strength, etc.). In general, the sensitivity of positive
resists is defined as the dose to clear (E;), the dose at which a large exposed pad
is cleaned to the substrate with a minimal loss of the unexposed film (Fig. 3)
as mentioned earlier. However, the actual imaging dose, E,. or E;, which is a
dose at which the target image is printed to its intended mask size, is signifi-
cantly greater than E,. In the case of negative systems, the sensitivity is the
dose at which 50% of the exposed film thickness is retained after development
(Fig. 3). The onset of insolubilization is called a gel dose and the imaging
dose is of course much higher than the sensitivity value (E;,). Although there
is no defined counterpart of the gel dose in positive systems, the dose at
which dissolution of the exposed film begins may be called a threshold dose
(En)-

Resist contrasts are defined as the slopes of the linear portion of the sensi-
tivity curves (Fig. 3) and depend on process conditions. Thus, the sensitivity
(contrast) curves are constructed to semi-optimize process conditions for a
given formulation. However, final optimization of a resist formulation and
process conditions requires lithographic imaging of target features. A plot
of a dissolution rate as a function of exposure dose (cf. Fig. 172) is very useful
in assessing the developer selectivity (development contrast) as mentioned
earlier.

Another useful contrast values are related to the resist chemistry in the film,
which will subsequently affect the lithographic contrast. Sensitivity (contrast)
curves similar to Fig. 3 can be generated by following the degree of reaction
(deprotection, for example) with IR or by measuring thinning (in deprotection,
for example) as the function of exposure dose. Comparison of a chemical
contrast curve with a development contrast curve provides useful information
on resist behavior, such as a degree of deprotection at E,.
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8.2
Linear Resolution

Resolution is perhaps the most important parameter in lithography, which
drives the whole industry forward. However, the definition of resist resolution
is elusive at least in part due to the fact that the resolution depends heavily on
exposure tools also. When the resolution is mentioned, NA of the stepper
lens and exposing wavelength should accompany in photolithography as the
resolution (R) is proportional to the exposing wavelength (A) and inversely
proportional to NA of the lens; R=k,;A\/NA.

Furthermore, small features can be printed by over- or underexposure (or
by over- or underdevelopment) in many cases, which is not a true representa-
tion of resolution. Linear resolution is defined as the smallest feature printed
while all other feature sizes are also delineated within +10% of the designed
mask sizes (Fig. 174).

The process-related constant k; (linear resolution x NA/\) is sometimes
employed in defining resist resolution, which is independent of the exposure
wavelength and NA. A smaller k, indicates a higher resolution capability. The k,
factor must be sufficiently large in production environments to achieve a
robust process with a large latitude but the industry is learning to live with
a small k; process as half or even quarter wavelength lithography must be
implemented in production employing resolution enhancement techniques
(RET).
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A number of optical techniques to enhance resolution have been proposed
and have played an important role in extending the resolution and life of
optical lithography, although they cannot be applied to any pattern sizes or
shapes but are pattern-dependent. These techniques include annular and off-
axis illumination, phase shift masks, multiple exposures, etc. [505].

8.3
Depth of Focus (DOF) or Focus Latitude

In photolithography DOF is another important parameter to describe the re-
sist performance. Like photographic imaging, projected mask images must be
sharply focused onto the resist film in photolithography. However, a resist that
requires precise focusing without a margin cannot be production-worthy. Good
resist systems must provide the largest margin of focus offset (DOF) as such
a large focus latitude relaxes exposure tool adjustment requirements and
offers a wide process latitude in the production environment. The entire resist
thickness must be within the focus range and typically DOF of 1 pm would
be desirable in 248 nm lithography. However, as DOF is proportional to A and
inversely proportional to NA?, maintaining DOF becomes more and more
serious challenges as the feature size continues to shrink. Thus, bilayer and TSI
schemes involving thin imaging layers are attractive approaches to the solution
of the DOF problem in photolithography. Resist thickness is becoming smaller
as feature sizes shrink. The multiple exposure method called FLEX [506] is
effective in increasing DOF for contact hole imaging.
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DOF is expressed by plotting measured linewidth as a function of focus
offset and is defined as the focus range in which the linewidth is within +10%
of the nominally intended size (Fig. 175).

