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Foreword

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. Papers are reviewed under
the supervision of the Editors with the assistance of the Series
Advisory Board and are selected to maintain the integrity of the
symposia; however, verbatim reproductions of previously pub-
lished papers are not accepted. Both reviews and reports of
research are acceptable, because symposia may embrace both
types of presentation.
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Preface

THE ELECTRONICS REVOLUTION, WHICH BEGAN with the invention of the
transistor at Bell Telephone Laboratories in 1948, has continued at a
frenetic pace and shows no sign of abating. Polymers have played and
continue to play an integral part in this revolution in a wide variety of
applications. For example, the increasing complexity of microelectronic
circuits has been due in no small measure to improvements in the
lithographic art. Advances in the design and development of polymeric
resists have been pivotal to lithography. Polymers play an enormously
important role in the packaging and interconnection of electronic compo-
nents and find wide use in other applications such as dielectrics. Optical
technology, with its tremendous potential for applications in communica-
tions, memory, and information retrieval, has given impetus to research on
such topics as organic materials (including polymers) for nonlinear optics
and optical fiber coatings.

Definitive advances in polymeric materials pertaining to these many
technological thrusts continue to be made, even in technologies we might
consider to be relatively “mature”, for example, resist materials for
microlithography. Here, new materials and processes will be required in the
not-too-distant future to meet the demands of new and evolving litho-
graphic processes. In some of the relatively recent areas of research, such
as polymers for nonlinear optics, molecular electronics, and conducting
polymers, many fundamental scientific principles are still not fully
understood. Real breakthroughs will be needed to convince skeptics in the
solid-state community of the potential advantages offered by organic
materials in applications currently limited by the properties of conventional
semiconductor materials.

These two powerful forces—the ongoing electronic and photonic
revolution, and the significant potential of polymers to contribute to the
materials needs of that revolution—continue to stimulate chemists to
explore the fundamental, chemically related principles underlying these
technologies. Heightened awareness of research opportunities in these areas
can in turn lead to further advances.

This book has been organized into eight sections, each representing a
specific field. Each section contains an introduction written by the
respective session chairperson of the symposium from which this book was
developed. All session chairs are recognized experts in their fields. We are
indebted to many people and organizations for making the symposium

ix
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possible, especially the session chairs who assembled the technical
presentations and served as coordinators of the reviewing process. We are
particularly grateful to the Petroleum Research Foundation for providing a
substantial grant that allowed several overseas speakers to attend the
symposium. We also acknowledge the generous financial support of the
IBM Corporation, Eastman Kodak Company, AZ Photoproducts Division
of American Hoechst Corporation, Dynachem Division of Morton Thiokol
Corporation, and the Division of Polymeric Materials: Science and
Engineering. We are especially indebted to Lois Damick of Bell Commu-
nications Research who handled most of the administrative aspects in
preparing this volume. Finally, we thank Robin Giroux and the production
staff of the ACS Books Department for their efforts in getting this book
published successfully.

MURRAE J. BOWDEN
Navesink Research and Engineering Center

Bell Communications Research
Red Bank, NJ 07701-7020

S. RICHARD TURNER

Corporate Research Laboratories
Eastman Kodak Company
Rochester, NY 14650

March 26, 1987
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Chapter 1

Development of Radiation Chemistry

G. Arthur Salmon

Cookridge Radiation Research Centre, Cookridge Hospital, University of Leeds,
Leeds, LS16 6QB, United Kingdom

The scientific development of radiation chemistry is
reviewed from the discovery in 1895 of x-rays and
radioactivity by Roentgen and Becquerel through to the
present.

The purpose of this article 1s to review the development of radiation
chemistry which began with the discovery of x-rays by Roentgen(l) in
1895 and shortly afterwards of radioactivity by Becquerel(2), which
in both cases involved the observation of chemical change in photo-
graphic plates and luminescence in certain phosphors. Clearly, in
the space available, the review will be restricted and subjective,
but will, it is hoped, give the general framework in which the
subject has developed.

The Early Years

Very early studies of these radiations by the discoverers and by the
Curies, Rutherford and others demonstrated that they were able to
ionize the molecules of a gas upon which they acted. Indeed by 1900,
the three kinds of rays, o, B and y-rays, emitted by radioactive
materials were characterised by their charges and their differing
abilities to penetrate and ionize materials. Also, shortly after the
discovery of radioactivity Pierre and Marie Curie(3) reported that
radiation caused the coloration of glass and the formation of ozone
from oxygen. Other chemical effects of radiation were quickly dis-
covered. For example, Giesel(1900(4)) showed that radiation coloured
alkali halides and decomposed water. Becquerel(1901(5)) showed that
g- and y-rays can induce many of the reactions that were known to be
caused by absorption of light, such as the conversion of white to red
phosphorus and the decomposition of hydriodic acid solutions.
Jorissen and Woudstra(1912(6)) showed that the penetrating radiation
from radium caused the coagulation of some colloidal solutions and
Jorissen and Ringer(1906(7)) demonstrated that hydrogen and chlorine
combine at room temperature under the action of these rays. Thus,
during the first decade of this century the basic physical properties
of ionizing radiations had been established as well as their ability
to bring about chemical change.

0097-6156/87/0346-0005$06.00/0
© 1987 American Chemical Society
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Absorption of Energy

Quantitative description of the chemical changes initiated by
radlation requires an understanding of the processes by which the
rays transfer energy to a system and knowledge of how much enq{gy is
transferred. For particulate radiations (a, B, e and e ) the
important interaction is inelastic collisions between the particles
and the molecules of the medium resulting in their ionization and
excitation.

MAAAS M+ e, M (1)

The rate of energy loss from the particle per unit length of track,
or Linear Energy Transfer (LET), was known to follow the Bragg curve
with a maximum LET close to the end of the particle's track. Bethe
(1933(8)) derived theoretical expression for this quantity for elec-
trons and other charged particles. For electrons this has the form:

4 2
dE 27mNe Z mvVv E
e T mm— _2/1-F -1+ &) 12

dx mov2 21(1—82)

+1+32+%(1—/ 1-82)2 } (2)

where v is the velocity of the electron, m_its rest mass, B8 is v/c
and I the mean excitation potential of the®atoms of the stopping
material.

