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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

M. Joan Comstock
Series Editor
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Preface

Po1r.YMERIC MATERIALS ARE WIDELY USED in the manufacture of elec-
tronic devices and systems. Because their structures can be tailored to
provide a wide range of physical properties, polymers are the material of
choice for many applications. Polymers with appropriate structures
exhibit excellent dielectric constants and others high radiation sensitivity,
two properties that are useful in the manufacture of electronic systems.

Radiation-sensitive polymers are used as the imaging materials in the
lithographic process—the linchpin technology used to fabricate integrated
circuits. In 1976, state-of-the-art electronic devices contained several
thousand transistors with minimum features of 5-6 um. Today, state-of-
the-art electronic devices contain several million transistors with
minimum features of less than 0.5 um. Within 10 years, a new form of
lithography will be required that routinely produces features of less than
0.25 pm. Short-wavelength (deep-UV) photolithography and scanning
electron-beam, X-ray, scanning ion-beam, and projection electron beam
lithography are the possible alternatives to conventional photolithogra-
phy. However, each technology requires new resists and processes.
When deep-UV photolithography is implemented, it will represent the
first widespread use in manufacture of a lithographic technology that
requires an entirely new resist technology. Because of the low brightness
sources of the advanced lithographic technologies, polymers with excep-
tionally high radiation sensitivity are required. This sensitivity can be
achieved with a chemical mechanism referred to as “chemical amplifica-
tion.”

Polymer dielectric materials have been in widespread use for several
decades as insulators in printed wiring boards and as encapsulates in
packaging. Currently, polymers are being used as the interlevel insulation
materials in solid-state devices. Polyimides and fluorinated polymers have
exceptional insulation capability and the required thermal and environ-
mental stability to survive both the rigors of the manufacturing process
and the thermal cycling of long-term use. This book presents a substantial
body of new information on advanced polymer systems for these applica-
tions.
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Chapter 1

Chemical Amplification Mechanisms
for Microlithography

E. Reichmanis, F. M. Houlihan, O. Nalamasu, and T. X. Neenan

AT&T Bell Laboratories, Murray Hill, NJ 07974

Continued advances in microelectronic device fabrication are trying the limits
of conventional lithographic techniques. In particular, conventional photore-
sist materials are not appropriate for use with the new technologies that will
be necessary for sub-0.5 um lithography. One approach to the design of new
resist chemistries involves the concept of chemical amplification, where one
photochemical event can lead to a cascade of subsequent reactions that effect
a change in solubility of the parent material. Generally, chemically amplified
resists utilize photochemically generated acid to catalyze crosslinking or de-
protection reactions. This article reviews the chemistries that have been
evaluated for chemical amplification resist processes; acid generator, crosslink-
ing, deprotection and depolymerization chemistry.

Significant advances are continually being made in microelectronic device fabri-
cation, and especially in lithography, the technique that is used to generate the
high resolution circuit elements characteristic of today’s integrated circuits ().
These accomplishments have been achieved using “conventional photolithogra-
phy” as the technology of choice. Incremental improvements in tool design and
performance have allowed the continued use of 350-450 nm light to produce
ever smaller features (2). However, the ultimate resolution of a printing tech-
nique is governed, at the extreme, by the wavelength of the light (or radiation)
used to form the image, with shorter wavelengths yielding higher resolution (3).
Additionally, the same basic positive photoresist consisting of a photoactive
compound that belongs to the diazonaphthoquinone chemical family and a
novolac resin has been in pervasive use since the mid 70’s, and will likely be the
resist of choice for several more years (4, 5).

Unfortunately, conventional photoresists are not appropriate for use with
the new lithographic technologies that will be necessary for sub-0.5 um lithogra-
phy. The most notable deficiencies of the conventional novolac-quinonediazide
resists are the sensitivity and absorption properties of the materials. For most
resists, the quantum yield is significantly less than 1.0, and since the new
lithographic tools in general have low brightness sources, high sensitivity resists
are required. Additionally, the absorption of conventional photoresists is too

0097—6156/94/0537—0002807.00/0
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high to allow uniform imaging through practical resist film thicknesses (~ 1
pm). Thus, no matter which technology becomes dominant after photolithogra-
phy has reached its limit (0.3-0.5 um), new resists and processes will be
required, necessitating enormous investments in research and process develop-
ment (6). The introduction of new resist materials and processes will also
require a considerable lead-time, probably in excess of five years, to bring them
to the performance level currently realized by conventional positive photoresists.

RESIST DESIGN REQUIREMENTS

The focus of this paper concerns the design of polymer/organic materials and
chemistry that may prove useful in radiation sensitive resist films and relies
heavily on a recent review on this subject (7). Such chemistry must be carefully
designed to meet the specific requirements of each lithographic technology.
Although these requirements vary according to the radiation source and device
process requirements, the following are ubiquitous: sensitivity, contrast, resolu-
tion, etching resistance and purity (8). These properties can be achieved by
careful manipulation of polymer structure, molecular properties and synthetic
methods (4).

As mentioned above, sensitivity is a key issue that must be addressed in the
development of resist materials. One approach to improving sensitivity involves
the concept of chemical amplification (9, 10), which employs the photogenera-
tion of an acidic species that catalyzes many subsequent chemical events such as
deblocking of a protective group or crosslinking of a matrix resin (Figure 1). The
overall quantum efficiency of such reactions is thus effectively much higher than
that for initial acid generation. A chemically amplified resist is thus generally
composed of three or more elements; i) a matrix polymer, ii) a photoacid
generator, and iii) a moiety capable of effecting differential solubility between
the exposed and unexposed regions of the film either through a crosslinking
reaction or other molecular transformation. These elements may be either
discrete molecular entities that are formulated into a multicomponent resist
system®!® or elements of a single polymer (11).

To be effective in a chemically amplified resist formulation, the matrix
polymer must i) exhibit solubility in solvents that allow the coating of uniform,
defect free, thin films, ii) be sufficiently thermally stable to withstand the
temperatures and conditions used with standard device processes, iii) exhibit no
flow during pattern transfer of the resist image into the device substrate, iv)
possess a reactive functionality that will allow a change in solubility after
irradiation and v) have absorption characteristics that will permit uniform
imaging through the thickness of a resist film. In general, thermally stable
(> 150 °C), high glass transition temperature (T, > 90 °C) materials with low
absorption at the wavelength of interest are desired.

The photoacid generator should i) have sufficient radiation sensitivity to
ensure adequate acid generation for good resist sensitivity (for photochemical
reactions a quantum yield > 0.1 is desirable), ii) be free of metallic elements
such as antimony or arsenic that are perceived to be device contaminants, iii) be
fully compatible with the matrix resin to eliminate the possibility of phase
separation, iv) be stable to at least 175 °C to avoid premature thermal generation
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of acid, v) be sufficiently acidic to effect the desired post-exposure reaction with
high yield, and vi) for photochemical processes, have absorbance characteristics
that are commensurate with uniform absorption of light through the thickness of
the resist film (12).

If other additives are to be employed to effect the desired reaction, similar
criteria apply. Specifically, they must be non-volatile, be stable up to at least 175
°C, possess a reactive functionality that will allow a change in solubility after
irradiation, and have low absorbance.

ACID GENERATOR CHEMISTRY

While recent research regarding base catalyzed systems is now known (13, 14),
the predominant chemistry associated with chemically amplified resists involves
acidolytic reactions. The acid species is required for either crosslinking or
deprotection reactions and is also often needed for depolymerization mecha-
nisms. Acid generator chemistry will be discussed separately since any of the
available materials might find application in a chemically amplified resist compo-
sition.

The dominant ionic photogenerators of acid are a class of materials called
onium salts developed by Crivello and coworkers (9, 15-17). Typical examples
are the diaryliodonium salts (15), 1, and triarylsulfonium salts, 2 (Figure 2) (18).
When these salts are irradiated at wavelengths in the range of 200-300 nm, they
undergo irreversible photolysis with rupture of a carbon iodine or carbon sulfur
bond. Abstraction of a hydrogen atom from a surrounding “solvent”, R-H,
results in the formation of a protic acid (Scheme I) (15, 18).

Onium salts have several advantages as photochemical acid generators.
They are thermally stable (typically > 150 °C) and may be structurally modified
to alter their spectral absorption characteristics. A wide variety of acids may be
photochemically generated from these materials, including such strong inorganic
acids as hexafluoroarsenic and hexafluoroantimonic acids. Onium salts are also
currently the only known source from which the strongest known organic acid,
triflic acid, may be photogenerated.

There are many systems described in the literature concerning the photo-
generation of acid from non-ionic compounds. Many of these involve the
generation of sulfonic acids which are strong organic acids with reasonably low
nucleophilicity. Houlihan et al have described photochemical acid generators
based upon 2-nitrobenzyl esters (19, 20). These compounds photochemically
generate acid through an intramolecular o-nitrobenzyl rearrangement, as shown
in Scheme II. Nitrobenzyl esters have certain advantages as photochemical acid
generators. The nitro group is a well known inhibitor for radical processes and as
a result, secondary reactions occurring due to radical generation are minimized.
Moreover, the nitrobenzyl esters described above are thermally stable, with
typical stabilities approaching 200 °C. The thermal stability of the esters can be
dramatically increased by the introduction of an electron withdrawing, sterically
bulky group (Br, CF,) at the other ortho position of the benzyl moiety.

A positive deep-UV photoresist system has been described by Ueno and
coworkers that consists of 1,3,5-tris(tmethanesulfonyloxy)benzene, bisphenol-A
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Figure 1. Schematic representation of a generalized chemically amplified resist
process.
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Figure 2. Representative chemical structures of the diaryliodonium salts (1), and
triarylsulfonium salts (2).
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protected with tert-butoxycarbonyl groups as a dissolution inhibitor, and a
novolac matrix polymer (21). This system is reported to generate methanesul-
fonic acid with a high quantum yield (number of acid moieties generated per
photon absorbed). UV spectroscopic studies showed that the novolac resin
strongly sensitized the substituted benzene towards acid generation, presumably
via a charge-transfer intermediate.

Other chemistries that have been employed as photoacid generators in
chemically amplified resist compositions include imino sulfonates (22), 4-nitro-
benzenesulfonic acid derivatives (23), disulphone compounds (24), sulfonyl
substituted diazomethanes (25), dibenzyl sulfones (26), and aryl-bis-trichloro-
methyl-s-triazines (27).

CROSSLINKING CHEMISTRY

Chemical amplification through acid catalyzed crosslinking for negative working
resist applications has been achieved through various mechanisms. These include
cationic polymerization, condensation polymerization, electrophilic aromatic
substitution and acid catalyzed rearrangement. The acid species has been gener-
ated from either ionic materials, such as onium salts, or non-ionic precursors.
While the simultaneous formation of radicals and radical cation intermediates
from the photolysis or radiolysis of onium salts may be disadvantageous for
deprotection and depolymerization chemistries, their simultaneous formation
with a strong acid may actually enhance the crosslinking efficiency in select
cases, thus improving the overall sensitivity of a negative resist.

Cationic Polymerization Mechanisms

The first chemically amplified resist systems to be developed were those
based on the cationic polymerization of epoxy materials (9). One example of a
resist material based on the above chemistry is a novolac-epoxy resin (28)
formulated with an onium salt acid generator. Ito and Wilson (10) have demon-
strated 1 wm resolution with a negative resist system comprised of a commer-
cially available epoxy resin (Celanese Epi-Rez SU-8) based upon bisphenol-A
and acid generators. For shorter wavelength exposure, more transparent materi-
als are desirable. This criterion led to the design of styrene-allyl glycidyl ether
(SAGE) copolymers for deep-UV lithographic applications (29).

Acid-catalyzed cationic polymerization is an attractive method that may be
used in the design of resist materials as it not only provides excellent sensitivity
owing to the chemical amplification mechanism, but also is insensitive to oxygen
and trace amounts of water in the resist films. While these properties aid in the
design of a negative resist that is not subject to environmental conditions and
that possesses good process latitude, the mechanism generally may not be ideal
for sub-micron lithography as features smaller than 1 wm are often subject to
distortion due to solvent swelling of the irradiated regions.

Condensation Polymerization Mechanisms

Condensation polymerization mechanisms are probably the most prevalent
in the design of chemically amplified negative resists and are the basis for the
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commercially available negative acting chemically amplified materials. Such
resist systems generally consist of three essential components: i) a polymer resin
with reactive site(s) (also called a binder) for crosslinking reactions (e.g. hydroxy
functional polymer); ii) a radiation sensitive acid generator; and iii) an acid-
activated crosslinking agent (30-33). Figure 3 depicts some of the alternative
structures for the above components. The photogenerated acid catalyzes the
reaction between the resin and crosslinking agent to afford a highly crosslinked
polymer network that is significantly less soluble than the unreacted polymer
resin. A post-exposure bake step prior to development is required to complete
the condensation reaction as well as to amplify the crosslinking yield to enhance
sensitivity and improve image contrast. The rate determining step for crosslink-
ing in a system based upon poly(hydroxystyrene), a substituted melamine, and a
photoacid generator is the formation of a carbocation from the protonated ester
moiety (Scheme III) (34). Not surprisingly, the crosslinking efficiency (hence
sensitivity and contrast) and resolution of these resists are a very strong function
of post exposure bake parameters.

Sub-half-micron features could be resolved with deep-UV (35) and elec-
tron-beam (36) radiation with wide process latitude and high sensitivity using
this chemistry. An example of the resolution capability is shown in Figure 4.
Very sensitive X-ray and e-beam resist formulations based on similar chemistry
using melamine and benzyl alcohol derivatives as crosslinking agents, formulated
with onium salt photoacid generators in novolac or poly(hydroxystyrene) binders,
have shown 0.2 um resolution (30, 31).

An interesting system consisting of a novolac matrix resin, an onium salt
photoacid generator and silanol compounds that act as dissolution promoters for
novolac resins in aqueous base was described recently (37, 38). Compounds such
as diphenylsilanediol (DPS) are readily soluble in aqueous base and may in fact
increase novolac solubility in aqueous media by as much as a factor of 5. Upon
exposure to light followed by post-exposure bake, acid catalyzed condensation of
the silanol additive results in formation of a polysiloxane. While silanols are
dissolution promoters, polysiloxanes are hydrophobic, aqueous-base insoluble
resins that may act as dissolution inhibitors. Sufficient differential solubility is
achieved between the exposed and unexposed areas of a resist film resulting in
negative tone images. Polysiloxanes are alternate dissolution inhibitors that may
be used in these processes (39).

Electrophilic Aromatic Substitution Mechanisms

Crosslinking via electrophilic aromatic substitution (40, 41) encompasses the
concepts discussed in deprotection chemistry (vide infra) to afford a crosslinked
network for negative resist applications. Photo-induced crosslinking was achieved
in styrene polymers that are susceptible to electrophilic aromatic substitution by
addition of an electrophile, in this case, a carbocation precursor and a photoacid
generator. The photogenerated acid reacts with the latent electrophile during a
post-exposure bake step to generate a reactive carbocation that reacts with an
aromatic moiety in the matrix to result in a crosslinked network. The latent
electrophile may be either an additive or a monomer that is copolymerized into
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the polymer binder (Figure 5). In the former approach, dibenzyl acetate was
added as a latent electrophile along with triphenylsulfonium hexafluoroanti-
monate to novolac or poly(vinylphenol) binders. Alternately, acetyloxymethyl-
styrene serves the same function when incorporated into poly(hydroxystyrene) as
a comonomer.