8.4
Exposure Latitude (Dose Latitude)

A resist that requires a precise exposure dose to provide the best image can be
processed only by a well-trained engineer and cannot be implemented in man-
ufacturing. A resist that functions equally well under over- and underexposure
conditions can provide a robust manufacturing process. The dose latitude is
defined as the percentage of over- and underexposure relative to the best dose
in keeping the linewidth within +£10% of the nominal size. Chemical amplifi-
cation resists were considered to be weak in the exposure latitude (EL) because
they require only a small exposure energy. However, good chemically amplified
resists can provide 30-40% dose latitude in 248 nm lithography. The exposure
latitude is expressed by plotting the measured linewidth as a function of the
exposure dose (Fig. 176). As DOF and exposure latitude do not go with hand-
to-hand, DOF is sometimes plotted as a function of the dose latitude to find the
best combination (Fig. 177).
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8.5
Resist Image Profiles

The above-mentioned linewidth information is generally obtained by using a
non-destructive top-down SEM. However, since the three-dimensional profile
is what counts in lithography, cross-sectional SEM can provide the most im-
portant information. Chemical amplification resists tend to exhibit a “foot” in
the case of positive systems and “notching” in negative systems when imaged
on nitride substrates such as silicon nitride and titanium nitride, which can be
examined only by cross-sectional SEM.

AFM has emerged as a non-destructive (sometimes destructive) alternative
of SEM in observation of the three-dimensional relief images and surface
roughness. Furthermore, AFM has been utilized in observation of pattern
collapse during rinse as mentioned earlier.

8.6
Isolated-Nested Bias

Microelectronic devices have many pattern features that are different in size
and also in pitch. Thus, a resist must be able to simultaneously print dense
line/space patterns, relaxed pitches, and isolated lines to their intended critical
dimensions as closely as possible. The difference in the sizes of isolated and
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dense lines printed in resist (bias) must be small, although aerial image con-
trasts of exposure systems are very much different for different pitches.

8.7
PEB and PED Stability

Chemical amplification resists typically require baking after exposure to drive
acidolysis. However, the critical dimension of developed images, E(, and E; must
be insensitive to a small variation of hotplate temperatures. The PEB temper-
ature stability is desired to be <5 nm/°C.

The stability of the exposed latent image before PEB (during postexposure
delay) against airborne contaminants is still an important issue to consider.

8.8
Line Edge Roughness

When the minimum dimensions of a resist pattern are <100 nm, their dimen-
sional tolerances approach the scale of the molecular components of the film.
At this level, LER, random fluctuation in the width of a resist feature, may limit
the advancement of lithography. Possible contribution to LER include polymer
molecular weight, molecular weight distribution, molecular structure of resist
components, inhomogeneity in component distribution within the film, sta-
tistical effects influencing film dissolution, intrinsic properties of the imaging,
chemistry, image contrasts of irradiation, etc.

8.9
Dry Etch Resistance

Although etch rates of resists depend on etching gasses and conditions, dry etch
resistance is in general expressed as etch rates relative to representative 248 nm
resists.

9
Resolution Limit — Acid Diffusion/Image Blur

When the chemical amplification concept was proposed two decades ago,
engineers were skeptical about the resolution capability of such systems based
on acid diffusion and chain reactions. However, the IBM tBOC resist was able
to fabricate structures as small as 18 nm in a negative mode and <40 nm in a
positive mode, comparable in resolution with PMMA, by using a scanning
transmission electron microscope at 50 kV, demonstrating its high resolution
capability in 1988 [507]. Acid diffusion plays a more serious role in limiting the
resolution of equal line/space patterning and has remained as a longstanding
important research subject in the history of chemical amplification [67-88,
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Fig. 178 Scanning electron micrographs of sub-100 nm features printed in chemical am-
plification resists; 60 nm line/space patterns by phase shifting 157 nm lithography [511],
70 nm line/space patterns by X-ray lithography [513],and 70 nm line/space patterns by EUV
lithography [514]

508-510]. The diffusion coefficients reported ranged from 107'° to 101! cm?/s,
which can be converted to three-dimensional diffusion lengths of the order
of 85-850 nm during a 2 min PEB at 80-100 °C. The unrealistically large
values result from inability to separate acid diffusion and deprotection chem-
istry. Although chemical amplification resists, first employed in manufacture
of the 1000 nm device generation, have successfully printed features much
smaller than 100 nm as demonstrated in Fig. 178 [511-514], perhaps much
smaller than anyone expected, now the time has come to be truly concerned
about the effect of acid diffusion on resolution as lithography moves to below
50 nm. In fact, it has been recently shown that the resolution limit of the tBOC-
and ESCAP-type resists is about 50 nm (equal line/space) experimentally and
theoretically [510].