For x- and y-rays, the photons ionlze the molecules of the medium
by either the photoelectric effect(P. Lennard, 1902; A. Einstein,
1905), the Compton effect(9) or by pair production(10), depending on
the photon energy and the atomic number of the absorbing material.
Each of these mechanisms generates energetic electrons or positrons
which are able to bring about further ionizations and excitations as
discussed above.

Particle Tracks. Thus, irrespective of the particulate or photon
nature of the primary radiation, the net effect is the formation of
tracks consisting of ionized and excited molecules. These tracks,
and their detailed structure can be revealed by the Cloud Chamber
invented by Wilson 1n 1911(11). For fast electrons (low LET) the
tracks mainly consist of spherical regions called spurs which contain
from one,to four ion-pairs which are separated in condensed phases by
about 107 &. For more highly ionizing particles such as o-particles
the tracks are essentially cylindrical columns of ionized and excited
molecules.

Thus, by the early thirties, the interaction of the various forms
of radiation with matter to form ions and excited molecules in tracks
was well understood and provided a firm foundation on which to base
models for the chemical processes which follow this stage.

Gas Phase Radiation Chemistry in the 20's and 30's

In the 1920's and 30's most studies were confined to the gas phase
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and used 0 -particles from radon as the radiation source. The results
were expressed as M/N values, the number of molecules converted per
ion-pair formed in the gas. S.C. Lind and hils co-workers played an
important part in much of this work. In a number of cases, e.g., the
polymerisation of acetylene, it was found that M/N values consider-
ably exceeded unity. Lind(12) and Mund(13) proposed that M/N values
greater than unity could be accounted for by the neutral molecules
forming clusters around the ions and on neutralization of the cluster
it was believed that the energy liberated could be used to cause
chemical change in all the molecules forming the cluster.

A noteable landmark in the development of the subject was the
publicatlion in 1936 of two papers by Eyring, Hirschfelder and
Taylor(14,15) in which they critically discussed the mechanisms of
the radiation induced conversion of ortho to para hydrogen and the
synthesis and decomposition of hydrogen bromide. In these papers
they considered i) the nature of the initial ionization processes,
laying stress on the information available from mass—spectrometric
studes, ii) possible ion-molecule reactions iii) electron-attachment
processes, 1v) ion-neutralization to form neutral reactants and v)
the role of ion-clustering. In general, they concluded that the re-
actants responsible for the bulk of the chemistry were neutral free
radicals that participated in free radical chain reactions. They
also showed that ion-molecule reactions were expected to be fast
reactions and were important in determining the nature of the cations
which were neutralized. Thus, these authors introduced many of the
principles which form the basis of present day radiation chemical
thinking.

Influence of The Second World War

The project to build the atomic bomb in the Second World War, the
Manhattan project, had a very great influence on all nuclear
research, and radiation chemistry was no exception due to the greater
number of persons involved in studying the chemical effects of
radiation. Radiation sources also became much more powerfwh)and more
readily available as non-natural radioisotopes, such as Co, were
produced in atomic reactors. Also at this time, radiation chemists
concluded that it was preferable to express radiation—chemical yields
in terms of the energy absorbed by a system, rather than as a
M/N-value. This was because for condensed phase systems which were
playing an increasingly important role in radiation chemistry, it is
impossible to measure N, the number of ions formed, and values were
based arbitrarily on gas phase W-values, i.e. the energy required to
form an ilon pair in the gas phase. Thus, the G-value was defined as
the number of molecules converted per 100 eV absorbed by the system.
This definition has held upto the present although recent
recommendation by international bodies are for the definition to be
modified to conform to the S.I. System of units. On this basis the
G-value can be defined as the number of moles of product formed or
reactant consumed per Joule absorbed and

G-value/mol J-1 = 1.037 x 10_7 x G-value/molecules (100 eV)_1



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch001

8 POLYMERS FOR HIGH TECHNOLOGY

Aqueous Solutions

The Free Radical Hypothesis. Although studies on aqueous solutions

had continued through the 30's, notably by H. Fricke and his
co-workers, detailed interpretation of data was prevented by the lack
of a clear hypothesis for the nature of the species responsible for
the chemistry. It was appreciated that for solutions the bulk of the
energy was absorbed by the solvent and this led to the concept of
indirect action(16,17) whereby activated species derived from the
solvent reacted with the solute, but the nature of the activated
species was unknown. However in 1944, Weiss(18) in England revived a
very early proposal by Debierne(19) that irradiation of water yielded
H-atoms and OH-radicals,

H,0AAA~ H' + OH' (3)

and he indicated, for example, how this hypothesis explained the
formation of hydrogen peroxide when aerated water was irradiated and
also the oxidation and reduction of various metal ions in irradiated
water.

This proposal was valuable in providing a concrete mechanism for
explaining the radiation chemistry of water, but it was based on the
invalid assumption that the same general principles apply to liquids
as to gases, and that dissociation processes are the important result
of irradiating materials. This ignores the profound influence that
solvent structure and polarity can have on the recombination of ionms,
especially electrons. However, in 1953 Samuel and Magee(20) produced
a model for the primary event in water which suggested that the
electrons generated in the ionization event travel about 20A from the
positive ion while being thermalised. At this distance they would
still be within the strong Coulombic field of the cation and would be
pulled back to it leading to its neutralization and the formation of
H® and OH'. Thus this model provided strong support for the Weiss
hypothesis which consequently had a very strong influence on the
thinking of radiation chemists wuntil almost 1960 even though
Stein(21) and Platzman(22) had postulated in 1952 and 1953 that the
electron could be solvated and participate in reactions with solutes.
In fact, Platzman had considered the formation and fate of the
hydrated electron in some detail, but his ideas were presented at an
informal conference and did not make an immediate impact on the
radiation chemical community.

The formation of the hydroxyl radical has been amply
demonstrated, but it is now accepted that the major route to its
formation is by the ion-molecule reaction (4).