DEPROTECTION CHEMISTRY

The pioneering work relating to the development of chemically amplified resists
based on deprotection mechanisms was carried out by Ito et al. (10). These
initial studies dealt with the catalytic deprotection of poly(terr-butoxycarbonyl-
oxystyrene) (TBS) in which the thermally stable, acid-labile ter-butoxycarbonyl
group is used to mask the hydroxyl functionality of poly(vinylphenol) (42-44). As
shown in Figure 6, irradiation of TBS films containing small amounts of an
onium salt, such as diphenyliodonium hexafluoroarsenate with UV light, liber-
ates an acid species that upon subsequent baking catalyzes cleavage of the
protecting group to generate poly( p-hydroxystyrene). While this reaction will
take place at room temperature, it is much faster at 100 °C, requiring only a few
seconds of baking. In the absence of an acidic species, the protected polymer
undergoes no degradation during prolonged heating at 100 °C, and temperatures
in excess of 200 °C are required to thermally initiate the deprotection reaction.
Loss of the tert-butoxycarbonyl group results in a large polarity change in the
exposed areas of the film. Whereas the substituted phenol polymer is a nonpolar
material soluble in nonpolar lipophilic solvents, poly(vinylphenol) is soluble in
polar organic solvents and aqueous base. This change in polarity allows forma-
tion of either positive or negative images, depending upon the developer.
Nonpolar solvents such as a mixture of dichloromethane and hexane remove the
unirradiated regions, generating a negative image, while an aqueous base devel-
oper such as tetramethylammonium hydroxide selectively removes the irradiated
regions. These resists are sensitive to deep-UV and electron-beam irradiation
and may be sensitized to longer wavelengths through the addition of appropriate
mid- and near-UV dyes. TBS-onium salt resists have also been successfully used
in the manufacture of integrated circuit devices owing to their high sensitivity
and contrast (45). The high contrast behavior emanates from the exceptionally
non-linear dissolution response as a function of radiation dose. For the TBS-
onium salt resist described above in addition to other analogs (vide infra), the
desired dissolution behavior is accomplished by the conversion of the hydropho-
bic t-butoxycarbonyl group to a hydrophilic hydroxyl group. This conversion,
coupled with the fact that solubility in aqueous base is only achieved when
> 95% of the protecting groups have been removed, results in a very high
contrast resist.

Alternate protective groups and parent polymers have been utilized in the
design of chemically amplified resists. Generally, thermally stable, acid labile
substituents are desirable as protective groups for aqueous base soluble parent
polymers. Some typical examples that have been employed include terr-butyl (46,
47), tetrahydropyranyl (48-52), and a,a-dimethylbenzyl (49, 53, 54). In situa-
tions where adequate moisture is expected to be present in the film, hydrolyzable
groups such as trimethylsilyl have also been utilized (55). As mentioned above,
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POLYMERIC LATENT ELECTROPHILES
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Figure 5. Schematic representation of latent electrophiles that may be used in
the development of cross-linking chemically amplified resists.

I. PHOTOGENERATION OF ACID
II. DEPROTECTION OF MATRIX POLYMER

6 HY 6+cozt+cuz—cwu3)2t+n9

0
d=o AQUEOUS BASE
| SOLUBLE
7
C(CHy),
AQUEOUS BASE
INSOLUBLE

Figure 6. Schematic representation of TBS based resist systems.
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the parent polymer is typically an aqueous base soluble resin. Examples include
polyglzydroxystyrene) (10), poly(vinyl benzoic acid) (56) and poly(methacrylic
acid) (53).

The need for resist materials that do not undergo image deformation due to
flow during high temperature processing has stimulated efforts to design high
glass transition temperature (T,) polymers. This interest has also been extended
to the development of high T, chemlcally amplified materials. One of the first
such materials was an N- blocked maleimide /styrene resin (57). Alternatively, a
t-butoxycarbonyl group was used to block the hydroxyl functionality of N-( p-hy-
droxyphenyl) maleimide polymers and copolymers (58). The high T, of these
materials generated images that were resistant to flow when heated at 200 °C for
up to 1 hour.

A matrix polymer used in a resist formulation currently undergoing develop-
ment for use in manufacturing is poly(4-t-butoxycarbonyloxystyrene-sulfone)
(TBSS) (59). As in the case of TBS, the t-butoxycarbonyl moiety is used as the
acid labile protective group. The inclusion of sulfur dioxide into the backbone of
the polymer affords a high T, that gives greater flexibility for processing.
Additionally, introduction of sulfur dioxide into similar polymers has effectlvely
improved their sensitivity to e-beam radiation due to C-S bond scission (60).
Negligible difference in sensitivity between TBS and TBSS was observed when
these polymers were used in conjunction with onium salt photoacid generator
materials. However, the resist exposure dose was reduced by as much as a factor
of 2.5 when a nitrobenzyl ester acid photogenerator was employed (61). In fact,
when exposed to x-ray irradiation, TBSS is an effective single component
chemically amplified resist (11). Presumably, radiation induced C-S bond scission
leads to generation of either sulfinic or sulfonic acid end groups that subse-
quently induce the deprotection reaction (Scheme IV). Figure 7 depicts images
that are readily obtained in TBSS formulated with a nitrobenzyl ester acid
generator upon 50 mJ/cm? exposure to 248 nm irradiation.

The concept of acid catalyzed deprotection may also be applied to resist
formulations utilizing a small molecule acting as a dissolution inhibitor for an
aqueous alkali soluble resin. When physically incorporated into an otherwise
soluble resin, an appropriately designed, hydrophobic species can effectively
limit the solubility of the matrix in aqueous alkali. After imaging, this inhibitor is
then converted to a hydrophilic substance, allowing selective dissolution of the
imaged regions. Materials that may effectively be used in such processes include
carbonates or ethers of phenols (21, 48, 62, 63), esters of carboxylic acids (64,
65), acetals (66) or orthocarboxylic acid esters (66). In one example, the t-butyl
ester of cholic acid (Figure 8) is used as a dissolution inhibitor for a phenol-for-
maldehyde matrix resin (64). When formulated with an onium salt, irradiation
generates a strong acid, which upon mild heating, liberates cholic acid. The
irradiated regions may then be removed by dissolution in aqueous base. One
motivating factor leading to the use of the cholate ester is that it is a large
molecule organic ester that undergoes a significant change in aqueous base
solubility (the solubility of sodium cholate in water is ~ 500 g/1 while the esters
are insoluble) (67). This in turn can lead to a more effective dissolution
inhibition material. The dissolution inhibitor may also be combined with the acid
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RADIATION INDUCED CHEMISTRY
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Figure 7. SEM micrograph depicting nominal 0.275 and 0.3 wm images obtained
in TBSS formulated with a nitrobenzylester PAG upon 248 nm irradiation.
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Figure 8. Structural representation of a t-butylcholate based chemically ampli-
fied resist.
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generator functions into a single chemically amplified resist additive. Schwalm,
et al developed a series of sulfonium salts which contained acid sensitive
solublizing groups (Scheme V) (68). Upon irradiation, the onium salt generates
acid which removes the protective groups from both the parent onium salt and
irradiation products and renders them base soluble. Houlihan, et al (69) have
devised a similar approach using 2-nitrobenzyl ester photoacid generating chem-

istry.
DEPOLYMERIZATION CHEMISTRY

Chemically amplified resists that act through a polymer depolymerization mech-
anism can be broadly divided into two classes: those that act through a thermo-
dynamically induced depolymerization mechanism and those requiring catalytic
cleavage of a polymer backbone. The former process depends upon the use of
low ceiling temperature polymers that have been stabilized by suitable end
capping. Introduction of a photocleavable moiety either at the end-cap or along
the polymer backbone may then allow depolymerization to take place after
irradiation and mild heating. A variant of this approach utilizes an end cap, or
polymer chain that may be cleaved by photogenerated acid.

The first chemically amplified resists that operated by a thermodynamically
induced depolymerization were based on polyacetals (or polyaldehydes) (10, 44,
70). These polymers have very low ceiling temperatures, but can be stabilized by
end capping (71). Although PPA materials are sensitive self-developing resists,
they have two major drawbacks: i) they liberate a volatile aldehyde during the
exposure step which could be injurious to the optics of the exposure tool, and ii)
they exhibit poor plasma etching resistance. Recently, it was found that contami-
nation of the optical tool could be reduced by using poly(4-chlorophthalalde-
hyde) as the matrix resin in conjunction with an onium salt acid generator (72,
73). This resist system does not spontaneously depolymerize upon exposure to
radiation, but requires a post-exposure bake step. The problem of plasma
etching resistance has been addressed through the use of silylated PPA deriva-
tives such as poly(4-trimethylsilylphthalaldehyde) (72, 74) which can form an
SiO, barrier layer. Alternatively, PPA may be used as a dissolution inhibitor for
a novolac which is itself more resistant to plasma etching (75).

The second type of chemically amplified depolymerization resist mechanism
depends upon the incorportation of C-O bonds into the polymer backbone which
can be cleaved by either hydrolysis or acidolysis. This concept was first advanced
by Crivello, who proposed that polymers such as polycarbonates and polyesters
could undergo photo-induced acid catalyzed hydrolysis reaction in polymeric film
(9, 76). Although polymers could be designed to undergo catalytic chain cleavage
in the presence of acid, such an approach depends upon the inclusion of
stoichiometic amounts of water in the polymer film. Little further work was
reported on this concept until recently, when a new system for dissolution
inhibition was described based upon the hydrolysis of polysilyl ethers in a
novolac resin (24).

Much of the work related to the design of chemically amplified resists that
depolymerize upon catalytic cleavage of the polymer backbone has been done by
Frechet et al. (77-81). In these systems, the polymer film depolymerizes through
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thermally induced acid catalyzed cleavage of tertiary, secondary allylic, or sec-
ondary benzylic C-O bonds, to form a stable carbocation with at least one alpha
hydrogen. This carbocation can then eliminate to form an alkene with concomi-
tant regeneration of the acid catalyst. The first examples of such a resist were
based upon polycarbonates which incorporated tertiary carbonate units along the
polymer backbone (77). Typically these materials have a thermal stability of
~ 200 °C at which point they undergo decomposition to diols, carbon dioxide
and dienes (77, 78). This decomposition may be accelerated by mild heating in
the presence of photogenerated acid (78). Other similar carbonate resist systems
have been described in which secondary benzylic and secondary allylic units are
incorporated along the polymer chain (78). Of particular interest are the
materials based upon 2-cyclohexene-1,4-diol, and a dihydroxy compound.
Polyesters (Figure 9) with tertiary, secondary allylic, and secondary benzylic
units and polyethers (Figure 9) containing the latter two groups were also
prepared and evaluated as resist materials when used with onium salt PAG
materials (80). Selected resist systems formulated from these polymers and
triphenylsulfonium hexafluoroantimonate undergo acidolytic cleavage to afford a
neutral olefin or aromatic compound plus a diacid or diol. Polyformals contain-
ing secondary allylic and secondary benzylic C-O units capable of acidolytic
cleavage have also been reported as effective polymers for chemically amplified
resist applications (81). Polyformals undergo acidolysis to afford an aromatic
compound, formaldehyde, and water. Because all these compounds are volatile,
the resists systems made from these polymers and triphenylsulfonium hexafluo-
roantimonate are completely self-developing and have been reported to give
lithographic sensitivities as high as 15 mJ/cm?. Features obtained with these
resist systems, however, tend to be rounded due to the low T, of the polymer and
possible plasticization by the released aromatic compounds gefore volatilization.
Recently, other workers have reported a similar type of resist system based upon
polyethers containing alkoxypyrimidine units (82). Resists made from these
materials and triphenylsulfonium triflate exhibited sensitivities of 10 mJ/cm?
upon irradiation at 250 nm. The products arising from acidolytic cleavage are
pyrimidone and compounds containing both alkene and alcohol functionalities.

PROCESS CONSIDERATIONS

The inherent sensitivity associated with most chemically amplified resists em-
anates from the catalytic action of the acid during the post-exposure baking step.
Typical turnover rates (catalytic chain length) for each acid molecule in a
working resist formulation are in the 800-1200 range (83). The deprotection or
crosslinking, and turnover rate are critically dependent on post-exposure bake
temperature, time, and the method of bake itself.

A typical chemically amplified resist process involves conversion of the PAG
molecule to a strong acid upon absorption of a photon and the rate of this
reaction is fast, with the extent of reaction being governed by the quantum
efficiency of the particular acid generator and exposure energy. The acid effects
the desired reaction with a characteristic rate, which is a function of the acid
concentration, the temperature and the diffusion rate of the acid in the polymer
matrix (84-86). The diffusion rate in turn, depends on the acid structure, the
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temperature and the polarity of the polymer matrix. At room temperature, the
rate of reaction is typically slow and it is generally necessary to heat the film to
well above room temperature to increase the rate to acceptable levels. The acid
(H*) is regenerated and continues to be available for subsequent reaction,
hence, the amplification nature of these resists. For this system to work satisfac-
torily, it would be necessary for the radiation generated acid concentration,
(H*), to remain constant. However, in most chemically amplified systems,
undesired side reactions prematurely destroy the acid, i.e., reactions with con-
taminants such as water, ions or reactive sites on the polymer (87-90). The most
notable contaminants are airborne amines that serve to prematurely neutralize
the acid leading to a dependence on the post-exposure delay time (the time delay
between the exposure and PEB process steps) (88—-90). An understanding of
these issues and the general structure property relationships of various PAG
molecules and host polymers may lead to the design of a sensitive chemically
amplified resist system that is insensitive to environmental issues.

CONCLUSION

The aim of this review has been to examine one approach to the design of new
resist chemistries for microlithographic applications. Chemical amplification
processes utilize a single photochemical event that leads to a cascade of
subsequent reactions effecting a change in solubility of the parent material. The
vast majority of materials that have been designed to date utilize a photochemi-
cally generated acid to catalyze subsequent crosslinking, deprotection or depoly-
merization reactions. Significant efforts have been expended in the design of
acid generator chemistries compatible with device processing environments. The
most notable examples include the onium salts and nitrobenzyl esters. Addition-
ally, the matrix resin must exhibit suitable characteristics with the most common
materials being derived from hydroxyphenols.