Thermal and acid-catalyzed deprotection kinetics of PBOCST and PTBMA
was monitored by UV and IR spectroscopy, respectively [515], and compared
very favorably with models based on a stochastic kinetics simulator (CKS)
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[516]. The chemistry and physics of the reaction-diffusion process in the tBOC
resist containing di(4-tert-butylphenyl)iodonium nonaflate exposed to 254 and
193 nm radiation have been elucidated in detail using the CKS program [508].
The kinetics of the tBOC deprotection was very well explained by simulation
using two diffusion paths; Dppocsr=3.5%X10"1* cm?/s and Dpyosr=8%10716 cm?/s
at 95 °C (Fig. 179). The diffusion coefficient determined in this work was 1x10-1
to 3.5x107* cm?/s in PBOCST and 4x1071¢ to 8x107¢ cm?/s in PHOST at 85-
95 °C [508], which are at the bottom of the range or lower than those previously
reported using other techniques. The effective diffusion coefficient drops
rapidly from 1.5x10!* cm?/s (pure PBOCST) to 1x107'° cm?/s as deprotection
to PHOST proceeds. A one-dimensional diffusion coefficient of 107> cm?/s
gives a mean displacement of about 5 nm, the same as the range estimated from
the catalytic chain length [70]. The movement of the deprotection boundary is
substantial even when acid diffusion is completely shut down in simulation,
due to the long catalytic chain length. The same analytical/modeling procedure
has been successfully applied to a copolymer of BOCST and HOST (APEX-
type) and to investigation of the impact of acid anion size and of added base
on reaction-diffusion kinetics [509]. The simulation has shown that increased
mobility of triflic acid degrades achievable resolution by roughly an order of
magnitude compared to nonaflic acid and that only a proportional neutraliza-
tion model provides an accurate quantitative description of the effect of base
on deprotection kinetics. The simulation work has also indicated that the
contribution of the deprotection chemistry to image spreading is a constant
fraction of the image size (ca.7%). Therefore, at line widths greater than 70 nm,
the contribution of acid diffusion to image spreading is negligible. At feature
dimensions near 40-50 nm, the contribution of acid diffusion to image spread-
ing is equivalent to that of the deprotection chemistry and the impact of acid
diffusion grows rapidly as feature size decreases further.
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Fig. 179 Kinetics of tBOC resist deprotection at 95 °C; a single diffusion path vs two diffu-
sion paths [508]
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In addition to the image blur associated with the chemistry and physics of
chemical amplification resists as discussed above, diffraction or scattering of
the imaging radiation which generates acid at low concentrations in the nom-
inally unexposed regions can contribute to image blur. It has been clearly
demonstrated by using interferometric lithography that the aerial image con-
trast affects LER significantly [509a, 517]. Furthermore, statistical effects can
limit the resolution of chemical amplification resists. The catalytic nature of
imaging reduces the number of exposure events to a level where statistical dose
fluctuations causes a loss in imaging precision for nanoscale features. The num-
ber of acid molecules required to image a nanoscale structure can become so
small that statistical fluctuation in their spatial distribution and in the turnover
of individual catalyst molecules can become evident and statistical dissolution
effects at the line edge can further contribute to LER and limit resolution. An
image spread function model has been applied to investigation of the resolu-
tion limit of the ESCAP deep UV resist [510]. A developable latent image
formed under imaging conditions (exposure and PEB) from a very narrow,
sharply defined line (1 nm wide exposed line) has been calculated. The final la-
tent image formed after 2 min at 100 °C is greatly broadened compared to the
initial distribution of acid (1 nm wide) and its form can be approximated as a
truncated Lorentzian function with a full width at halfmaximum of 50 nm
(Fig. 180), which is comparable to the imaging results of the ESCAP resist as
shown in Fig. 181 [510]. The ESCAP-based resists are regarded as one of the
most extensively developed classes of high performance chemical amplification
resist materials and therefore these materials have found routine use in attempts
to probe the resolution limits of chemical amplification resists. A qualitative
sense of how imaging degrades as feature size is decreased can be gained by
printing the ESCAP resist using interferometric lithography at 257 nm [518],
157 nm [321], and EUV (13.4 nm) [519] (Fig. 181). Imaging at the 45 nm
line/space scale produces uniformly delineated resist images but the 30 nm