+ +
: 4
H,0' + H,0 > Hy0 + "OH (4)
Allen(23) has indicated that M. Burton and J. Franck held the free
radical hypothesis of water radiolysis during their war-time work and
that they considered °OH to be generated by reaction (4).

The Hydrated Electron. However, during the late 1950's results
became available on aqueous solutions which could not be reconciled
with the major reducing species being the hydrogen atom(24-28) and
also Czapski and Schwarz(29) and Dainton and co-workers(30,31) proved
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that the reducing species carried unit negative charge. The invent-
ion of pulse radiolysis by Boag and Hart(32,33) and Keene(34) led to
the observation in irradiated aqueous solutions of a broad absorption
with Apax =_720 nm, which was identified as being due to the hydrated
electron, e aq

This species 1is essentially an electron stabilised by the
surrounding water molecules. It has been the subject of detailed
theoretical studies(35), but can be considered as an electron in a
spherical potential well consisting of solvent molecules. Specific
short-range solvation effects are thought to be important as well as
long-range polarization forces.

With the discovery of the hydrated electron and the newly
available technique of pulse radiolysis rapid advances were made in
the understanding of the processes which occur in irradiated aqueous
solutions. For an excellent review of the current state of knowledge
see reference 36. The chemistry of the hydrated electron has been
reviewed in detail by Hart and Anbar(37), but its reactions can be
summarised as:

i) redox reactions with metal ions

eg. Mt 1o s uEDF %)
aq

1i) electron attachment reactions

eg. RCHO + e;q + RCHO (5)

iii) dissociative attachment

eg. N0+ €aq N, +0 (6)
ClcH,Co, + ®aq > Cl +ACHZCOZ 7)

and iv) reactions with Brgnsted acids
%.f+iq+w (8)

Solvated Electrons in Organic Media. There was, of course, no reason
to suppose that water was the only liquid capable of solvating the
electron and over a very few years pulse radiolysis experiments de-
monstrated the existence of solvated electrons, e;, in many liquids.

(Table I). e in Various Liquids

Liquid Amax/nm (Ref)
water 720 (32-34)
alcohols 580-820 (38)
ammonia 1500 (39)
amines >1700 (40,41)
dialkylamides 1500-1800 (41)
ethers 1900-2300 (42)
HMPA 2300 (43)

hydrocarbons >2000 (44)
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The stability of the solvated electron in the various solvents varies
greatly depending on the reactivity of the electron with the solvent.
In liquid ammonia solvated electrons are stable for long periods in
the blue solutions of alkali metals in ammonia(45). In wagfr,_legq
decays slowly by reaction (9) with a rate constant of 16 M =~ s ~(46)

eaq + Hz° -~ °H + OH 9)

while the analogous reaction in ethanol has a half-life of 9 ys at
room temperature(47). In organic amides lifetimes of the order of
microseconds have been observed(48) despite the presence of the
carboxyl group.

Ionic processes in Non-Polar Media

Following the realisation that the reactions of the hydrated electron
played an important role in the radiation chemistry of liquid water
it was not long before evidence was sought, and found, that the
electron and the counter cation could be involved in chemical react-
ions in non-polar 1liquids before they underwent neutralisation.
Scholes and Simic (1964(49)) showed that on irradiation of solutions
of nitrous oxide in hydrocarbons nitrogen was formed in the dissoc-
iative attachment reaction analogous to reaction (6). Similarly,
Buchanan and Williams (1966(50)) attributed the formation of HD in
y-1lrradiated solutions of CoH50D in cyclohexane to the transfer of a
proton from the 06H + ion to C_H.OD (reaction 10):

12 275
cH,. t+cHOD > CH .° + CHODH (10)
612 25 611 275
- + .
e +C,HODH ~ C,H;OH + D (11)
D* + CcHj, > CgH; + HD (12)

The scavenging of electrons and cations in non-polar media can be
explained 1f it is assumed that the thermalisation of the electron is
a stochastic process giving rise to a distribution of ion-pair separ-
ations with a significant number of pairs wilth separations > 200 A.
Most of the electrons drift back towards the cation under the influ-
ence of the Coulombic field and undergo recombination with their
geminate partner. While drifting under the influence of their mutual
field either of the partners may encounter a solute with which they
can react. The dynamics of this recombination and scavenging process
are, of course, determined by the diffusion coefficients of the two
charged species and hence on their degree of localization.

Since reaction of the charges with solutes is in competition with
their recombination in the Coulombic field, the dependence of the
yield of product from the scavenging reaction is strongly dependent
on the solute concentration. The empirical equation due to Warman,
Asmus and Schuler(51) has proved to be particularly useful in
treating scavenging data, where G(P) is the scavenging yield, Gf the
free-ion yield (see below) and G, the yield of ilon-pairs %hich
undergo geminate recombination in the absence of a scavenger.

G(P) =G,, +G {%—[sl% } (13)
B syt
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Due to Brownian motion, a small fraction of the ion-pairs escape
recombination and become homogeneously distributed. This yield of
ion-pairs 1s called either the free—ion yield, G or the escaped

—_— fi
yield, Gesc and is given by

Gfi = Gti fo n(r) exp(—rc/r).dr (14)
where G ; 1s the total ionization yield, n(r) is the distribution of
init1§1 ion-pair separations and r ., the Onsager critical distance,
is e”/4me € k_T. Expression (14) is only strictly valid for the case
of a singl%-&on—pair spur, but serves as a useful model description.
The recent review by Warman(52) gives a detalled account of the
factors governing the behaviour of electrons and cations 1n
irradiated non-polar systems.

Localized and Quasi-Free Electrons. The mobility of electrons in
non-polar media ranges from 5 x 103 em2 v-1 sl in liquid hydrogen
to values as high as 2200 em?2 v-! g1 1in liquid xenon(see reference
35). For common hydrocarbons the value range from 0.013 cm v lgl
for trans—decalin(53) to 100 em? v-! s~ for tetramethylsilane(54).
These values are to be compared with that for e;q of 2 x 10-3 cm2

v~ §71 (quoted in reference 37).