Since the conception of chemical amplification mechanisms for microlitho-
graphic applications approximately one decade ago, increasing attention has
been given to such processes in that they provide advantages in terms of
sensitivity and contrast with minimal increase in process complexity. Addition-
ally, a given chemistry may find application to more than one lithographic
technology. The original work in chemically amplified resists has spawned many
research efforts to define chemistries appropriate for matrix materials and
photogenerators of catalysts, primarily strong acids. There continue to be many
challenges in the areas of both fundamental and applied materials chemistry as
well as process engineering to both understand and develop new chemically
amplified resists for use with the future lithographic technologies.
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Chapter 2

Synthesis of 4-(tert-Butoxycarbonyl)-2,6-
dinitrobenzyl Tosylate

A Potential Generator and Dissolution Inhibitor Solubilizable
through Chemical Amplification

F. M. Houlihan, E. Chin, O. Nalamasu, and J. M. Kometani

AT&T Bell Laboratories, Murray Hill, NJ 07974

A simple synthetic pathway was devised for 4-(z-butoxycarbonyl)-2,6-dinitro-
benzyltosylate 1 starting from inexpensive 3,5-dinitrotoluic acid. This molecule
incorporates both the o-nitrobenzylsulfonate moiety needed for a photogener-
ator of acid (PAG) and the t-butoxycarbonyl moiety needed for a dissolution
inhibitor solubilizable by chemical amplification (DISCA). Preliminary evalua-
tions show that the thermal stability of 1 towards thermal elimination of
isobutene is almost identical to that of 2,6-dinitrobenzyl tosylate in a matrix
containing ¢-butoxycarbonyl moieties (~160 °C). Resists made from 4% of
either PAG 1 or 4-methoxycarbonyl-2,6-dinitrobenzyl tosylate (2) and poly(z-
butoxycarbonyloxystyrene sulfone) gave lithographic performance (74 and 68
mJ/cm? respectively) similar to that of a resist formulated from 2,6-dinitro-
benzyl tosylate. Since the absorbances of the three resists at 248 nm are
similar (~0.36/um) it can be inferred that the quantum yield for the 4-(al-
koxycarbonyl)-2,6-dinitrobenzyl chromophore is similar to the value previously
found for 2,6-dinitrobenzyl tosylate (0.16). The acidolytic behavior of PAG 1
was evaluated in a poly(hydroxystyrene) matrix where it was found that
complete removal of the t-butyl group occurs with 100 mJ/cm? after post-
exposure bake at 100 °C. These tests indicate that 4-(t-butoxycarbonyl)-2,6-di-
nitrobenzyltosylate has all the essential properties for a potential single
component DISCA /PAG additive for use in chemically amplified deep UV
resists based upon base soluble polymers such as polyhydroxystyrene deriva-
tives.

Critical dimensions of integrated circuits (IC) have decreased in size to the
subhalf-micron regime over the last few years. This has prompted the develop-
ment of chemically amplified resists systems capable of operating with the
limited photon flux available from deep UV exposure tools. These resists work
by the amplification of a photochemical event that initiates a catalytic process in
which as many as 1000 chemical changes are engendered in the system per
photo-event (I, 2). One example of such a resist depends on the acidolytic
deprotection of a t-butylcarbonate (¢-BOC) (3-5) or t-butyl ester (¢-Bu) (6)
pendent group to produce a free pendent functionality that is soluble in aqueous
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base (OH or CO, H, respectively). The acidolysis process is initiated by irradia-
tion of a photoacid generator (PAG) to produce a free protic acid, followed by
post-exposure bake (PEB) of the resist to achieve catalytic deprotection.
Initially, PAGs for these systems were restricted to the onium salts developed by
Crivello (7). More recently, we have developed a new class of non-ionic/non-
metal containing PAG’s based upon nitrobenzyl esters (8-10). Another strategy,
which has been recently developed, involves resists employing a dissolution
inhibitor solubilizable by chemical amplification DISCA. DISCA’s are generally
small hydrophobic molecules which act as dissolution inhibitors and contain
pendent groups susceptible to acidolysis (17-17). Examples of DISCA’s include
t-butyl esters of carboxylic acids and z-butyl carbonates of phenols (I15). This
class of resist typically consists of a base soluble polymer into which a DISCA
and a PAG have been added. Exposure of the resist to radiation causes the
hydrophobic DISCA to be converted with great quantum efficiency (because of
the acidolysis chain process) to base soluble hydrophilic moieties. These wetting
molecules engender a much faster rate of dissolution with aqueous basic devel-
oper for the exposed areas resulting in positive images. A concept called
SUCCESS combines an onium salt PAG and the phenolic ¢-butyl carbonate
based DISCA into one molecule (18). The thrust of this work is to report our
initial efforts into synthesizing a molecule which would combine the function of
a DISCA with a 2-nitrobenzyl ester based PAG. The target material chosen was
4-(t-butoxycarbonyl)-2,6-dinitrobenzyl tosylate 1. The chromophore was picked
because of the convenient attachment point for the ¢-butyl group, and the
starting material, 3,5-dinitrotoluic acid, was inexpensive. Tosylate was chosen as
the protected acid because it offered a simple initial target which could easily be
compared to other previously characterized 2-nitrobenzyl PAG’s (8, 9). These
investigations will center upon the elaboration of a synthetic pathway for 1, and
an examination of its thermal stability.

Also, it will be shown that the absorbance and lithographic sensitivity
engendered in a typical -BOC based resist by 1 and that of a model compound
without the DISCA feature, 4-(methoxycarbonyl)-2,6-dinitrobenzyl tosylate 2, are
comparable to that found when using 2,6-dinitrobenzyl tosylate 3.

Furthermore, an IR investigation will demonstrate that the DISCA portion
of 1 is undergoing effective acidolytic deprotection. The efforts towards using
this material as a DISCA in a base soluble polymer resist matrix are a subject for
future investigation and will be reported on at a later date.

EXPERIMENTAL
Materials characterization

Differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) data were obtained by using a Perkin-Elmer DSC-7 differential scanning
calorimeter and a TGA-7 thermogravimetric analyzer interfaced with a TAC 7
thermal analysis controller and a PE-7700 data station. DSC and TGA samples
were heated at a rate of 10 °C/min with purified N, gas flow of 20 cm®/min.
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Samples ranged in mass from 1.20 to 2.00 mg and were encapsulated in
aluminum pans. Nuclear magnetic resonance spectra were obtained on a JEOL
JMN-FX90Q Fourier transform spectrometer. IR spectra were obtained on a
Digilab FTS-60 Fourier transform spectrometer. Mass spectra were obtained
with a Hewlett Packard 5989A Mass spectrometer in the electron impact mode
coupled with a 59980B particle beam and a 1050 Hewlett Packard Liquid
Chromatography system. Elemental analyses were obtained by Galbraith Labo-
ratories Inc., Knoxville, TN.

Material synthesis

Poly((4-t-butyloxycarbonyloxy)styrene sulfone) (PTBSS) was synthesized as
previously described (19). A research sample of poly(4-hydroxystyrene) (PHS)
(M,, = 12,300) was obtained from the Hoechst chemical company. 2,6-Dinitro-
benzyl tosylate and 2,6-dinitrobenzyl 4-nitrobenzenesulfonate were made as
previously described (2, 8 9). All other chemicals were obtained from the
Aldrich Chemical Company.

Synthesis of 4-carboxyl-2,6-dinitrobenzyl bromide. In a 50 mL pressure tube
equipped with a Teflon valve were placed 2.23 g (9.76 mmol) of 3,5-dinitrotoluic
acid and 0.50 mL, (9.8 mmol) of Br,. The valve on the tube was closed and the
contents frozen in liquid nitrogen. The tube was then evacuated (<1 mm Hg)
and resealed.  After thawing, the tube was placed in a wire cage, gradually
heated to 150 °C in an oil bath over 45 min and maintained at this temperature
for 24 h. Workup was done by cooling the tube to room temperature, freezing
the contents in liquid nitrogen, and opening the tube. Upon warming, a large
amount of HBr was evolved. The solid product was flushed with nitrogen
overnight to remove HBr and unreacted bromine. The fused reaction mass was
then broken up into a powder with a mortar and pestle, and dried under vacuum
for 2 h. The dried solid was dissolved in acetone (50 mL), filtered through silica
gel, and precipitated with pentane. After drying overnight under vacuum, crude
4-carboxyl-2,6-dinitrobenzyl bromide (7.36 g, 82% yield) was obtained. This
material was not purified further but used directly to make 4-(z-butoxycarbonyl)-
2,6-dinitrobenzyl bromide. 'H NMR (dimethylsulfoxide d¢) 12.5 (broad s, 1H,
OH carboxylic acid); 8.70 (s, 2H, CH nitroaryl); 4.87 (s, 2H, CH,, benzyl)
IR(NaCl, film): 1690, 1530, 1350cm™

Synthesis of 4-(t-butoxycarbonyl)-2,6-dinitrobenzyl bromide. Crude 4-carboxyl-2,6-
dinitrobenzyl bromide (4.1 g 13 mmol), and 4-dimethylaminopyridine (DMAP)
(0.146 g, 1.2 mmol) were suspended in 100 mL of dry CH,Cl, under argon. To
this was added with stirring ¢-butanol (1.2 mL, 13 mmol) followed by dicyclo-
hexylcarbodiimide (DCC) (2.75 g, 13.3 mmol) which was added dropwise dis-
solved in 5.0 mL of CH,Cl,. The reaction mixture was left stirring for 2 h.

Workup was done by filtration and, washing the filtrate with water (3 X 50.0
mL), 5% acetic acid (3 X 50.0 mL) and finally water (3 X 50.0 mL). The organic
layer was then filtered through a short column of silica gel, dried over MgSO,
and stripped of solvents under vacuum to give crude material. This crude
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material was dissolved in 30.0 mL of hot ethanol and allowed to cool. A small
amount of black tar-like material deposited in the flask was removed by decant-
ing. The solution was recrystallized by adding a small amount of water and
cooling to 10 °C. This crude material was chromatographed over silica gel (ethyl
acetate, hexane) to give 3.55 g (74% yield) of white crystals (mp: 85-87 °C). Anal.
caled for C;,H,3;04N,Br: C 39.91, H 3.63, N 7.76, Br 22.12. Found: C 40.13, H
3.67, N 7.58, Br 21.99. '"H NMR(CDCl,): 8.60(s, 2H, CH nitroaryl), 4.94(s, 2H,
CH, benlzyl), 1.64(s, 9H, CH, t-butyl). IR(NaCl film): 1720, 1550, 1350, 1300,
1150 cm™.

Synthesis of 4-(t-butoxycarbonyl)-2,6-dinitrobenzyl tosylate 1. 4-(t-Butoxycarbonyl)-
2,6-dinitrobenzyl bromide (2.00 g, 5.54 mmol) was dissolved in 8 mL of dry
acetonitrile and added to a solution of silver tosylate (4.13 g, 5.54 mmol) in 20
mL of dry acetonitrile under argon. The reaction mixture was then refluxed for
2 h. The workup was done by removal of acetonitrile under vacuum, redissolu-
tion in CH,Cl,, and filtration followed by recrystallization with Cl,. After three
recrystallizations 1.88 g of (75% yield) white crystals (mp: 149-151 °C) were
obtained. Anal. calcd for CszoO?NZS: C 50.44, H 4.46, N 6.19, S 7.09. Found:
C 50.71, H 4.63, N 5.93, S 7.35 '"H NMR(CDCl,): 8.54(s, 2H, CH nitroaryl),
7.60(d;J = 9Hz,2H, CH tosylate o to SO,) 7.31(d,J = 9Hz,2H, CH tosylate o to
CH,), 5.57(s, 2H, CH, benzyl), 2.45(s, 3H, CH, tosyl), 1.63(s, 9H, CH,, #-butyl).
IR (film NaCl) 1720, 1550, 1350, 1280, 980 cm~!. MS: 396(M*,
—CH,=C(CH,),), 209M*, —0S0,C¢H,CH,;—CH,=C(CH,),—O0), 166
(M*, —080,C¢H,CH,—C,H,—CO,—O0).

Synthesis of methyl ester of 3,5-dinitrotoluic acid. A suspension was prepared
consisting of 3,5-dinitrotoluic acid (55.60 g, 60.24 mmol) dissolved in absolute
methanol (101 mL, 2.5 mole) containing 2.7 mL of H,SO,. The mixture was
stirred under reflux for 5 h at which time most of the acid had reacted. workup
was done by removing methanol under vacuum, adding water, and extracting
with CH,Cl, followed by washing of the organic layer with saturated NaHCO,.
After drying of the organic layer over MgSO,, filtration, and removal of solvents,
40.47 g (69% yield) of yellowish crystals (mp: 80-82 °C) were obtained. Anal.
calcd for CoHgO4N,: C 45.01, H 3.36, N 11.66. Found:C 45.05, H 3.36, N 11.50.
'H NMR(CDCl,): 8.5%s, 2H, CH nitroaryl), 4.04 (s, 3H, OCH,), 2.64(s, 3H,
CH,). IR (film, NaCl): 1720, 1530, 1350, 1290, 1200, 1160 cm™~'. MS: 240(M™),
223(M* —OH), 21(M* — NO), 20%(M*— OCH,), 193(M*— NO,— H).

Synthesis of 4-(methoxycarbonyl)-2,6-dinitrobenzyl tosylate. 3,5-Dinitrotoluic acid
methyl ester (10.00 g, 41.66 mmol) was dissolved in 50 mL of CCl,, to which was
added in suspension N-bromosuccinimide (14.83 g, 83.32 mmol) and benzoyl
peroxide (1.00 g, 4.12 mmol). The reaction mixture was refluxed for 17 h.
Workup was done by filtering the reaction mixture through a short column of
silica gel. After removal of solvent a crude product (13.47 g, 36% yield) was
obtained which consisted of 35.5% 4-(methoxycarbonyl)-2,6-dinitrobenzyl bro-
mide with the remainder being the starting material. This crude product (~ 15
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mmol) was dissolved in 10 mL of dry acetonitrile and was added to a solution of
silver tosylate (4.13 g, 14.8 mmol) in 40 mL of dry acetonitrile under argon. The
reaction mixture was then refluxed for 2 h. The workup was done as in for 1,
followed by a recrystallization in hot CCl,. In this way 6.01 g (52% yield) of pale
yellow crystals (mp: 139 °C) were recovered. Anal. caled for C,¢H,,O,N,S: C
46.83, H 3.44, N 6.82, S 7.81. Found: C 46.61, H 3.39, N 6.72, S 7.43. 'H
NMR(acetone-d,): 8.68(s, 2H, CH nitroaryl), 7.72(d, J = 8Hz, 2H, CH tosyl o to
S0,), 7.47(d,J = 8Hz, 2H, CH tosyl o to CH,), 5.63(s, 2H, CH, benzyl), 4.01(s,
3H, OCH,), 2.46(s, 3H, CH,). IR (film NaCl) 1730, 1545, 1530, 1360, 1290, 1180,
980 cm™~'. MS: 23%(M*-0SO,C4H,CH,), 223(M*-0SO,C(H ,CH,-0)

Synthesis of t-butyl ester of 3,5-dinitrotoluic acid. A suspension was prepared
consisting of 3,5-dinitrotoluic acid (5.00 g, 22.1 mmol) and DMAP (0.36 g, 2.9
mmol) in 65 mL of CH,Cl,. To this suspension was added under argon ¢-butyl
alcohol (1.67 g, 22.1 mmol) followed by dicyclohexylcarbodiimide (4.56 g, 22.1
mmol). The reaction mixture was stirred overnight, filtered through a short SiO,
column, and stripped of solvent under vacuum. The crude material was recrystal-
lized from hot CCl, to give 5.01 of tan crystals (mp: 116 °C). Anal. calcd for
C,,H,,O.N,: C 51.06, H 5.00, N 9.93. Found: C 51.10, H 4.94, N 9.94. 'H
NMR(acetone-d): 8.61(s, 2H, CH nitroaryl), 2.61(s, 3H, CH,), 1.63(s, 9H, CH,
t-butyl). IR (film, NaCl) 1710, 1540, 1365, 1310, 1150 cm™~!. MS: 267(M*-CH,),
252M*, -O-C(CH,),), 20(M*-O-C(CH,),), 196(M*- CH,=C(CH,),-NO) 180
(M*- CH,=C(CH,),), 179 (M*-C(CH,),-NO,), 160(M*-CO,-
CH,=C(CH,),-0).