0.351 -1 0.06 %
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Fig. 180 Simulation of line spreading after 2 min bake of UVIIHS at 100 °C [510]
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Fig. 181 SEM images of equal line/space patterns printed by interferometric lithography in
ESCAP resists (257 nm, 257 nm immersion, 157 nm immersion, and EUV) [510]

quality is marginal. The resolution limit is not manifested as abrupt failure at
a specific feature size but can be thought as a decline in image quality when a
characteristic spatial scale has been reached [520].

10
Closing Remarks and Future Perspectives

The lithographic technology was adapted from printing initially. Now the
chemical amplification concept for microlithography has been adopted by Po-
laroid to photography (Acid Amplified Imaging), replacing silver halide tech-
nology [521].1In addition to the semiconductor devices, chemical amplification
resists have been implemented in manufacture of hard disk drives. It has been
20 years since the chemical amplification resist concept was invented, resulting
in creation of new areas of science, foundation of new industries, and presen-
tation/publication of numerous technical papers surrounding chemical am-
plification. The chemical amplification resist has enabled the information tech-
nology and high technology to advance at a remarkably rapid rate. Figure 182
presents the number of journal papers and united state patents issued as of De-
cember 2003 according to the literature search under “chemical amplification
resists” by SciFinder. Since the very first paper on chemical amplification was
presented in 1982, there was only a gradual increase in the number of publica-
tions in the 1980s. The research efforts on chemical amplification showed a sig-
nificant increase in the early 1990s, resulting in more journal publications and
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Fig. 182 Number of publications on chemical amplification resists (SciFinder)

patent applications. The journal publication has remained quite steady since
mid-1990s but the issued patents continue to increase in number to this date.
SciFinder deals with only chemistry publications while microlithography is a
multi-disciplinary technology and a large number of researchers and engineers
have been involved in chemical amplification resist in many different areas.
The industry roadmap specifies the need for chemically amplified resists
that provide lithographic performance suitable to sustain their extension to
20 nm dimensional regime [522]. The ultimate resolution of ~0.3 nm has been
demonstrated by moving atoms at will with a scanning tunneling microscope
[523] but the process is too slow to be economically feasible (one atom/min or
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0.017 pixel/s), while the current semiconductor technology at 80 nm resolution
processes 100 wafers/h (300 Giga-pixels/s). Immersion lithography at 193 nm
using water (refractive index of 1.44) [524] has recently emerged as a strong
contender in competition with 157 nm lithography [525]. The chemical ampli-
fication resists have demonstrated excellent resolutions, much beyond anyone’s
expectation at the time of invention in the early 1980s. However, the resolution
limit is approaching as mentioned in the earlier section. The potential problems
waiting in the <50 nm regime may not be unique to chemical amplification
resists but may be common to resist based on polymers. Could non-amplified
resists resolve features smaller than 50 nm readily? What about the sensitivity
requirement? All the NGL technologies demand extremely high resist sensi-
tivity for throughput. Without an amplification mechanism, how could one
achieve the required sensitivity, higher than that currently available with chem-
ical amplification resists? The next and ultimate question then would be what
the effect of the shot noise on such a super-sensitive resist, which would receive
only one photon/nm?. In addition to the technical challenges in the area of
lithography, the cost of making such devices may become prohibitively high.
The prospects and issues tied to extension of semiconductor technology into
the nanoscale regime have been examined in detail [526]. Factors that limit the
use of lithographic exposure technology to support that miniaturization have
been reviewed [505]. However, we have to remember that the microlithographic
technology has survived seemingly impossible problems many times and thus
it is interesting to observe what is going to emerge in the next few years.
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