A simplified model(55(1972)) which explains the wide range of
values, is that the electron in non-polar condensed media can exist
in two states, a localized or trapped state whose mobility is
comparable with that of small molecular ions and a quasi-free state
the mobility of which is of the order of that in liquid xenon. In
the quasi-free state the electron moves freely for much of its time
in the uniform potential between molecules and only briefly interacts
with the potential well surrounding molecules. Thus the localized
and quasi-free states can be considered to exist in dynamic
equilibrium and the mobility of the electron can be approximated by

u(e ) = uy exp(d Hdz/kBT) (15)
where u(e ) 1is the mobility of the electron, pq, the mobility in the
quasi-free state, and AHd the enthalpy difference between the two
2

states.

Of course, electrons in non-polar media only display absorption
spectra if they spend a major fraction of their existence in a
localized state, as is the case with n-hexane.

The Influence of the Polarity of the Medium

The above discussion stresses the key role of solvent polarity and
structure in determining the subsequent behaviour of the ionic
species generated in the primary processes. Thus, in water with its
high dielectric constant the bulk of the e; and H3O+ escape the
Coulombic field and the spur processes depend only on thelr random
diffusion.

In non-polar media in the absence of electron or charge scaveng-
ing solutes, most electrons and ions will undergo fast geminate
charge recombination leading to neutral free radicals, or in some
media to long-lived excited states, which react to give the final
products.
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Ionlc Processes in Solids

Concurrently with the view that reactions of electrons and positive
ions play an important part in the radiation chemistry of liquids, it
was being demonstrated, notably by Hamill(56) and his co-workers over
the period 1962-1966, that charge trapping, migration and reaction
were also important In the radiation chemistry of many solid systems,
especially at low temperatures. As a result of these studies,
Y-irradiation of low temperature solids has become perhaps the most
versatile method of studying the spectroscopic properties of radical
anions and cations.

Polymers

The history of the radiation chemistry of polymers is the subject of
another lecture in this symposium by Professor Chapiro. However,
since the main theme of the symposium is aimed at the use of electron
beams in lithography for the manufacture of electronic devices, it is
appropriate to refer briefly to the radiation chemistry of polymeric
materials.

The first systematic study of the irradiation of polymers was
undertaken by Dole and Rose during the period 1947-1949. These
workers discovered that irradiation of polyethylene caused some
degradation to low molecular weight products and the introduction of
unsaturation in the polymer chains, but by far the most exciting
discovery was that cross links were formed between polymer chains and
this had a profound effect on the stress-strain curves and the cold-
drawing properties of polyethylene(57-59). In 1952 Charlesby(60)
published the first of many papers on the effects of radiation on
polymers. The rapid development of the field upto 1960 is reviewed
in books by Charlesby (61) and Chapiro (62).

The major studies of high polymer systems have concentrated
mainly on relating the chemical changes of cross linking and chain
degradation to the modification of the physical properties of the
polymer. Most studies have utilised free radical mechanisms to
explain cross linking and degradation of polymers. Since many
polymers are polyolefines and non-polar, it is to be expected that
most of the charges formed in the initial ionization event will
undergo rapid recombination to yield radicals. However, the detailed
mechanisms controlling the motion of the radicals which allow them to
come together to from a cross link is still the subject of much un-
certainly (63). Also for halogenated polymers dissociative electron
capture processes analogous to reaction (7) are important in deter—
mining the initial localisation of the free radicals. Recent
developments in the field include the application of the picosecond
pulse radiolysis technique to the study of the processes occurring in
polymers(64) and the use of pulse radiolysis in conjunction with
light scattering measurements to study their degradation (65).

The use of radiation to modify the physical properties of
polymers has become a very important industry with products such as
electrical cables with insulation capable of withstanding high
temperatures and heat-shrinkable polyethylene. However, of direct
relevance to this symposium was the recognition in the early 1970's
that electron beam irradiation of polymer films could provide an
important lithographic tool for the manufacture of microelectronic
components. For consideration of the general principles of these
processes see, for example, references (66) and (67). The products
required 1in this field are complex requiring both microscopic
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resolution of elaborate patterns and proceedures for producing both
positive and negative resists. Thus the emphasis has been on
bringing about high efficiency degradation or cross linking of
specialised polymers. One of the rationales behind the use of
electron beams for this purpose is that the effective wavelength of
electrons is so small that diffraction effects in the formation of
patterns are negligible. However, it is probable that the resolution
limit will prove to be determined by the thermalization length of the
secondary electrons generated in the primary ionization events.

Current Trends

In the course of this lecture I have attempted to outline the
development of radiation chemistry from its beginnings. The main
historical theme has been the elucidation of the extent to which
neutral free radicals as opposed to lonic species contributed to the
overall chemistry. Our present understanding leads to the view that
the interplay between free radical and ionic processes is very
dependent on the system being considered, particularly its dielectric
properties and the presence, or absence, of solutes which can react
with electrons or cations.

Since the radiation chemistry of water and aqueous solutions is
well understood and the yields of the primary species are well
characterised, the radiolysis of aqueous solutions has become perhaps
the most versatile means of studying a wide range of free radical and
redox processes in solution, especially when combined with the
nanosecond time-resolution which is routinely available with pulse
radiolysis. It is outside the scope of this review to consider the
wide range of processes which have been studied using these
techniques and the reader is referred to the paper by Buxton(68) for
further information.

The study of the very fast processes that follow on the
absorption of radiation in organic systems is a very active field
with pulse radiolysis with picosecond time resolution being one of
the major tools. This technique, the latest version of which employs
twin linear accelerators(69), has time resolution of about 20 ps.
These methods are being used to investigate the fast recombination of
charges, the formation of excited states and free radicals, mainly in
hydrocarbon media, but have also recently been applied to the study
of radiation effects in polymers(70).