Lithography

Photoresist solutions for lithographic experiments consisted of 14 wt% of
PTBSS dissolved in chlorobenzene with 4 mole% of PAG (relative to the
polymer’s -BOC pendent groups). The solutions were filtered through a series
of 1.0, 0.5, and 0.2-um Teflon filters (Millipore, Inc.). Photoresists were spun
(spin speed 3K) onto hexamethyldisilazane-primed oxidized silicon substrates
and prebaked at 105 °C for 60 s. These films were ~1 um thick and were
measured with a Nanospec thickness gauge (Nanometrics Inc). Exposures were
done using A GCA Laserstep® prototype deep UV exposure system with a
NA = 0.35 lens and 5 X reduction optics. Proximity printing was used to obtain
exposure response curves. The irradiated films were postexposure-baked(PEB)
at 115 °C for 30 s. The resist films were developed with 0.18M tetramethylammo-
nium hydroxide (TMAH) for 30 s. The absorbances of the resist films, spun on
quartz disks, was determined using a Hewlett-Packard Model 8452A diode array
UV spectrometer.

Infrared spectroscopy studies

A solution was prepared as above consisting of 20 mole% of 1 (relative to
the 4-hydroxystyrene repeating unit of PHS) dissolved into a 14 wt% solution of
PHS in cyclohexanone. The solution was spun onto an NaCl disk at 3K to give a
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1 pm thick film. The coated NaCl disk was preexposure baked at 100 °C for 5
min, exposed (100, 200, 400 mJ /cm?) with a Siiss Model MAS6A contact aligner
equipped with a Lambda Physik excimer laser operating at 248 nm and post
exposure-baked at 100 °C for 5 min. The IR spectra of the resist films were
obtained during this process using the previously described Digilab instrument.

RESULTS AND DISCUSSION
Synthesis

The synthetic pathway to 1 (scheme 1) has the initial advantage of starting
from the inexpensive 3,5-dinitrotoluic acid. The first step is a bromination of acid
using molecular bromine. Previously, we have prepared many o-nitrobenzyl
bromide PAG precursors from the corresponding toluene derivatives by employ-
ing N-bromosuccinimide (2, 8 9) (NBS). While this procedure works moderately
well with the methyl ester of 2,6-dinitrotoluic acid, unfortunately it does not give
isolable products with 3,5-dinitrotoluic acid or its ¢-butyl ester. However, we
successfully adapted the sealed tube bromination procedure devised by Fieser
for 2,4,6-trinitrotoluene (20). However, attempts to extend this procedure to
either the methyl or ¢-butyl ester of 3,5-dinitrotoluic acid led to bromination with
deprotection of the ester group. The next step towards 1 was an esterification
with ¢-butyl alcohol adapted from the general procedure described by Hassner
(21) which is promoted by dicyclohexylcarbodiimide (DCC) using 4-dimethyl-
aminopyridine (DMAP) as a catalyst. The last step, the reaction of the bromide
with silver tosylate proceeds in the same manner as previously described for the
synthesis of other o-nitrobenzyl PAG from o-nitrobenzyl bromide derivatives
(2,8 9). The silver tosylate must, however, be pure as any tosic acid impurity
may lead to deprotection of the z-butyl ester moiety during reaction.

Thermal stability

An important criteria for study in o-nitrobenzyl based PAG’s is thermal
stability. Scheme 2 shows the reaction which can lead to thermal generation of
acid. Thermal generation of acid is undesirable for PAG applications as it leads
to contrast degradation and even to loss of images in resists during PEB.
Previously, we have established an empirical relationship between T, (as
measured by DSC from the exotherm minima for decomposition) Hammett o
and calculated E, for o-nitrobenzyl tosylates (Figure 1). From this relationship,
a predicted T, of 238 °C is expected for both 1 and 2, knowing that o, for
— CO,R (R = alkyl or H) (22) is 0.45 and that o' and EJcalc) (22, 23) for
NO, are 0.63 and —0.92, respectively.

DSC scans of 1, 2 and 3 (Figure 2) show that 2 has a T,;, (224 °C) quite
close to that predicted, while the T,;, of 1 (204 °C) is somewhat lower similar to
that previously observed? for 3. Figure 1 shows the placement of the new
thermal stabilities on the empirical plot of T,;,. An endotherm in the DSC
(Figure 2) of 1 (163 °C) initially attributed to a melting transition was found by
examination of the TGA (Figure 3) to correspond to a weight loss consistent with
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DECOMPOSITION TEMPERATURE (°C)

Figure 1. Plot of T,;, versus 3o’ + 3E/(calc) for the 2-nitrobenzyl tosylate
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loss of isobutene (14%). Scheme 3 shows the elimination reaction. The measure-
ment of the isobutene elimination temperature by DSC (Figure 4) of the ¢-butyl
ester of 3,5-dinitrotoluic acid 4 gives a much higher value (192 °C). Postulating
that the tosylate moiety or impurities engendered by it are acting as a Lewis acid
catalysts for the thermal elimination reaction, a DSC/TGA experiment was
done with a 50/50 mixture of 4 and 2,6-dinitrobenzyl tosylate (Figure 5). This
experiment lowers the stability of 4 to a value close (159 °C) to that found for 1.

Since thermal elimination of isobutene occurs at 163 °C the T,;, measured
for 1 really corresponds to that of 4-carboxyl-2,6-dinitrobenzyl tosylate. However,
the predicted T, for this compound should have been ~238 °C and not the
204 °C value found. A DSC experiment with a 50/50 mixture of 3,5-dinitrotoluic
acid and 2,6-dinitrobenzyl tosylate shows that the temperature of T, is lowered
to 192 ° from 200 °C (Figure 6). A possible explanation for the lower measured
value of T, is that the more polar matrix containing carboxylic acid moieties
has lowered slightly the transition state for thermal generation of tosic acid.

A TGA of 1 with (5 mole%) and without added tosic acid (Figure 7) showed
that the difference in decomposition temperature was ~ 70 °C. This should be a
good estimate of the difference in relative thermal stabilities of 1 in actual
exposed and unexposed resist areas. Therefore selective removal of z-butyl ester
moieties in exposed areas should be possible providing care is taken in selecting
a PEB temperature that does not decompose PAG in unexposed areas.

Lithographic sensitivity and absorbance

Compound 3 and 2,6-dinitrobenzyl 4-nitrobenzenesulfonate § are two exam-
ples of PAG’s which have been successfully used in chemically amplified +-BOC
based resist systems (2). Table 1 shows a comparison of the absorbance at 248
nm of a 6 mole% solutions of these materials and 1 and 2 in acetonitrile. As can
be seen the absorbance in solution of compounds 1 and 2 are somewhat lower
than that of 3 and considerably lower than that of 2,6-dinitrobenzyl 4-nitroben-
zenesulfonate 5. Table 1 also shows the absorbance per um (ABS/um) of 1, 2
and 3 in a PTBSS polymer matrix. Since the ABS/um of 1 and 2 are similar to 3
and the same acid is liberated in all three PAG’s, it was expected (based upon
our previously established relationship between the lithographic sensitivity and
the product of the ABS/um, ¢, and catalytic chain length) (9) that the
sensitivities of 1 and 2 should depend primarily on the relative values of the
quantum yields.

The matrix polymer chosen for the lithographic experiments was PTBSS.
Compound 2 being incapable of undergoing acidolysis, but having the same
o-nitrobenzyl chromophore as 1, was used to determine whether lithographic
sensitivity was affected by the presence of a z-butyl ester in a PTBSS matrix.
Table 1 summarizes the results of lithographic sensitivity and contrast for 1, 2
and 3.

The lithographic sensitivities of 1, 2, and 3 are similar. This indicates that no
significant competition occurs between the acidolytic deprotection of 1 and
PTBSS, and that the quantum yield for photogeneration of acid in 1 and 2 are
only slightly lower than 3 (0.16) (8), namely ~0.11.

In Polymers for Microelectronics; Thompson, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1994-0537.ch002

July 21, 2012 | http://pubs.acs.org

34 POLYMERS FOR MICROELECTRONICS

CH;
¢ cmd
3
Scheme 3.
100
® 9
S el
[y R
5
i 70[ NO,
2 t-Bu0O—C CH,OTs
o &
NO,
50_ 1 1 1 1 1 1 ] 1 ] 1
50 100 150 200 250

TEMPERATURE (°C)
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Figure 4. DSC of the t-butyl ester of 3,5-dinitrotoluic acid 4.
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Figure 5. DSC and TGA of a 50/50 mixture of the t-butyl ester of 3,5-di-
nitrotoluic acid 4 and 2,6-dinitrobenzyl tosylate 3.
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Figure 7. Comparative TGA’s of 4-(¢-butoxycarbonyl)-2,6-dinitrobenzyl tosylate
1 with and without added tosic acid.

Table 1. Solution absorbances of studied PAG’s in acetonitrile, and absorbances,
lithographic sensitivity and contrast of PAG/PTBSS based resists

Compound ABS ABS/um Lithographic | Contrast
6 mole % CH5CN | 4 mole % PBSS Sensitivity
mJ/cm?
1 0.18 0.39 74 >10
2 0.18 0.38 68 >10
3 0.24 0.36 50 >10
5 0.37 - - -
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t-Butyl ester deprotection study by infrared spectroscopy

A primary requirement for a DISCA is that it undergoes effective acidolytic
deprotection in order to impart maximum solubility in the exposed areas of a
resist while remaining a hydrophobic molecule in unexposed areas. Scheme 4
outlines first the photogeneration of acid from 1, then the acidolytic deprotec-
tion of unreacted PAG, and 4-(¢-butoxycarbonyl)-2-nitro-6-nitrosobenzaldehyde
photoproduct. This second step would ensure that no PAG derived hydrophobic
moieties would remain in the exposed areas of a resist. IR spectroscopy was used
to monitor whether this was occurring in the resist matrix. Poly(4-hydroxy-
styrene) (PHS) was chosen as the matrix. In this study changes in the C-H
stretch(#-Bu, 2981 cm~!) were followed spectroscopically. Exposures were made
at 100, 200 and 400 mJ /cm?. It was found that PEB at 100 °C for 5 min was
sufficient to completely deprotect 1 and its photo-product (Figure 8) even with
an exposure of only 100 mJ /cm?. In contrast, heating the PHS film containing 1
for as long as 20 minutes at 100 °C did not show any detectable decrease in the
t-butyl IR frequency. This shows that 1 has the appropriate acidolytic behavior
upon irradiation to be further evaluated as a DISCA candidate.

CONCLUSION

It has been found that 4-(z-butoxycarbonyl)-2,6-dinitrobenzyl tosylate 1 can be
synthesized from a inexpensive and readily available commercial starting mate-

In Polymers for Microelectronics; Thompson, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1994-0537.ch002

July 21, 2012 | http://pubs.acs.org

38 POLYMERS FOR MICROELECTRONICS

-0.001p" »-CH (t-butyl)
-0.002

-0.003

-0.004

ABSORBANCE

-0.005

-0.006

I 1 L 1 1 1 1
3200 3160 3120 3080 3040 3000 2960 2920
WAVENUMBERS

Figure 8. Infrared difference spectrum of a PHS film containing 20 mole% of
4t-butoxycarbonyloxy)-2,6-dinitrobenzyl tosylate 1. The difference spectrum
was taken between the spectrum of the original film and that of the film after
exposure to 100 mJ/cm? and PEB at 100 °C for 5 min. The positive band at
1981 cm™! shows the loss of the ¢-butyl group.

rial and that it possesses the needed properties to be evaluated as a PAG/DISCA
candidate both in terms of photogeneration of acid and ease of acidolysis of its
pendent z-butyl ester group.
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Chapter 3

Chemically Amplified Deep-UV Photoresists
Based on Acetal-Protected Poly(vinylphenols)

Ying Jiang! and David R. Bassett

Technical Center, Union Carbide Chemicals and Plastics Company, Inc.,
2000—2001 Kanawha Turnpike, South Charleston, WV 25303

A chemically amplified deep UV photoresist system based on acetal chemistry
is reported. Acetal-protected poly(vinylphenols) were prepared either by free
radical polymerization of the monomers or by chemical modification of
poly(vinylphenol). In the presence of an acid as a catalyst, the polymers
thermally decomposed to aqueous base soluble poly(vinylphenol) and some
small molecules. Therefore, the resists were formulated with the acetal-pro-
tected polymers and a photoacid generator such as triphenylsulfonium hex-
afluoroantimonate. Positive-tone image could be resolved by exposing the
resist film in deep UV region, post-baking, and developing in tetramethylam-
monium hydroxide solutions.

Since the concept of chemical amplification was introduced about ten years ago
for resist application (1-2), significant advances have been made in designing
resist systems utilizing photoacids and polymers containing acid-labile pendant
groups (3-7). Most of these polymers were based on carbonate- or ether-pro-
tected poly(vinylphenols) or ester-protected polymeric acids (8, 9). Recently,
systems based on tetrahydropyranyl- and furanyl-protected poly(vinylphenols)
have also been reported (10). The basic idea of chemical amplification in these
systems is to use a photo-generated acid (11, 12) to catalyze cleavage of pendant
groups from protected polymers and therefore, to induce a change in solubility
of the exposed area, such as from organic soluble poly(t-BOCstyrene) to aqueous
base soluble poly(vinylphenol) (1-2). Therefore, dual-tone images of this type of
photoresists consisting of polymers with acid-labile pendant groups and pho-
toacid generators can be developed depending on developing conditions. These
systems are attractive as deep UV resist materials because of their high sensitivi-
ties as the result of chemical amplification.

In this paper we report a new chemically amplified deep UV photoresist
system based on acetal-protected poly(vinylphenols) and a photoacid generator.

!Current address: U.S. Surgical Corporation, 150 Glover Avenue, Norwalk, CT 06856
0097—-6156/94/0537—0040306.00/0
© 1994 American Chemical Society
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The syntheses of monomers and polymers and their characterization as well as
their acid-catalyzed deprotection reaction are discussed. Some initial results of
imaging tests are also reported.

EXPERIMENTAL
Materials and Instrumentation

Methyl vinyl ether, 4-hydroxybenzaldehyde, potassium t-butoxide and meth-
yltriphenylphosphonium bromide were purchased from Aldrich and used without
purification. Vinyl phenyl ether from Polyscienece, Inc. was used as received.
Poly(vinylphenols) were commercial samples from Hoechst Celanese. Pyridinium
p-toluenesulfonate (PPTS) was prepared by mixing equal moles of pyridine and
p-toluenesulfonic acid. After gently refluxing, the salt was purified by crystalliza-
tion from methanol.

NMR spectra were recorded in deuterated chloroform or dimethyl for-
mamide (DMF). FT-IR and UV spectra were recorded on a BioRad FTS-40
Fourier-Transform Infrared Spectrometer and a Hewlett Packard UV-visible
spectrometer.

Films were spun on quarts or silicon wafers using a manual spinner (Solitec,
Inc., Model 5100). Thickness measurements of dry films were made using a
NANOSpec/AFT (Nanometrics, Model 010-0181). Radiation was done using a
Xenon deep UV lamp (ORIEL, Model 66142); the ORIEL deep UV lamp was
powered with an arc power supply (ORIEL, Model 8530).

Preparation of 4-(1-Methoxyethoxy) styrene

4-Hydroxybenzaldehyde (113 g) and 20 g of PPTS were suspended in 195
mL of methylene chloride in a pressure bottle with a magnetic stirring bar.
Methyl vinyl ether (65.1 g) was condensed into a graduated flask and added to
the pressure bottle in one portion. The reactor was then placed in a warm water
bath with stirring and immediately the inside pressure was brought to about 10
psi. After three days of stirring, the reaction mixture became a clear solution.
Thin layer chromatography (TLC) of the reaction mixture indicated that the
reaction was complete. After the mixture was passed through a column packed
with silica gel and the solvents were removed, 160 g of the product, 4-(1-
methoxyethoxy)-benzaldehyde, were obtained and taken directly to the next step,
Wittig reaction. The reaction gave 95.6% yield.

Methyltriphenylphosphonium bromide (389 g and 126 g of potassium
t-butoxide were added to 2 L of freshly distilled tetrahydrofuran (THF) under
nitrogen protection. After 30 minutes of stirring, a solution of 160 g of 4-(1-
methoxyethoxy)benzaldehyde prepared as above in 300 mL THF was added
slowly. The reaction was stirred at room temperature overnight. Crashed ice (1
kg) was added to the reaction mixture with stirring. After two phases were
separated, the aqueous layer was extracted with ethyl acetate twice. The com-
bined organic phases were dried over meganesium sulfate and the solvents were
removed under reduced pressure. The product was a colorless liquid, which was

In Polymers for Microelectronics; Thompson, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1994-0537.ch003

July 21, 2012 | http://pubs.acs.org

42 POLYMERS FOR MICROELECTRONICS

then further purified by vacuum distillation (b.p.= 69 °C/0.8 mmHg). In this
way, 4-(1-methoxyethoxy)styrene was obtained in 71% yield (112 g).

Preparation of 4-(1-Phenoxyethoxy) styrene

4-Hydroxybenzaldehyde (13 g) was dissolved in 100 mL of freshly distilled
THF under nitrogen. To this solution was then added 10 g of vinyl phenyl ether
and 3 g of PPTS. After the mixture was stirred at room temperature for 24
hours, TLC analysis indicated that the reaction was not complete. Therefore, the
reaction mixture was gently refluxed and closely followed by TLC. After reflux-
ing for additional 24 hours, the reaction was complete. THF was removed under
reduced pressure. Methylene chloride (200 mL) was added and the solution was
washed with 2% tetramethylammonium hydroxide solution to remove unreacted
4-hydroxybenzaldehyde. After three times of washing, the solution seemed free
of 4-hydroxybenzaldehyde. The solution was then washed with water and the
organic phase was separated, dried, and concentrated. Slightly yellow liquid was
obtained which, characterized by both FT-IR and NMR, was the desired prod-
uct. The reaction yield was 60%.

A mixture was prepared, under nitrogen, consisting of 23.4 g of methyltriph-
enylphosphonium bromide and 8.5 g of potassium t-butoxide in 300 mL of
freshly distilled THF. After 5 minutes of stirring, a solution of 10.5 g of
4-(1-phenoxyethoxy)benzaldehyde prepared as above in 100 mL THF was added
slowly at room temperature. The reaction mixture was stirred at room tempera-
ture for 12 hours. The reaction was stopped by pouring the reaction mixture into
200 g of cold water. The organic phase was separated and the aqueous phase was
extracted with ethyl acetate three times. The combined organic phases were
dried over meganesium sulfate, filtered and concentrated. The product was
purified by silica gel charomatography.

Free Radical Polymerization of 4-(1-Methoxyethoxy)styrene and
4-(1-Phenoxyethoxy) styrene

In a typical experiment, 100 g of 4-(1-methoxyethoxy)styrene were dissolved
in 100 g of benzene. After 0.5 g of free radical initiator, 2,2'-azobis(iso-
butyronitril) (AIBN), was added, the solution was degassed with nitrogen for 30
minutes and then placed in an oil bath at 75 °C for 16 hours with stirring. The
solution became very viscous which was diluted with THF. Precipitation of the
polymer was done in a large amount of methanol. After the solid was filtered,
dried in vacuo, 85.4 g of white powder was obtained, which was proven to be the
desired polymer by FT-IR and NMR; poly[4-(1-methoxyethoxy)styrene].

Similarly, 4-(1-phenoxyethoxy)styrene could also be polymerized and puri-
fied using this experimental procedure. A series of reactions were carried out to
investigate both solvent and initiator effects on polymerization and the results
are summarized in Table 2.

Chemical Modification on Poly(vinylphenol)

In a high pressure reactor, 30 g of poly(vinylphenol) were dissolved in 380
mL of freshly distilled THF or suspended in dry methylene chloride. PPTS (6 g
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was added under nitrogen. Methyl vinyl ether (200 mL) was condensed into a
graduated flask and then added into the pressure reactor in one portion. After
flushing with nitrogen briefly, the reactor was sealed and kept stirring at room
temperture for three days. The polymer solution was precipitated in methanol.
After brief drying, the polymer was further purified by dissolving in acetone and
precipitating in a mixture of methanol and water. In this way, 39 g of polymer
were obtained. FT-IR showed no absorption of the phenolic groups, indicating
that the reaction had high yield of masking the OH groups by forming the acetal
groups.

An attempt was also made to modify poly(vinylphenol) with vinyl phenyl
ether under similar conditions described above. However, it was found that a
significant amount of phenolic groups remained unreacted after a week of the
reaction as indicated by free OH absorption in its FT-IR spectrum.

RESULTS AND DISCUSSION
Syntheses of Monomers and Polymers

The monomers were synthesized using a similar experimental procedure.
Starting from 4-hydroxybenzaldehyde, the phenolic group was first blocked with
the vinyl ethers to form the acetal-benzaldehydes; and then Wittig reaction
converted the aldehyde group into the vinyl functionality. To demonstrate the
reaction sequences, Scheme 1 illustrates the preparation of 4-(1-
phenoxyethoxy)styrene and its free radical polymerization.

CHO
CHO

" °\(°‘©

=
MePh3;PBr AIBN
——— ——
t-BuOK
o
°\r°_© OT _O
Scheme 1. Synthesis of 4-(1-Phenoxyethoxy)styrene and Its Polymerization
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The nucleophilic addition of the phenolic functionality to vinyl phenyl ether
was found to proceed satisfactorily with PPTS as the catalyst. Excess 4-hydroxy-
benzaldehyde was used in order to achieve maximum conversion of expensive
vinyl phenyl ether. The unreacted 4-hydroxybenzaldehyde could be easily re-
moved from the reaction mixture by washing with diluted aqueous base solutions
and in the meantime, the catalyst, PPTS, was also removed by aqueous washing.
The protected 4-hydroxybenzaldehyde was then taken to a high yield Wittig
methylenation to afford the desired product.

4-(1-Methoxyethoxy)styrene was also synthesized following a similar reac-
tion sequence discribed above. However, since methyl vinyl ether is a gas at
room temperature, it had to be condensed through a cooling trap, weighed, and
added into a pressure bottle, in which the reaction was carried out. Similarly for
chemical modification of poly(vinylphenol) with methyl vinyl ether, same experi-
mental procedure was carried out to handle the gaseous methyl vinyl ether.

Figure 1 shows the proton NMR spectra of 4-(1-phenoxyethoxy)-styrene and
its polymer prepared by free radical polymerization. For the monomer’s spec-
trum, a doublet located at 1.64 and 1.66 ppm was assigned to CH, of the ethoxy
group and the proton of its CH group had a quartet located at 5.97 to 5.99 ppm;
three protons of the double bond were located at 5.13 to 5.16; 5.59 to 5.97 and
6.64 to 6.69 ppm; two sets of aromatic protons were in the region of 6.93 to 7.34
ppm. FT-IR spectrum of the monomer showed a vinyl absorption at 1629 cm™!
which, after polymerization, disappeared completely as evidenced by the FT-IR
of the polymer (Figure 2.)

For 4-(1-methoxyethoxy)styrene, its proton NMR was very similar to that of
4-(1-phenoxyethoxy)styrene except that a new peak of CH, of the methoxy group
could be seen at 3.39 ppm.

The acetal-protected monomers were easily polymerized under free radical
polymerization conditions. Table 1 summarizes some of the results of free
radical polymerization of 4-(1-methoxyethoxy)styrene.

Careful analysis of FT-IR and NMR spectra of the polymers indicated that
free radical polymerization did not induce any deprotection of the acetal group.
The polymerization carried out in benzene at 70 °C produced a satisfactory
result: high molecular weight polymer with narrower molecular weight distribu-
tion in high yield.

Similarly, free radical polymerization of 4-(1-phenoxyethoxy)-styrene was
also investigated under different conditions as summarized in Table 2.

Solvents seemed to have a strong effect on the polymerization. Aromatic
solvents, such as benzene and toluene, were suitable for the polymerization as
the reactions resulted in higher yields and higher molecular weights; on the
other hand, the polymerization carried out in a chlorocarbon, methylene chlo-
ride, produced lower molecular weight polymer with lower reaction yield. This is
probably due to chain transfer effect of chlorocarbons. While AIBN seemed to
be an excellent free radical initiator for this type of polymerization, benzoyl
peroxide induced a poor polymerization reaction, resulting only oligomers with
low reaction yield. A repeated polymerization with BPO produced similar
results.
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Figure 1. 'H NMR Spectra of 4-(1-Phenoxyethoxy)styrene and Its Polymer.
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Table 1. Free Radical Polymerization of 4-(1-Methoxyethoxy)styrene®

Temp.
(°C) AIBN(mg Solv. (g) Time (h) Yield% Mn® Mw/Mn
85 214 Toluene (4) 48 83 23,100 29
75 46.3 Clbenzene (4.6) 24 95 26,700 3.7
70 40.0 Benzene (4) 16 96 61,000 24

a. Monomer: 4 g; all the reactions were carried out under nitrogen and the reaction
mixtures were degassed with nitrogen for 30 minutes before heating.
b. GPC values with polystyrene standards.

'H NMR spectrum of polyl4-(1-phenoxyethoxy)styrene] shown on the top of
Figure 1 had much broader peaks compared to its monomer. New peaks located
in the region of 0.9 to 2.1 ppms could be assigned to the polymer’s backbone
protons. While the methyl group’s chemical shift remained almost unchanged at
about 1.6 ppm compared to the monomer, the protons of the double bond
disappeared completely after the polymerization.

Since free radical polymerizations resulted in polymers with rather broad
molecular weight distributions, anionic polymerization of 4-(1-
phenoxyethoxy)styrene was also attempted using n-butyllithium as the catalyst in
order to prepare polymers with narrower molecular weight distributions. It was
assumed that photoresists formulated with polymers with narrow molecular
weight distributions would improve their lithographic performances, especially
their resolution. Under our experimental conditions, no high molecular weight
polymers were produced although in some cases the formation of a small
amount of oligomers was observed.

Alternately, the acetal-protected polymers have also been prepared by
chemical modification on poly(vinylphenol) by reacting the polymer with vinyl
ethers using PPTS as the catalyst. While satisfactory results were obtained with
chemical modification using methyl vinyl ether, the reaction with vinyl phenyl
ether showed a low efficiency of blocking the phenolic groups as FT-IR studies
indicated that the chemically modified polymer still showed some unprotected

Table 2. Free Radical Polymerization of 4-(1-Phenoxyethoxy)styrene®
Monomer (g) Initiator (mg) Solv. (g) Yield(%) Mn® Mw/Mn

1.0 AIBN (10) Benzene (1.5) 99.0 56,600 30
3.0 AIBN (30) Toluene (3.0) 93.3 46,300 23
32 AIBN (32) CH,Cl, (3.2) 84.4 23,000 2.8
30 BPO° (30) Toluene (3.0) 53.3 9,800 2.9

a. All the reactions were carried out under nitrogen for at 79-80 °C for 24 hours.
b. GPC values with polystyrene standards.

c. Benzoyl peroxide. American Chemical
Society Library
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hydroxy groups. Lithographically, resists formulated from the methyl vinyl ether
modified poly(vinylphenol) or the polymer prepared by polymerization of the
monomer did not show much difference.

Design of Resist Materials

It is well known that acetals undergo acid-catalyzed hydrolysis and there-
fore, poly(vinylphenols) protected with acetal groups are potentially useful as
chemically amplified deep UV photoresist materials if used with photoacid
generators. The photoacid-catalyzed cleavage of pendant acetal groups in the
exposed area results in a large change of polarity of the polymer: from a polymer
soluble in an organic solvent to an aqueous base soluble poly(vinylphenol) and
therefore, high quality imaging process is expected.

The system based on acetal-protected poly(vinylphenols) has the advantages
that most chemically amplified photoresists have demonstrated, such as high
sensitivity as the result of catalytic nature of deprotection reaction. However, the
novel design of the system based on poly[4-(1-phenoxyethoxy)styrene] shows
several other advantages also. The imaging chemistry of this system is illustrated
in Scheme 2.

By introducing phenoxyethoxy as a protection group, the deprotection
products are poly(vinylphenol), phenol, and acetaldehyde. Since phenol is not
volatile under the lithographic conditions, the only mass loss as the result of
deprotection is acetaldehyde, which is about 17% of the total mass of the
polymer. Phenol molecules are evenly blended in poly(vinylphenol) film after the
pendant protection group is cleaved and therefore, film loss of the system is
greatly limited.

In addition, the phenoxy group, as a part of the protection group, is virtually
a masked promoter. After the cleavage reaction, the deprotected compound,
phenol from the phenoxy group, acts as a dissolution promoter since it is very
soluble in aqueous base solutions. As the result, the sensitivity of the system
should be improved.

Ph;s* sm-*,
Y + cHscHOA
fo——————

Masked Dissolution Promotor
Scheme 2. Imaging Reaction for Poly[4(1-phenoxyethoxy)styrene]
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Acid-catalyzed Deprotection: FT-IR and NMR Studies

Before imaging tests were carried out, the acid-catalyzed cleavage of the
protected polymers was studied using FT-IR. In a typical experiment for solid-
state photolysis studies, a solution of poly[4-(1-phenoxyethoxy)-styrene] contain-
ing 5 wt% of a photoacid generator, triphenylsulfonium hexafluoroantimonate,
was spun on a NaCl pallet. A FT-IR spectrum was recorded as shown on the top
of Figure 2. After the film was exposed to deep UV radiation and baked at 110
°C for 2 minutes, a FT-IR spectrum ( the bottom of Figure 2) showed that the
cleavage reaction had resulted in disappearance of the acetal structure on the
polymer. From these spectra, it is seen clearly that the alkyl-oxygen streching
band of the acetal at about 1060 cm™! disappeared after the cleavage while
formation of several new bands corresponding to the hydroxy groups could be
observed: the phenolic O-H streching band at about 3370 cm ™! and deformation
band at 1380 cm™.

Further study of the acid-catalyzed deprotection was carried out using NMR
spectroscopy. In stead of using a solid-state film, a solution of poly[4-(1-pheno-
xyethoxy)styrene] in deuterated DMF was chosen to conduct the study. The
reason to use DMF as the solvent was because both protected and deprotected
polymers were soluble in DMF. After a trace of triflic acid was introduced into
the polymer solution in a NMR tube and heated, gaseous molecules evolved
from the solution, which were believed to be acetaldehyde. The solution was
further heated at 110 °C for 2 minutes and by then gas evolution stopped. After
cooling to room temperature, a proton NMR spectrum was taken, which is
shown in Figure 3.