In general, detailed knowledge of the radiation chemistry of
organic liquids 1s restricted to the lower alcohols and some hydro-
carbons and information on other systems in very sparse. This is one
of the reasons why pulse radiolysis in organic solvents has not yet
fulfilled its potential for application to the study of general
chemical problems, as has been the case for aqueous systems.
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Chapter 2

Primary Action of Ionizing Radiation
on Condensed Systems

J. K. Thomas’ and G. Beck?
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2Hahn-Meitner Institut, Glienicker 100, 1-Berlin-39, Federal Republic of Germany

The initial effects of high energy radiation on
condensed systems are discussed. Evidence of short
lived intermediates, i.e. radical ions and excited
states is illustrated by fast pico-second and
nanosecond pulse radiolysis. A discusion of the
nature of early events leading to excited states is
discussed at length, and in particular comparisons
are made to corresponding experiments at low photon
energies, i.e. via laser flash photolysis.

Excitation of molecules by radiation enters different regimes which
depend on the energy of the quanta used. Excitation with low
energy quanta, as in photochemistry, leads to discrete excited
states as the quantum of energy is totally absorbed by the system;
wavelengths down to ~ 2000 A, i.e. energies of ~ 6.0 eV are typical
in this work. High energy irradiation, or Radiation Chemistry
utilises x- or y-rays and electrons of high energy, typically 200
keV to 20 meV. Energy loss is primarily via ompton scatter to the
electrons of the system, although the photoelectron effect becomes
increasingly important at lower energies. In photochemistry low
energy resonance processes excite the system or a part of the
system; while in radiation chemistry a statistical loss of energy
to the electrons of the system occurs, and the energy deposited in
a section of the system depends on the electron fraction of that
section (2). It is usual in photochemistry to excite a solute
directlyf_ﬁhile in radiation chemistry the solvent is excited and
energy or free radical chemistry is then transferred to the

solute. In radiation chemistry, unlike photochemistry, the initial
high energy quantum is not completely lost on its first excitation,
but, a fraction of the energy is lost to ionise an electron
(secondary e~ ) of the system. This process repeats as the
electrons, both primary and secondary, continue to excite the
medium causing ionization, until the last of secondary e~ fail to
produce excitation. Thermalisation of the e~ occurs to produce a
trapped electron of the medium, this may be a solvated electron.

0097-6156/87/0346-0016$06.00/0
© 1987 American Chemical Society
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Direct excitation to excited states has never been observed in
radiation chemistry although it is predicted in the so called
"optical approximation" (2,3). Spectroscopic evidence of direct
excitation by very low energy electrons is forthcoming (4).
Radiation chemistry is often called the chemistry of ioﬂzéing
radiation and the popular concept is that primary energy loss is to
produce ionization, the subsequent chemistry then depending on the
medium and its pertinent chemistry.

It is difficult to span the intervening energy gap between
photo- and radiation chemistry, however, high powered pulsed
lasers, utilising multiphoton absorption by the medium, do much to
remedy this situation. For the most part, the work described falls
into two catggories, data with steady state irradiation i.e. light
sources and Co-y rays, and pulsed experiments as with lasers and
pulsed electron accelerators such as Van de Graaffs and Linacs.

The interests of the meeting are in polymerised systems, and hence
the majority of the paper will deal with hydrophobic systems.
However, for completeness a general description of radiation
chemistry in polar media is also included.

Radiolysis, general concepts

It is now agreed, that for the most part, the radiolysis of polar
liquids such as alcohol, water, etc. leads to the formation of ions
and subsequently radicals rather than excited states. However, the
picture is changed as the polarity of the liquid decreases, and in
the extreme case of arenes such as benzene only excited states both
singlet and triplet are observed. In other liquids such as
alkanes, dioxane, etc. both ions and excited states are observed,
charge neutralisation of the ions also giving excited states.

Table I gives data for the yields of excited states and ions
observed in the radiolysis of various liquid systems. The yield is
stated in terms of the G value or number of molecules of product
per 100 eV of energy absorbed by the system. An immediate
generalization is possible: The radiolysis of nonpolar liquids,
arenes, alkanes, etc. produces excited states and sometimes ions.
Increasing the polarity of the liquid, e.g., benzene to
benzonitrile, benzyl alcohol, phenol, leads to a decrease in the
yield of excited states with a concomitant rise in the observed
yield of ions. In very polar liquids such as water and alcohols
only ions are observed.

A thesis that accommodates these data is one where radiolysis
leads to significant yields of ions the recombination of which
leads to excited states. Excited states may also be produced via
direct excitation. It is an accepted fact that the recombination
or neutralization of ions can lead to both excited triplet and
singlet states, the process favoring the formation of triplet
excited states (5). 1In polar media the overall energy change of
the ion neutralization process may be too low to give excited
states due to the increase solvent solvation energy of the ions in
these media. In hydroxylic media ion molecule reactions may alter
the ions and excited states are also eliminated. For example, in
water the following processes take place:
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+ - -
H,O HO + e e solution
aq

H.0' + OH
3

Solvation of both e~ and H,0% leads to a situation where only
solvated protons H3O+, hydrated electrons e; and hydroxyl radicals
OH are formed. The relative yield of ions versus excited states
depends on the relative rates of reaction of the primary ions with
the solvent and the rates of ion neutralization. The rate of spin
relaxation of the ions prior to neutralization determines the
relative yield of triplets versus singlets (6).

The abundance of excited states produced directly can be
calculated via the optical approximation (3). The optical
approximation states that the energy lost to a particular
electronic transition of a molecule is proportional to f/e where f
is the oscillator strength for that transition and ¢ is the
energy. For the E state of benzene f ~ 1.0 and ¢ is ~ 6.0 eV,
the total oscillator strength for benzene being 42. Thus if we
take an average energy of 14 eV for the electronic transitions of
benzene then ~ 5% of the total energy lost is to the Elu state.
The yield per 100 eV is thus ~ 1.0.

Radiolysis of Alkanes

Pulse radiolysis (15, --+ 18) of alkane solutions of arenes gives
rise to excited singlet and triplet states, and anions and cations
of the solute (19). The yields of excited states in alkanes are
generally lower than those in arene solvents, while the reverse is
often true of the ion yields.

More recent psec data (20) show that excited singlet states of
the alkane also transfer singlet energy to the aromatic solute and
th?t the rate of energy transfer is extremely rapid (k ~ 1011 m?
sTh).

Laser photolysis of biphenyl (¢2) in benzene and CgHy, may be
compared to the pulse radiolysis of these systems to illustrate the
above effects. Figure I shows data for single photon laser
photolysis (A = 2650 A, energy 10 mj, pulse length 20 nsec), and 2
photon photolysis (A = 3471 R, energy 200 mj, pulse length 20 nsec)
of biphenyl bor in CgHqp and benzene. The fluorescence decay of bo
is shown at A = 3300 A and the rate of appearance of the triplet
¢§ at 3600 A. No apparent growth of ¢g is seen in benzene in the
two photon laser experiments. The laser experiments are analogous
to the corresponding radiolysis studies, as the two photon energy
is absorbed by benzene to give benzene excited states which then
transfer energy to ¢, (21-22). The lack of growth is due to almost
precise overlap of e excited singlet ¢§ and ¢g spectra as
observed for naphthalene (22).

In the ¢2/C6H1 system a significant growth of ¢§ is seen
following the 2650 E laser pulse. The rate of growth of ¢, has a
Ty/2 = 14.0 nsec which is precisely the rate of decay of the

. . T .
fluorescence. Thus intersystem crossing, ¢3 + ¢5 is observed. The
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Table I. Yields of Singlet and Triplet Excited States,
Ions and Total Yield in Radiolysis of Solvents

Solvent G(T) G(s) G(ions) (@) g(Total)(®)
0-xylene’ 1.7 2.5 ~0.1 4.3
M-xylene 1.8 2.7 ~0.1 4.5
P-xylene’ 2.4 2.0 ~0.1 4.5
Pseudo cumene7 1.8 1.6 ~0.1 3.5
Mesitylene 1.8 1.6 ~0.1 3.5
Toluene 2.4 2.1 ~0.1 4.6
Benzene 3.8 1.6 ~0.1 5.5
Benzyl alcohol® 7.1 0.7 2.1 5.9
Benzonitrile 1.4 1.2 1.4 4.0
Dimethylaniline'© 3.1 0.9 <0.2 4.2
Phenol ! 0 0 3.0 3.0
Cyclohexane'? 0.7 0.7 1.6 3.0
Tetrahydrofuran'3 0.1 0.04 0.66 0.8
Dioxane - 1.03 0.12 1.15
Methanol 0 0 2.0 2.0
Water 0 0 3.5 3.5
(a) Yield of anion or cation
(b) G(total = G(ions) + G(excited states).

PHOTOLYSIS RADIOLYSIS

P

ST e

c

SIGNAL—»

TIME —

Figure 1. Laser photolysis and pulse radiolysis of biphenyl
(¢,) in alkanes and arenes. Observation of development of
fluorescence or absorption (signal) versus time. (a)
Photolysis 15 nsec pulse of 2650 A light of solution of 2 x
1074 ¢, in hexane, X absorption at 3600 A (biphenyl triplet).
(b) Photolysis of solution (a) with observation of development
and decay of biphenyl fluorescence at 3350 A. (c) Photolysis
X marks the duration of pulse 15 nsec of pulse 3471 A light of
0.1 M ¢, in p-xylene. (d) Radiolysis of 0.1 m ¢, in
cyclohexane A = 3650 A (triplet ¢2). (e) Radiolysis of 0.1 M
¢, in cyclohexane Al = 4100 A (anion of $5).

(Reproduced with permission from Ref. 32. Copyright 1980 Academic

Press.)
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pulse radiolysis of this system shows that the anion ¢2' is
produced rapidly and within the psec pulse, then decays
significantly over 10 nsec followed by a slower decay over 100 nsec
which matches that of the ¢g growth.

Radiolysis of alkane liquids fits the classical picture of
radiation chemistry, namely, large yields of ions are initially
produced which on recombination give rise to excited states and
other products. Much radiation chemistry of alkanes is also
interpreted in terms of free radicals. The exact connection
between the three reactive regimes of excited states, ions, and
free radicals is not always clearly established.

Radiolysis of low temperature alkane liquid also gives rise to
trapped radical ions (23). Thermal annealing of the irradiated
samples gives rise to luminescence characteristic of excited states
of the solvent and, or, solutes present (23,24). These data
conform exactly to those obtained in pulse radiolysis studies.

Radiolysis of Arene Systems

Radiolysis of arene liquids such as, benzene, toluene, p-
Xylene, etc. gives rise to excited states of the liquid. Both
singlet and triplet excited states are formed, as illustrated by
radiolysis of various solutes in p-xylene (25). The symbols X and
S refer to the solvent and solute respectively, while the
superscripts S and T refer to singlet and triplet excited states
respectively. The initial radiation act gives X° and X, followed
by energy transfer to the solute.

S
X + S —-—» ss (1)

T
X + S —-—» sT (2)

Intersystem crossing of the solute singlet occurs with quantum
yield bgr to give the solute triplet:
¢'S

g5 ——» T (3)

The singlet excited state of p-xylene may also undergo intersystem
crossing to give the triplet with quantum yield ¢y:
¢X

xs — X7 (4)

While the triplet state of p-xylene may be destroyed by processes
other than energy transfer to the solute
XTem> 2 (5)

The net result is that the final observed yield of the triplet
state of the solute S is
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kz[S] s k1[S]
G(T) = G ——=—— + $_G(X°) ——F—— (6)
kz[s] + ke S k, [s1 + k6

where the subscript of k refers to the appropriate reaction and G
is the total triplet ¥ie1d of p-xylene which is the triplet
produced directly G(X") together with that produced by intersystem
crossing via 4.

The yield G may be given by

%
X k6 + k1(S)

G = G(x1) + G(x)

where k. is the total decomposition rate of the p-xylene via
intersystem crossing, fluorescence, and radiationless decay. It
can be seen from expression 6 that if bg is ~0 as for p-terphenyl
then the singlet state only contributes to the triplet yield via
reactions via 2 and 4, and at high solute concentrations G(T) =
Gc(xT). 1f ¢g is unity as with benzophenone then at high
concentration G(T) = G(XT) + G(Xs), while intermediate values of ¢g
give values of G lying between the limits.

The yields of triplet are shown in Figures 2a and b as
calculated from "Equation 6", along with the experimental points.