Compared to the NMR spectrum of the protected polymer (top, Figure 1),
the chemical shifts of both CH; and CH of the acetal group disappeared
completely after the deprotection as the result of evolving gaseous acetaldehyde.
The new spectrum, Figure 3, showed a mixture of two components: broad
chemical shifts for poly(vinylphenol) and two sets of sharp aromatic peaks for
small molecular phenol. As expected, phenol remained with poly(vinylphenol)
because it was not volatile under out experimental conditions.

Photolysis experiments carried out with thin films gave essentially same
results as those with solution NMR study. 1H NMR spectrum of a reaction
mixture after irradiation of a resist film provided evidence supporting our
proposed imaging mechanism that only mass loss from the deprotection was
acetaldehyde.

Imaging Experiments

The imaging tests were carried out using triphenylsulfonium hexafluoroanti-
monate or an organic compound developed in our laboratory as photoacid
generators. The resists were formulated in either diglyme or PM acetate contain-
ing 3-8 wt% of photoacid generators and a small amount of a surfactant. After
spin-coating onto a silicon wafer to 1mm thickness and solf-baking at 90 °C for 2
minutes, the wafer was exposed to UV radiation at 254nm through a mask in a
contact printing process and a visible (latent) image was seen. After post-baked
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Figure 3. '"H NMR Spectrum of Acid-catalyzed Cleavage of Poly[4-(1-pheno-
xyethoxy)styrene]; Solution in DMF with Triflic Acid and Heated at 110 °C for 2
Minutes.
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at 90-110 °C for 2 minutes and developed using dilute tetramethylammonium
hydroxide solution or a commercial aqueous base developer, KTI 934, a positive
image was resolved. Both resists formulated with poly[4-(1-methoxyethoxy)
styrene] and poly[4-(1-phenoxyethoxy)styrene] had similar lithographic perfor- -
mances in terms of their resolution. However, resists formulated with poly[4-(1-
phenoxyethoxy)styrene] demonstrated improved sensitivity.

The system had a sensitivity better than 15 mJ/cm?2 and also good contrast.
Non-swelling during development as the result of a large change of polarity of
the polymers due to the acid-catalyzed deprotection contributed greatly to
overall high quality of the imaging process. It is worthwhile to point out that the
resist with poly[4-(1-phenoxyethoxy)-styrene] had very limited film loss as the
result of the novel design of the polymer. Figure 4 shows a scanning electron
micrograph of a positive image with 0.45 mm line/space obtained by the
acid-catalyzed cleavage of the acetal-protected poly(vinylphenol).

CONCLUSIONS

This study has demonstrated that excellent photoresist materials incorporating
chemical amplification can be obtained using polymers operating on the basis of
acetal chemistry. A variety of acetal groups are available for designing novel

Figure 4. Scanning Electron Micrograph of Positive Image of the Acetal-pro-
tected Poly(vinylphenol); 15 mJ/cm? of 254 nm Radiation and Baked at 95 °C
for 2 Minutes.
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resist materials to satisfy different requirements, for instance, the carefully
designed chemistry in poly{4-(1-phenoxyethoxy)styrene] can greatly limit film loss
and improve sensitivity. The concept of using a masked dissolution promoter as a
part of protection group can be further extended to other polymers besides
poly(vinylphenol) or to new designs for dissolution inhibitors.
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Chapter 4

Novel Analytic Method of Photoinduced Acid
Generation and Evidence of Photosensitization
via Matrix Resin

N. Takeyama, Y. Ueda, T. Kusumoto, H. Ueki, and M. Hanabata

Sumitomo Chemical Company, Ltd., Osaka Research Laboratory, 3—1-98,
Kasugadenaka, Konohana-ku, Osaka City, Osaka 554, Japan

A novel analytic method of photoinduced acid generation was developed by
which the relative efficiency of photoinduced acid generation can be easily
determined. For one halogenated photoacid generator, a photosensitization
mechanism via matrix resin was suggested.

Recently chemical amplification type photoresists have been developed. In the
present paper, we described a novel analytic method of photoacid generation.
This method is very simple and useful for investigation of photoacid generators.

EXPERIMENTAL
Materials

In this study, we chose a typical negative type chemically amplified resist (1),
which consists of three components, i.e. polyhydroxystyrene (PHS), photoacid
generator (PAG) and a crosslinker (Figure 1). Poly(4-hydroxy)styrene (PHS) was
a commercial sample (MARUKA LYNCUR-M;Mw = 4150) from MARUZEN
PETROCHEMICAL CO., LTD. Isocyanuric acid tris(2,3-dibromopropylester
(TBD) and 2-phenylsulfonylacetophenone (PSAP) were purchased from TOKYO
KASEI KOGYO CO., LTD. and used without purification. Trichloromethyl-s-
triazine (TCT) was purchased from MIDORI KAGAKU CO., LTD. and used
without purification. Hexamethoxy methyl melamine (HMM) was synthesized
according to the literature procedure (2) and purified by column chromatogra-

phy.
Measurements

The equipment used in detecting photogenerated acic is shown schemati-
cally in Figure 2. The generated acid was detected by the conduct meter (TOA
DENPA KOGYO CO., LTD. ; Cell No. CG-201PL; Cell Const.= 1.005). A

0097—6156/94/0537—0053306.00/0
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dimethyl carbitol solution of the resist components was dropped in the water
(the resistance greater than 10 MW). A thin film containing resin and PAG, was
formed on the water surface after solvent evaporation. The acid formed after
UV irradiation moved to the water phase rapidly, resulting in an increase in
conductivity.

In this study, the film thickness (~2 mm) was controlled by the concentra-
tion of the sample solution, and was uniform. The film was placed on a glass
slide and its tickness determinened.by Nanospec. The acidic species in the water
phase were confirmed by ion chromatography.

RESULTS AND DISCUSSION
(a) PSAP

PSAP absorbs between 200 and 300 nm (Figure 3); on irradiation, benzene
sulfonic acid is generated. For a film of PSAP about 0.5 mm thick (white points
in Figure 4), photoacid generation increased with increasing irradiation time.
However in the case of a PHS film containing 5 wt% PSAP, acid generation
decreased in comparison with the single PSAP film (black points in Figure 4).
We attribute this difference to the strong absorption band of PHS hindering
light absorption by PSAP. As expected, PHS did not produce acidic species on
irradiation.

(b) TCT

TCT has a small absorption band centered at approximately 275 nm (Figure
3). On irradiation of TCT, HCI generation occured, both with and without the
PHS matrix. The PHS matrix caused a strong increase in photoacid generation
(Figure 5). The amount of TCT was the same in each film. The film thickness of
the single TCT film was about 0.5 mm.

(¢) TBI

TBI does not absorb as wavelength gerater than 250 nm. Consequently,
there was no HBr production from the single TBI film. However, in a film
containing TBI, HBR was generated (Figures 3 and 6).

(d) TBI in a PMMA matrix

PMMA does not absorb at wavelength above 230 nm, so PMMA seemed to
be a neutral matrix for this test. In a PMMA film containing only TBI, there was
no HBr production. However, HBr generation increased in matrices with in-
creasing PHS content (Figure 7), i.e. the presence of PHS led to photoinduced
acid generation.

(e) 3 component resist system

In the typical negative type resist containig HMM, TBI and PHS, the initial
rate of HBr production was similar both with and without HMM (Figure 8).
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There was no HBr production from the PMMA film containing TBI and HMM.
HMM did not hinder the photoinduced acid generation.

The mechanisms by which acids are photogenerated from TCT and PSAP
are known (Figure 9). (3, 4) On the other hand, in the case of TBI which has no
absorption band above 250 nm, HBr generation occurs in matrices containing
PHS. We propose a photosensitization of TBI by PHS. During Deep UV
irradiation, molecules of TBI, sensitized by excited PHS molecules, produced
H + Br-. The quantity of HBr is a function of the light intensity, how many
photons are absorbed by PHS, the efficiency of sensitization and the efficiency of
TBI decomposition to generate HBr. This sensitization mechanism does not
seem to be an electron transfer via a charge transfer complex between PHS and
TBI because there was no clear charge transfer absorption band between PHS
and TBI (Figure 10). Photosensitization may occur via a chemical reaction
between excited state PHS and ground state TBI, or a direct electron transfer
from excited PHS to TBI.
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CONCLUSION

A novel analytic method of photoinduced acid generation was developed. This
mehod is limited to noncharged type photoacid generators. The relative effi-
ciency of photoinduced acid generation was easily detected using this method.
And the analytic limitation of this method was 10-7 molar order of H + . In the
photoinduced acid generation mechanism from TBI, aphoto sensitization mecha-
nism via the PHS matrix resin was suggested.
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Chapter 5

Acid-Catalyzed Dehydration

A New Mechanism for Chemically Amplified Lithographic
Imaging

H. Ito, Y. Maekawa!, R. Sooriyakumaran?, and E. A. Mash?

IBM Research Division, Almaden Research Center, 650 Harry Road, San
Jose, CA 95120-6099

New chemical amplification resist systems based on acid-catalyzed dehydration
reactions are described. Intramolecular dehydration of polyl4-(2-hydroxy-2-
propyDstyrene] results in the change of the polarity from a polar to a nonpolar
state, allowing swelling-free negative imaging with alcohol as a developer. The
pendant a-methylstyrenic moieties generated by dehydration further undergo
dimerization, resulting in concomitant crosslinking, which disallows positive
imaging. The ftertiary-alcohol resist provides an extremely high sensitivity.
Polystyrene with a pendant secondary alcohol group has been also prepared
and evaluated as a resist material. Its unexpectedly high sensitivity is a result
of crosslinking through ether linkage produced via intermolecular dehydra-
tion. The O-alkylation product is then converted to a linear dimer of styrene.
Lithographic evaluations and mechanistic studies are presented.

Chemical amplification (I) based on radiation-induced acidolysis is a very
attractive approach to dramatically increasing radiation sensitivities of resist
systems for use in short wavelength lithographic technologies (deep UV < 300
nm, electron beams, and x-ray radiations). Acid-catalyzed deprotection (de-
esterification) of polymer pendant groups to change a polarity of repeat units
and the solubility of polymer has been successfully employed in the design of the
tBOC dual tone resist (2), which allowed manufacture of 1-megabit dynamic
random access memory devices by deep UV lithography (3). The polarity change
from a nonpolar to a polar state as embodied in the tBOC resist provides
positive imaging with aqueous base or alcohol or swelling-free negative imaging
with nonpolar organic solvents (Scheme I). Such an acid-catalyzed deprotection
mechanism to photochemically generate a base-soluble functionality has at-
tracted a great deal of attention and is currently pursued by many research
groups for the design of aqueous base developable, positive resist systems for
replacement of novolac/diazoquinone resists (4).

A polarity reversal has been also utilized in the chemical amplification
scheme (Scheme I). One such system employs thermal deesterification and
acid-catalyzed rearrangement of poly(2-cyclopropyl-2-propyl 4-vinylbenzoate)(5).

ICurrent address: Department of Chemistry, University of Wisconsin, Madison, WI 53706

2Current address: IBM General Technology Division, East Fishkill Facilities, Hopewell
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We have been also interested in inducing a reverse polarity change from a
polar to a nonpolar state for lithographic imaging (Scheme I) and reported that
pinacol rearrangement, which is acid-catalyzed, of pendant vic-diol to ketone
(Scheme 1II) cleanly and facilely occurs in polymeric films (6, 7). Pinacol
rearrangement of small vic-diols to ketones or aldehydes in phenolic resins
provides aqueous base developable, negative, chemical amplification resists with
high sensitivity and high resolution (6~8). Other examples of the reverse polarity
change that have been reported include photochemical transformation of pyri-
dinium ylides to 1,2-diazepines (9), acid-catalyzed condensation of dissolution-
promoting silanol to dissolution-inhibiting siloxane in a novolac resin (10),
photochemically-induced partial etherification and esterification of poly(4-hy-
droxystyrene) (11-13). We believe that polarity alteration through clean struc-
tural transformation could offer high resist contrasts, swelling-free development
in a negative mode, and some versatile applications. Therefore, we have contin-
ued to exploit the reverse polarity change in the resist design and report in this
paper sensitive resist systems based on acid-catalyzed dehydration of pendant
alcohol to olefin (Scheme III) as well as a different pathway in dehydration of
pendant secondary alcohol.

EXPERIMENTAL
Materials

4-(2-Hydroxy-2-propyl)styrene [4-vinylphenyl dimethyl carbinol, a,a-
dimethyl(4-viny)benzyl alcohol] and 4-(1-hydroxyethylstyrene [4-vinylphenyl
methyl carbinol, a-methyl(4-vinyl)benzyl alcohol] were synthesized according to
Scheme IV by reacting 4-vinylphenylmagnesium chloride with acetone and
acetaldehyde, respectively, purified by column chromatography, and subjected to
radical polymerization with benzoyl peroxide (BPO) or 2,2-azobis(isobutyroni-
trile) (AIBN) in tetrahydrofuran (THF) at 60 °C. The monomer (I4) and
polymer syntheses (15, 16) can be found in the literature. In our polymerizations
the monomer concentration was kept low (6 mL THF/g monomer) and the
conversions were also kept relatively low (~70 %) to avoid gelation. The
unreacted monomers were removed by column chromatography and the poly-
mers were purified by precipitation in water. Simple precipitation procedures
alone did not remove the unreacted monomers.

Triphenylsulfonium hexafluoroantimonate and trifluoromethanesulfonate
(triflate) employed as deep UV acid generators in our formulations were
synthesized according to the literature (17, 18). Propylene glycol monomethyl
ether acetate and cyclohexanone were used as our casting solvents.

Lithographic Evaluation and Imaging

Resist films were spin-cast onto Si wafers for imaging experiments, NaCl
plates for IR studies, and quartz discs for UV measurements and then baked at
80-130 °C for 2 min. The deep UV exposure systems employed in these studies
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1. polarity change : nonpolar — polar

2. polarity reversal : nonpolar — less polar
more polar

3. reverse polarity change : polar — nonpolar

Scheme I. Three modes of polarity alteration.

—CH—CHy— —CHy—CH)—
H@
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Scheme II. Pinacol rearrangement of polymeric vic-diol.
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Scheme III. Acid-catalyzed intramolecular dehydration.
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were an Optical Associate, Inc. apparatus and a Ultratech X-248E 1x stepper.
The developer solvent for negative imaging was isopropanol (IPA).

Measurements

Molecular weight determination was made by gel permeation chromatogra-
phy (GPC) using a Waters Model 150 chromatograph equipped with 6 uStyragel
columns at 30 °C in THF. Thermal analyses were performed on a Du Pont 910 at
10 °C/min for differential scanning calorimetry (DSC) and on a Perkin Elmer
TGS-2 at a heating rate of 5 °C/min for thermogravimetric analysis (TGA)
under nitrogen atmosphere. IR spectra of the resist films were obtained with an
IBM IR /32 FT spectrometer using 1-mm thick NaCl discs as substrates. UV
spectra were recorded on a Hewlett-Packard Model 8450A UV /VIS spectrome-
ter using thin films cast on quartz plates. NMR spectra were obtained on an
IBM Instrument NR-250/AF spectrometer. Film thickness was measured on a
Tencor alphastep 200.