It is concluded that G(XT) = 2.35 and G(XS) = 2,05 in p-xylene
and G(BS) = 1.70 in benzene radiolysis.

Quite similar kinetic data are obtained in two photon laser
photolysis with, X 3471 R, of naphthalene in toluene. Fluorescence
of the naphthalene excited singlet state and absorption spectra of
the excited triplet state were observed, no excited species were
observed in similar experiments in cyclohexane (21). This suggests
that excitation of toluene is two photon into the S5 state followed
by rapid internal conversion to the first excited state 51, which
then leads to energy transfer to Naphthalene N.

* *
-2, s * ., s +N ——>N° 4+ s

3 1 1
* T

S —> S (7
S

N, —--—» N + fluorescence (8)

ST 4+ N--—— NT + s (9)

All the rate parameters for the above processes are known and
the yield of NT as a function of naphthalene concentration can be
calculated (25). The yield of naphthalene triplets, YT' is given
by

21
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Figure 2a. Yield of solute triplets versus concentration

(M.liter) in p-xylene (radiolysis). Benzophenone (0);
1,1'binaphthyl (A); p-terpenyl (O ).
to calculated data. In these calculations, ¢gr is taken as

0.56, while ¢, is 1.0, 0.07 for benzophenone and p-terphenyl,
respectivelY, ¢x is taken as 0.5 for 1,1,'BN and k2 is taken as
3 x 1010 M~ sec™! for benzophenone and p-terphenyl.

(Reproduced with permission from Ref. 25. Copyright 1973
Academic Press.)

Filled points correspond

40~

001
o
[e]
o1

30 - *

40 3.0 2.0 1.0 (o]
tog[conc ] —

Figure 2b. ﬁddﬁsdueummminpwhm.NwMMhm
30°C (@); napthalene 100° C ( O ); pyrene (0O); calculated for
naphthalene (#4). Concentration units are M/liter. 1In these
calculations ¢, is taken as 0.56, while ¢x_%s O.§1for
naphthalene, and k, is taken as 3 x 10 M sec” .

(Reproduced with permission from Ref. 25. Copyright 1973
Academic Press.)
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k., [N] « o k9[N]
= T (m——————
Yo = % 0(k [N]+a) * b TO(a+k [N])(k [N]+Y)
7 1 7 9
where ¢ = 0.8 is the quantum yield for intersystem crossing for

naphthalene singlets, k, and k are the rate constants for reactions
"Equation 7 and 9", respectively, [N] is the naphthalene
concentration and o and y are the overall rate constants for decay
of S, and Sq respectively. The quantum yield for intersystem
crossing in toluene ¢4, was taken as 0.7 (25).

Ty the yield of sS4, is calculated from ¢, and the yield Yo at
0.1 mol dm™~° naphthalene, at which concentration all S1 reacts with
N to give Nj. The calculated curve is shown in Figure 3. The
agreement between calculation and experiment is good and supports
the above mechanism. Rate data are interchangeable between two
photon laser photolysis and radiolysis suggesting that only energy
transfer between excited solvent and solute are important in the
above studies.

Origin of Excited States in the Radiolysis of Aromatic Liquids

Scavenging Studies. The solvent excited states produced by
radiolysis of aromatic liquids could be produced directly, or
formed, via charge neutralisation of solvent ions. The low
oscillator strengths of the first and second excited states of
benzene, toluene and p-xylene preclude direct excitation into these
states. However, the third excited state could be excited with a
yield as high as unity.

Electron scavengers such as chlorobenzene (24), CCl4 and CHCl3
(21,26) reduce the initial yield of singlet states in the
radiolysis of aromatic liquids. This suggests that at least some
of the precursors arise from an initial event of ion -
combination. In the case of chlorobenzene, it is also noted that
this scavenger does not reduce the yield of excited states formed
in the two photon laser photolysis of p-xylene, suggesting that the
third excited state of p-xylene is unreactive with this scavenger.
Some reduction in excited state yield by CHCl3 and CH,0H is
observed in the two photon photolysis of toluene suggesting that
these scavengers react with higher excited states as well as with
electrons. Theory indicates that the yield of excited states I, in
the presence of an electron scavenger (Q) is related to the initial
yield Ior via a relationship of the form

Io/I a [Q]n

where n is 0.5 (27) or (0.7) (28) which reflects on the kinetics of
gemination in decay. Indeed, this is found for chlorobenzene
scavenging of the precursors of excited states of p-xylene, (24)
and in similar studies with CHC13 in toluene to be discussed
shortly. However, in other systems cases, e.g. benzylchloride in
siethylaniline (29) a simple Stern Volmer dependence of

Io/I o [0]
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is found, for quenching of solvent emission indicating that the
excited state precursor decays exponentially, with time, unlike the
kinetics of geminate ion recombination. Typical data are given in
Figure 4, for CHCl3 scavenging of toluene fluorescence in
radiolysis and in two photon laser photolysis, Az = 343 nm. Stern
Volmer kinetics are obeyed in the case of two photon photolysis,
and ion-neutralisation kinetics in the radiolysis studies.

However, Stern Volmer kinetics are obeyed for radiolysis studies of
scavenging of toluene fluorescence with benzyl chloride. The
electron scavengers CHCl, and chlorobenzene reduce the fluorescence
yields of arenes in a manner that suggests:

a) that in radiolysis the initial loss of energy leads to
ionization followed by neutralisation leading to excited states,
the scavenging of excited states varying with [Scavenger]n; and

b) that in the two photon laser photolysis CHC13, but not
chlorobenzene, reacts with the third excited state, the scavenging
varying as [Scavenger] n =1. Benzyl chloride always displays Stern
Volmer kinetics, even though it is an electron scavenger. These
data are difficult to fit in with the conventional picture
illustrated but other quenchers. If, unlike other quenchers
benzylchloride reacts efficiently, both with high excited states
and with electrons, then the data may be explained. It remains for
further studies to fully elucidate this point.