RESULTS AND DISCUSSION
Polymer Syntheses and Characterization

The preparation and polymerization of the styrenes bearing the tertiary (15)
and secondary (16) alcohol structures have been reported in the literature.
Fréchet incorporated the fertiary alcohol structure into polystyrene by Friedel-
Crafts acetylation followed by a Grignard reaction (19). The tertiary alcohol was
then acetylated and used as the site for living cationic graft polymerization of
isobutene (19). The same author also reported synthesis of the tertiary alcohol
monomer by the same method as ours and described preparation of polymers of
styrenes bearing pendant tertiary reactive sites and their use as rubbers, coatings,
and lubricants in his recent U. S. Patent (20). When the polymerizations of these
monomers are run at high monomer concentrations and/or to high conversions,
the reaction mixtures tend to gel presumably due to chain transfer reactions.
However, low monomer concentrations (~6 mL THF /g monomer) and medium
conversions (~70 %) provided good, soluble polymers (M, = 17,000-23,000,
M,, = 33,000-40,000, and M /M = 1.7-2.0).

NMR spectra of the alcohol polymers in THF-dg are presented in Figures 1
("H) and 2 (*C). The strong absorptions at ca. 1.4 ppm are due to the pendant
methyl groups and the resonances near the upper field THF absorption (1.5-2.0
ppm) due to the backbone methylene and methine protons. The aromatic
protons resonate between 6.3 and 7.2 ppm. The proton resonance at 4.3 ppm in
Figure 1a can be assigned to the hydroxyl group of the fertiary alcohol. The two
proton resonances at ca. 4.5 ppm in Figure 1b are due to the hydroxyl and
methine groups of the secondary alcohol moiety. *C NMR spectra of the
polymers presented in Figure 2 are straightforward, indicating that the polysty-
renes with the pendant alcohol groups made by radical polymerization are free
of foreign structures and the unreacted monomers (after column chromato-
graphy).

The tertiary and secondary alcohol polymers exhibit their glass transitions at
141 °C (M, = 16,800 and M, = 32,500) and at 135 °C (M, = 20,000 and
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Figure 1. 250 MHz 'H NMR spectra of polystyrene bearing pendant tertiary (a)
and secondary alcohol (b) in THF-d,.
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Figure 2. 62.9 MHz >*C NMR spectra of polystyrene bearing pendant tertiary (a)
and secondary alcohol (b) in THF-d.
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M, = 36,100), respectively, according to DSC analyses. TGA curves of the
alcohol polymers are presented in Figure 3. The polymer powders were first
heated to 100 °C on a TGA apparatus to remove absorbed water, cooled to room
temperature, and then heated in a normal fashion to investigate thermal events.
Whereas the secondary alcohol exhibits only a gradual weight loss between 300
and 400 °C, followed by main chain scission, the tertiary alcohol polymer
undergoes a sharp weight loss of 11 % at ca. 200 °C, which corresponds to a
quantitative loss of water. However, although formation of olefinic double bonds
in the heated tertiary alcohol polymer was detected by IR spectroscopy (21), the
thermal dehydration appears to be significantly affected by moisture. A fertiary
alcohol sample further dried in vacuo at 100 °C for 1 hr did not exhibit any
distinct sharp weight loss below 370 °C. Thus, the thermal dehydration of the
tertiary alcohol seems to be a complex phenomenon and is currently under
investigation.

Tertiary Alcohol System

We formulated a resist by mixing our very first tertiary alcohol polymer
(M, = 7,700 and M, = 11,500) with 4.75 wt% of triphenylsulfonium hexafluo-
roantimonate, which was subjected to preliminary lithographic evaluation. A
deep UV sensitivity curve is presented in Figure 4 for this formulation. The
resist provided a high contrast (y > 6) and an extremely high sensitivity with a
0.79-um-thick film becoming completely insoluble in IPA at < 0.1 mJ/cm? of
254 nm radiation. The resist was imaged using an Ultratech 248 nm 1x stepper.
Under our processing conditions, however, the resist was very much overexposed
even at 0.4 mJ/cm?, which is the lowest dose the stepper can provide. Although
small features were fused due to overexposure, Figure 5 demonstrates good
printability of the resist. The undercut profile resulted from the high optical
density (OD) of the resist film (OD = 0.72/um at 248 nm). The polymer itself
had a high UV absorption (OD = 0.55/um at 248 nm) due to the effect of the
benzoyl end group derived from BPO on the UV absorption of low molecular
weight polymers (M, = 7,700) in this case (22) and also due to contamination
with the unreacted monomer (no column chromatography performed).

The good preliminary results encouraged us to continue to work on the
tertiary alcohol resist. We prepared a polymer with higher molecular weights
(M, = 16,800 and M,, = 32,500) using AIBN as the initiator and purified the
polymer by column chromatography to remove the unreacted monomer. The use
of AIBN in preparation of low molecular weight polymers results in reduction of
sensitivity due to the poisoning effect of the CN group attached to the polymer
end (22). The destructive CN effect was relatively minor in this case due to
relatively high molecular weights of the polymer and could be accepted because
the sensitivity of the resist was excessively high. In order to further reduce the
sensitivity to a workable range, we decreased the concentration of the acid
generator from 4.75 to 1.5 wt%. At the same time we replaced hexafluoroanti-
monate with non-metallic triflate.

In Figure 6 are presented IR spectra of the tertiary alcohol resist containing
1.5 wt% of triphenylsulfonium triflate before and after UV exposure. The film
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Figure 3. TGA curves of polystyrene with pendant fertiary and secondary alcohol
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Figure 5. Scanning electron micrograph of negative images projection-printed at
0.4 mJ/cm? of 248 nm radiation in preliminary ferfiary alcohol resist containing
4.75 wt% Ph,S* "~ SbF;.
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Figure 6. IR spectra of fertiary alcohol resist before and after deep UV
exposure.
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baked at 100 °C for 2 min exhibits a strong OH absorption at 3500 cm~' (Figure
6a), which completely disappears upon exposure to 2.5 mJ/cm® of 254 nm
radiation followed by postbake at 130 °C for 2 min (Figure 6b), indicating that
the acid-catalyzed dehydration of the tertiary alcohol is very facile. The appear-
ance of a new sharp peak at ca. 1627 cm™' suggests generation of conjugated
olefinic double bonds, which is accompanied by a strong absorption at 886 cm™!
characteristic to a vinylidene structure. Thus, the IR studies suggest that the
tertiary alcohol undergoes acid-catalyzed dehydration to an a-methylstyrene
structure as shown in Scheme III and that the olefinic double bond of a-methyl-
styrene does not enter into cationic polymerization appreciably. As the loss of
water does not occur at 130 °C in the absence of acid, the dehydration reaction
observed upon postbake is acid-catalyzed.

The formation of the conjugated structure is also suggested by UV spectro-
scopic studies. In Figure 7 are presented UV spectra of a 0.92-um-thick film of
the tertiary alcohol resist containing 1.5 wt% of triphenylsulfonium triflate
before and after 254 nm exposure. The resist film is highly transparent in the 250
nm region with an OD of 0.254/um at 248 nm (OD of the polymer itself is
0.184/pm at 248 nm). Postbaking the film at 130 °C for 2 min after exposure to
1.0 mJ/cm? of 254 nm radiation resulted in a dramatic increase in its UV
absorption with its OD reaching 2.5, which indicated that the resist was highly
sensitive and that the acidolysis product had a conjugated structure.

Deep UV sensitivity curves of the tertiary alcohol resist (ca. 1.0 wm thick)
containing 1.5 wt% of triphenylsulfonium triflate are presented in Figure 8. The
resist film was prebaked at 100 °C, exposed to 254 nm radiation, and postbaked
at 100 °C for 2 min. The film thickness was measured after postbake (A) and
after development with IPA for 1 min (-). The exposed area begins to lose its
thickness at ~0.5 mJ/cm? upon postbake and the maximum shrinkage is
attained at about 0.6 mJ/cm?, which corresponds to the quantitative loss of
water (11 %). The small shrinkage associated with the dehydration chemistry
may be advantageous over the large thickness loss typically observed in deprotec-
tion chemistries (the tBOC resist could lose as much as 45 % of its thickness
upon postbake). The exposed film begins to become insoluble in IPA at ca. 0.5
mJ/cm? and full retention of its thickness is achieved at 0.6 mJ /cm? with a high
v of 8.7. The resist is still very sensitive even at a low sulfonium salt loading of
1.5 wt%. In Figure 9 is presented a scanning electron micrograph of negative
1-um line/space patterns contact printed in the fertiary alcohol resist at 3.4
mlJ /cm?. Bake temperatures were 80 °C and development was performed for 1
min in IPA. In spite of the high sensitivity, the resist solution is stable at room
temperatures for at least 6 months.

The reverse polarity change from a polar alcohol to a greasy olefin (Scheme
IID) thus allows negative imaging with use of a polar alcohol as a developer.
However, positive-tone imaging with xylenes as a developer was unsuccessful,
suggesting concomitant crosslinking involving the a-methylstyrene structure. A
small amount of crosslinking, which may not be detected by IR and UV
spectroscopies, could render the exposed regions insoluble. The tertiary alcohol
resist began to become soluble in xylenes at ca. 1 mJ/cm? and lost ca. 60 % of
its thickness in the exposed regions upon development with xylenes at 2-5
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Figure 7. UV spectra of tertiary alcohol resist before and after deep UV
exposure.
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Figure 9. Scanning electron micrograph of negative images contact-printed at
3.4 mJ/cm? in tertiary alcohol resist containing 1.5 wt% Ph,S*~OTf.

In Polymers for Microelectronics, Thompson, L., et al ;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1994-0537.ch005

July 21, 2012 | http://pubs.acs.org

5. ITO ET AL. Acid-Catalyzed Dehydration 77

mJ /cm? and then the fraction insoluble in xylenes increased slightly to ca. 55 %
when the exposure dose was raised to 9 mJ/cm?.

In order to further investigate the imaging mechanism and side reactions,
we followed model reactions in solution with NMR and isolated and identified
model products in some cases. The results are summarized in Scheme V. When
the tertiary alcohol polymer was treated with trifluoromethanesulfonic acid
(triflic acid, TFOH) in methanol at room temperature, a methyl ether was the
sole product as the *C NMR spectra in acetone-d4 in Figure 10 indicate. When
CDCl, was used as the solvent for the reaction of the tertiary alcohol polymer
with triflic acid, "H NMR indicated predominant formation of polystyrene with a
p-isopropenyl group (ca. 67 % at room temperature after ca. 1 hr) without any
precipitation. The solution became slightly cloudy and the olefin proton reso-
nances decreased in intensity upon standing at room temperature for 1 day,
suggesting some crosslinking. The benzylic tertiary carbocation generated by
dehydration exclusively reacts with the solvent methanol or undergoes in CDCl,
B-proton elimination to form a-methylstyrene. The fertiary alcohol is consumed
rapidly and a-methylstyrene is the predominant product (61 %) at an early stage
(2 hrs) as the 'H NMR spectra in Figure 11 indicate. A set of resonances
centered at 5.3 ppm and a strong signal at 2.2 ppm in Figure 11b are due to
a-methylstyrene. Although the spectrum of the mixture (Figure 11b) looks very
complex, the rest of the resonances can be all assigned to a-methylstyrene
dimers, which are produced by reaction of the carbocation onto the B-carbon of
a-methylstyrene followed by B-proton elimination (linear dimers) and by elec-
trophilic aromatic substitution of the dimeric carbocation onto the penultimate
benzene ring (cyclic dimer, indane) (Scheme V). A second set of resonances
centered at 5 ppm is due to the vinylidene protons, the singlet at 2.9 ppm to the
methylene protons, and the singlet at 1.3 ppm to the methyl protons of the linear
dimer with an external double bond, which amounted to 14 % after 2 hrs. The
second linear dimer bearing a trisubstituted olefin structure exhibits its olefinic
proton resonance at 6.2 ppm (very small in Figure 11b) and its methyl reso-
nances at 1.6 ppm and was a very minor product (1 % after 2 hrs). The second
major product observed after 2 hrs was the cyclic dimer (24 %), as evidenced by
relatively strong methyl proton resonances at 1.8, 1.4, and 1.1 ppm and an AB
quartet centered at 2.4 ppm due to the magnetically non-equivalent methylene
protons of the indane ring. The product distribution simply changed without
generating new structures upon standing, according to NMR analyses, as summa-
rized in Scheme V. a-Methylstyrene was consumed (from 61 % after 2 hrs to 39
% after 5 hrs) and converted to the dimers upon standing. The linear dimer with
the trisubstituted olefin structure was still a minor product (6 %) after 5 hrs. The
other linear dimer and the cyclic dimer amounted to 27-28 % each after 5 hrs.
The cyclic dimer was isolated by column chromatography from a similar but
separate experiment and subjected to NMR analyses. Thus, a-methylstyrene is
the major product in the acid-catalyzed dehydration of a,a-dimethylbenzyl
alcohol but can undergo further reactions to linear and cyclic dimers. In contrast
to the solution acidolysis at room temperature, however, treatment of the rertiary
alcohol with triflic acid at 100 °C for 2 min in bulk, which mimics the postbake
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Figure 10. 62.9 MHz *C NMR spectra of fertiary alcohol polymer (a) and a
polymer produced by treatment with triflic acid in methanol (b) in acetone-dg
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Figure 11. 250 MHz 'H NMR spectra of dimethylbenzyl alcohol before and
after addition of triflic acid at room temperature in CDCl,.
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conditions of the resist more closely, produced a-methylstyrene almost exclu-
sively (90 %).

It is therefore concluded based on the spectroscopic studies that the fertiary
alcohol polymer undergoes acid-catalyzed intramolecular dehydration to form an
a-methylstyrene structure and that this reverse polarity change from a polar to a
nonpolar state is primarily responsible for the negative imaging. However,
crosslinking via dimerization through the a-methylstyrene structure may con-
tribute to the negative imaging mechanism and disallow positive-tone imaging.

Secondary Alcohol System

A secondary carbocation is significantly less stable than a tertiary carboca-
tion. However, encouraged by an extremely high sensitivity exerted by the tertiary
alcohol resist, we decided to investigate a corresponding secondary alcohol
polymer, which we expected to offer a decent sensitivity. Deep UV sensitivity
curves of the secondary alcohol resist (1 wm thick) containing 1.5 wt% of
triphenylsulfonium triflate are presented in Figure 12. The film was prebaked at
100 °C for 2 min, exposed to 254 nm radiation, and postbaked at 100 °C for 2
min. The film thickness was measured after postbake (A) and after development
with IPA (). In contrast to the tertiary alcohol system, no thickness loss was
observed upon postbake below 3 mJ /cm?. However, the resist became insoluble
in IPA at a low dose of 1 mJ/cm? and the 100 % thickness retention was
achieved at ~1.2 mJ/cm? with a high y of 6.8. Thus, the secondary alcohol
resist is only slightly less sensitive than the tertiary counterpart. In Figure 13 is
presented a scanning electron micrograph of negative images contact-printed at
3.6 mJ/cm? in a 1.0-pwm-thick film of the secondary alcohol resist containing 1.5
wt% of triphenylsulfonium triflate. The prebake and postbake temperatures
were 80 °C and IPA was used as the developer.

In contrast to the tertiary alcohol system, however, IR measurements did not
detect any significant spectral changes at the imaging dose, which was consistent
with observation of no shrinkage on postbake. An IR spectrum of the resist film
exposed to a very high dose of 20 mJ/cm? and postbaked at 130 °C for 2 min is
presented in Figure 14 together with a spectrum of a prebaked film. The
absorptions at 1700-1800 cm~! are due to a residual casting solvent (cyclo-
hexanone free and hydrogen-bonded with the polymer). Although shrinkage of
the OH absorption and appearance of a conjugated olefinic double bond (at
1630 cm™!) are clearly observed, the dehydration reaction is only partial even at
the very high dose. The resist film, initially very transparent with an OD of
0.266/um at 248 nm, became intensely opaque upon postbake after exposure to
3 mJ/cm?. It is not clear at the moment whether or not only a small amount of
conjugated structures could cause such a large increase in the UV absorption.

The secondary alcohol system provides an unexpectedly high resist sensitiv-
ity although the degree of expected dehydration is very small. In order to
elucidate the imaging mechanism, we carried out model reactions in solution and
analyzed the products by NMR. When a-methylbenzyl alcohol was treated with
triflic acid in CDCl, at room temperature for 1 hr, the alcohol was completely
consumed and almost quantitatively converted to an enantiomeric mixture of
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di( a-methylbenzyl) ether through intermolecular dehydration as the 'H NMR
spectra in Figure 15 demonstrate. Styrene and its oligomers were also observed
in a minute amount. In a separate experiment the ether dimer was isolated by
column chromatography, a ®C NMR spectrum of which is exhibited in Figure
16a. Heating the reaction mixture at 60 °C for 30 min resulted in conversion of
the ether dimer to monomeric and dimeric styrenes (Figure 15b). It is interesting
to note that one of the enantiomers is consumed faster than the other. Two sets
of quartets centered at ca. 5.6 and 6.75 ppm are due to the 8- and a-protons of
styrene. Thus, in contrast to the rapid intramolecular dehydration of the tertiary
alcohol to form a-methylstyrene, the secondary alcohol initially undergoes
acid-catalyzed intermolecular dehydration to an ether dimer, which then splits
off styrene under more harsh conditions (Scheme VI). Upon further standing at
60 °C for 1 day, the ether dimer was destroyed nearly completely and the styrene
monomer was also completely consumed as Figure 15c indicates. The final
product shown in Figure 15c has been confirmed to be a linear dimer of styrene
(Scheme VI), 3C NMR spectrum of which is presented in Figure 16b along with
the spectrum of the ether dimer. Very small amounts of a cyclic dimer (indane)
and oligomers were produced as well. Acid-catalyzed dimerization of substituted
styrenes has been extensively studied by Higashimura et al. (23-25) and they
showed that oxo acids or their derivatives including triflic acid produced effi-
ciently and selectively linear unsaturated dimers in nonpolar solvents at a high
temperature (70 °C), which supports our result.

It is concluded that the negative imaging of the secondary alcohol resist is
primarily based on crosslinking through ether linkage produced via intermolec-
ular dehydration. A further reaction to form the linear unsaturated dimer
structure could also contribute to crosslinking. Thus, since the intermolecular
dehydration to form the ether dimer and further reactions to styrenic dimers are
not significant at the imaging dose, the reverse polarity change plays only a small
role in the imaging of the secondary alcohol resist system, and therefore the
resist seems to suffer from swelling during development.

SUMMARY

1. Acid-catalyzed intramolecular dehydration of a pendant tertiary alcohol struc-
ture to an olefinic structure occurs very efficiently and quantitatively in the
solid polymer film, which results in a reverse polarity change from a polar to a
nonpolar state, allowing highly sensitive negative imaging with alcohol as a
developer.

2. The a-methylstyrene structure produced in the exposed region through in-
tramolecular dehydration of the tertiary alcohol polymer could further un-
dergo acid-catalyzed dimerization to linear unsaturated dimes and a cyclic
dimer, which would result in minor crosslinking and could contribute to
negative imaging, disallowing positive imaging.

3. The corresponding secondary alcohol resist system provides an unexpectedly
high sensitivity while acid-catalyzed dehydration in the polymer film is slow,
which is due to crosslinking through ether linkage produced via intermolecu-
lar dehydration.

4. The ether dimer could further react with acid to split styrene, which dimerizes
to a linear unsaturated dimer.
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Figure 15. 250 MHz 'H NMR spectra of methylbenzyl alcohol treated with
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Figure 16. 62.9 MHz *C NMR spectra of enantiomeric mixture of ether dimer
isolated (a) and linear unsaturated styrene dimer (b) in CDCl,.
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Thus, the imaging mechanisms for the tertiary and secondary alcohol systems
are much different. The former is based on the reverse polarity change
induced by intramolecular dehydration and the latter relies on crosslinking
through intermolecular dehydration.
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Chapter 6

An Alkaline-Developable Positive Resist Based
on Silylated Polyhydroxystyreme for KrF
Excimer Laser Lithography

Eiichi Kobayashi, Makoto Murata, Mikio Yamachika, Yasutaka Kobayashi,
Yoshiji Yumoto, and Takao Miura

Japan Synthetic Rubber Company, Ltd., 100 Kawajiri-cho, Yokkaichi-shi,
Mie 510, Japan

A chemically amplified, positive-working resist system based on silylated
polyhydroxystyrene has shown its capability for application to quarter micron
lithography. The present paper describes the recent improvement in the resist
performance achieved through studies on polymer characteristics and process
conditions. Possible measures to suppress a peculiar problem of positive-work-
ing chemical amplification systems, i.e., formation of T-shaped profile, is also
presented. Although the development s still on the way, the silylated polyhy-
droxystyrene based resist system shows excellent properties on resolution
capability, sensitivity and process latitude.

KrF excimer laser lithography is one of the most promising technologies for
production of devices with sub-half micron design rule owing to its theoretical
capability in resolution (7). Chemical amplification (CA) technique, which can
reduce the energy required for imaging, seems to be effective to achieve the
desirable through-put against the relatively weak photointensity of the laser (2).
Thus, many CA type resist systems have been proposed and extensively investi-
gated since 1983 (3-5). We also have been investigating a CA type positive-
working resist system which is based on silylated polyhydroxystyrene (SiPHS) and
photoacid generator (PAG) (6, 7). Figure 1 shows the CA scheme of the SiPHS
resist system. Upon exposure a PAG releases an acid, and catalytic cleavage of
the protecting silyl groups takes place. This catalytic mechanism contributes to
raise the resist sensitivity beyond the limitation of quantum yield. We chose the
trimethylsilyl group as the protecting silyl group because it was found to leave
rapidly under acidic environment even at room temperature and was quite stable
under neutral dry condition (8). The deprotection at room temperature is
advantageous for the resist because its sensitivity does not depend much on
post-exposure bake (PEB) temperature. Lithographic images can be obtained
with a low temperature PEB treatment or even without PEB treatment (9).

On the other hand, several recent papers point out curious profile abnor-
mality for some CA type positive-working resists which prohibits us from

0097—6156/94/0537—0088%06.00/0
© 1994 American Chemical Society

In Polymers for Microelectronics; Thompson, L., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1993.



Publication Date: November 23, 1993 | doi: 10.1021/bk-1994-0537.ch006

July 21, 2012 | http://pubs.acs.org

6. KOBAYASHI ET AL. Alkaline-Developable Positive Resist 89

bringing these resist systems up to practical use; i.e., T-shaped pattern profile
due to formation of surface skin which is insoluble in the developer (10-12). It
seems to be important to acquire superior resist performance to adjust (1)
structure of the protecting silyl group, (2) protecting ratio, what we call the
silylation ratio, of the SiPHS, (3) molecular weight of the SiPHS and (4) process
conditions such as soft bake and PEB temperature. In this paper, presented are
the possible measures for avoiding the T-shaped pattern profile in terms of
polymer characteristics and process conditions.

EXPERIMENTAL
Characterization of SiPHS

Molecular weight of the polymer was determined by Gel Permeation Chro-
matography. A Toso HLC-8020 was employed to measure polystyrene-equivalent
molecular weight.

Protecting degree of polyhydroxystyrene, defined as the silylation ratio
which is the number of the protected hydroxyl groups against all the hydroxyl
groups of the polymer was calculated from 1H-NMR spectrum recorded on a
JEOL EX90A by comparing the area of methyl protons of trimethylsilyl group
with the area of aromatic protons.

Softening point of the polymer was measured on a Mettler FP 800 thermo-
system at a heating rate of 2.5 °C/minute.

Glass transition temperature of the polymer was measured on a Du Pont
model 910 under inert atmosphere at a heating rate of 10 °C/minute.

Measurement of dissolution rate

Dissolution rate of the polyhydroxystyrene films and SiPHS resist films,
spin-coated and soft baked on Si wafers, were determined by using a Perkin-Elmer
Development Rate Monitor (DRM).

Evaluation

A resist solution which consists of SiPHS as the base resin and triphenylsul-
fonium triflate as the photoacid generator was spin-coated on a Si wafer, and
baked for 2 minutes. Lithographic imaging was performed on KrF Excimer Laser
Steppers, Canon FPA-3000EX1 (NA0.45) or NIKON NSR 1755EX8. Then PEB
was applied for 2 minutes, followed by development in a 2.38wt% aqueous
solution of tetramethyl-ammonium hydroxide (TMAH).

RESULTS AND DISCUSSION
Effects of Mw and the silylation ratio

1. Molecular weight (Mw) of polyhydroxystyrene. It is generally important to
maximize the difference in dissolution rate a between the exposed and the
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unexposed regions of a resist films to obtain high lithographic performance.
Thus, polyhydroxystyrene, which is produced upon desilylation reaction, seems to
be favorable to have higher dissolution rate in our resist system. In order to
compare the dissolution behavior of polyhydroxy-styrene polymers varying in
Mw, we have synthesized the polymers whose Mw are ranging from about
2 X 104 to 6 X 104, and have monitored their dissolution behavior as shown in
Figure 2. Unexpectedly, the dissolution rate has been found to be almost
independent of Mw within this Mw range (Similar result was also obtained by
Long et al. (13)). This result suggests that the difference in Mw would not cause
drastic change of resist performance at least in this Mw range. Although further
investigation on Mw influence to lithographic imaging was carried out, no
significant difference was observed as expected.

2. Silylation ratio of the polymer. It is necessary to decide the silylation ratio to
balance the thermal stability with solubility of the resist films. Softening point of
SiPHS polymers are decreased as the silylation ratio increased (as is shown
below).

Silylation ratio of

SiPHS (%) Softening point (°C)
100 120
83 180
70 > 200
30 > 200

From these results, silylation ratio of SiPHS is needed to be less than 70% in
order to ensure sufficient thermal stability. On the other hand, at low silylation
ratio, significant loss of residual film thickness was observed due to high
solubility of the polymer in the TMAH developer. Figure 3 shows the residual
film thickness in the unexposed regions of the resist films based on SiPHS with
various silylation ratio after development. More than 30% of protected hydrox-
ystyrene groups seem to be necessary to keep the loss of film thickness within
10%. Therefore we chose the silylation ratio between 30% and 70% at first
stage. Further investigation was focused on the dissolution behavior of the resist
film. Figure 4 shows the dissolution behavior of the exposed resist films consist-
ing of SiPHS varying in silylation ratio in the TMAH developer. The applied
PEB temperature was 90 °C for 2 minutes. A curious induction period was
observed at the initial stage of development and it became longer as the
silylation ratio increased. This induction indicates that the resist surface is less
soluble than the inside of the resist film, so that the longer induction of the
highly silylated polymer is likely to have relation to the T-shaped profile.
Dissolution rate could be no longer monitored with our DRM system when the
silylation ratio was over 60%.

Prevention of the T-shaped profile

1. Mechanism for surface skin formation. Although the mechanism of surface
skin formation in this system has not been clarified yet, the result of DRM
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Figure 1. Chemical amplification scheme of the silylated polyhydroxystyrene
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Figure 2. Dissolution behavior of polyhydroxy-styrene films in 2.38% aqueous
solution of tetramethylammonium hydroxide.
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measurements suggests that optimization of the silylation ratio is a most effec-
tive method to prevent the surface skin formation. Thus we have further
investigated characteristics of the SiPHS with various silylation ratio from the
view point of glass transition temperature of the polymer. Figure 5 shows the
result of DSC measurements. The two distinctive peaks appeared around 140 °C
and 90 °C can be assigned to Tg of hydroxystyrene blocks and fully protected
silyloxystyrene blocks, respectively. The lower Tg of the polymer is similar to that
of polystyrene. Other peaks appeared between them are probably corresponding
to the Tg of random block structures made up with hydroxystyrene and silylated
hydroxystyrene segments (Figure 6). The peaks around 90 °C are not observed in
the DSC curves for the polymers below the silylation ratio of 40%, while for
more than 50% silylation, transition peak of low Tg segments became greater as
the silylation ratio increased. The appearance of low Tg segments seems to be
well agreed with the appearance of induction period observed in the DRM
measurement. Thus we would like to propose one possible mechanism for
surface skin formation as described below.

The low Tg segments are supposed to soften at 90 °C and thus PAG and/or
photo induced acid seems to be able to move rapidly through those soft
segments in the resist film during soft bake or PEB treatment. The 60 or 70%
silylated resist films show high sensitivities compared with less silylated ones
(Figure 7), so that we assume the induced acid could migrate faster through the
low Tg softened segments and the catalytic chain length of deprotecting reaction
becomes longer in these highly silylated resist films. Besides, Chatterjee et al.
have reported that spin coating of resist depletes PAG concentration at the
resist surface when the PAG has poor solubility in the polymer (14). This
depletion effect can be stronger for the resist with highly silylated polymer
because solubility of PAG is likely to decrease against the silylation ratio. Since
PAG and/or the induced acid could migrate faster through the low Tg softened
segments, PAG depletion towards inside of the resist film seems to be acceler-
ated in a highly silylated resist system. These two factors for the highly silylated
SiPHS, i.e., low compatibility with PAG and low Tg segments would cause the
acid depletion at the resist surface resulting in the aqueous-alkaline insoluble
surface skin layer.

2. Prevention of surface skin formation. The results of DRM and DSC studies
suggest that lowering the silylation ratio can be an effective approach to solve
the surface skin problem, because lowering the ratio makes the induction period
shorter probably due to reduction of the depletion effect and decrease in
softened segments as shown in Figure 4. However, since it is necessary to keep
the silylation ratio above a certain level in order to achieve a high contrast resist,
there should exist some limitation for this approach.

Another factor which decides the polymer condition in the resist is the
baking temperature and it was found that the induction period could also be
controlled by adjusting PEB temperature. Figure 8 shows the characteristic
curves for the 30, 50 and 70% silylated SiPHS based resist films with and without
PEB treatment. Without PEB can be regarded as lowering the PEB tempera-
ture down to room temperature 25 °C. For the 30%-silylated resist, the film
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Figure 5. DSC curves for SiPHS with various silylation ratio.
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Figure 6. Schematic drawing of the structure of SiPHS.
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Figure 7. Dependence of the optimum sensitivity for 0.4 wm line patterning on
the silylation ratio of SiPHS.
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Figure 8. Characteristic curves for SiPHS resists.

gradually lost its thickness as the exposure dose increased, indicating absence of
the insoluble surface in both cases with and without PEB due to the low
silylation ratio. Effect of PEB temperature was typical when the silylation ratio
was 50%. Without PEB was obtained a similar curve to those of 30%-silylated
one, while sudden loss of the film occured in the case of PEB at 90 °C, which was
regarded as the formation of surface inhibition layer. Lowering PEB tempera-
ture was no longer effective for the 70%-silylated resist, resulting in the T-shaped
profile in any case. Figure 9 show<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>