Pulsed Studies

Figure 5 shows the growth of fluorescence from biphenyl (¢2) in
toluene irradiated by fine structure pulses of 30-ps duration. The
observed fluorescence is produced by energy transfer from the

excited solvent state TS to biphenyl.

k

S 1 *
T+ ¢, > ¢, + T
+
fluorescence

The solid line is calculated utilising the response of the
electronic systems (accelator pulse length and rise time of the
detection electronics). Halflives of 26 and 34 psec were measured
for the rate of energy transfer from excited toluene to 1 and 0.5 M
biphenyl. The rate constant for energy transfer was then measured
as 5.3 x 1010 at s agreeing well with that measured by
photochemical techniques (30).

The rise time of toluene fluorescence emission was within that
of the system, i.e., faster then 15 psec, which gives an upper
limit estimation for the time of ion recombination in toluene.
Figure 5 also contains similar studies in diethylaniline D.E. and,
shows that here the rise time of D.E. fluorescence is 24.4 psec and
slower than that in toluene. It was also noted that benzyl
chloride reduced the initial yield of D.E. fluorescence, the
kinetics being Stern Volmer.

Decreasing temperature has a marked effect on energy transfer
processes in radiolysed systems, as noted earlier in solid polymer
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Figure 4. Stern Volmer plots and ion quenching plots of
scavenging precursors of fluorescence in the radiolysis
and two photon laser photolysis of aromatic liquids.

(a) CHCl, quenching of toluene fluorescence, F, two photon
laser excitation. Continued on next page.
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(31) where the yield of energy transferred to a solute in the solid
polymer increased with decreasing temperature. As indicated
earlier, trapped ions of solvent and solutes have been observed in
the radiolysis of low temperature rigid glassy hydrocarbons. Ion
recombination in these systems gives rise to excited states. At
room temperature the rates of energy transfer to solutes such as
biphenyl and diphenylanthracene are rapid and rate constants are in
the range of 5 to 7 x 1010 M1 s'1, in agreement with values
measured via low energy photochemical excitation (26). Solutes
such as CHCl; and CCl4 reduce the yield of singlet excited toluene
via reaction of these solutes with an excited state precursor,
presumably electrons which neutralise solvent cations producing
excited states. Decreasing the temperature of the irradiated
toluene systems to - 70° C leads to a marked increase in the rate
of energy transfer from toluene to a solute. The nature of this
effect and the effect of added e~ scavengers suggest that lowering
the temperature leads to a change in the mechanism of energy
transfer from direct energy transfer to the formation of solute
ions followed by ion neutralization leading to solute excited
states. The temperature effect as noted in Figures 6a and b. 1In
Figure 6a the energy transfer between excited toluene and 9-10-
diphenylanthracene DPA, can be quantitatively described by a simple
bimolecular reaction with a k of 4.0 x 10'° M~ sec”'. This is not
true at lower temperatures, Figure 6b, where multiexponential
behavior is required to fit the data. It can be seen that a single
rate constant does not fit the experimental data. The calculated
curve for k = 10 x 1019 M™' 571 isg shown, which fits well at
shorter times but not at longer time periods; conversely parameters
that give, a good fit at longer time periods give a poor fit at
shorter times. Two kinetic processes are required to fit the data,
one with kl =5x 100 M™' 57! and the other with ky = 20 x

10'0 M1 5!, The additive sum of the two rates fits the
experimental data well.

Conclusion

The picture of radiolysis that emerges from various studies, two
photon laser photolysis, low temperature radical ion trapping
studies, and pulse radiolysis is:

a)that the initial energy loss produces solvent ions.

b)in polar liquids the reactions of these species and their
radical products dominates the chemistry.

c)in non-polar liquids excited states are formed; in alkanes
a large portion of those arise from observed ion-recombination; in
arenes interpretation of the excited state chemistry suggests that
here also excited states are formed by ion-recombination.

d)unusual processes exist in arene systems, i.e., precursor
kinetics sometimes suggest direct reactions of higher excited
states, and direct formation of excited states (as is
photochemistry) has not been ruled out.
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Figure 6b. Growth of fluorescence at A = 430 nm from a
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yields y, = 0.36 and y, = 0.64, respectively. (Reproduced with
permission from Ref. 26. Copyright 1979 American Institute of
Physics.
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Chapter 3

Historical Outline of Radiation Effects
in Polymers

Adolphe Chapiro
Centre National de la Recherche Scientifique, 94320 Thiais, France

This historical development of the radiation technology of polymers is
reviewed in this outline. The important applications of this technology are
divided into two classes - large scale processes such as cross-linking of rubbers
and plastics and specialized sophisticated processes such as microlithography.
The initial fundamental studies that led to these applications are outlined and
the slow process of commercialization is emphasized in this review.

The industrial use of radiation in the polymer field represents a well-established technology
with multi-million dollars sales. However, if one looks back into the development of the basic
techniques which underly today’s commercial uses, one is surprised to find that the significant
pioneering work, which was carried out ca. 40 years ago, was only accepted very slowly and
reluctantly by industrial management in the 1950’s and that the fast growth of this important
technology took place only in recent years. There are many reasons for the slow start of
radiation applications in industry, one of the most obvious being the link, established by public
rumor as well as by some managing circles, between radiation and nuclear weapons. The lack
of trained personnel, aware of the advantages of this new technology, also caused this delay,
and it is significant that companies such as RAYCHEM or CRYOVAC, which enjoyed very
early the expertise in the field, were very successful in their business right from the beginning.

The industrial applications in the radiation chemistry of polymers fall into several
categories:

1. - Large scale operations :
— Radiation cross-linking of rubbers and plastics;
— Radiation sterilization of plastic medical supplies;

— Radiation curing of monomer-polymer formulations.
The last topic is more recent but is rapidly increasing in importance.

2. - Sophisticated products :
— specific polymers tailored for bio-medical applications;

— polymers for electric and electronic applications, e.g., microlithography.

0097-6156/87/0346-0031$06.00/0
© 1987 American Chemical Society
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This second group of materials involves small or medium-size production of polymers with very
high added values.

In order to analyze the origins of this industry we shall examine in succession the
elementary processes on which the technology is based.

Radiation Induced Polymerization

The first convincing observation that small molecules are condensed to solids under the
influence of radiation is probably that of W. D. Coolidge who in 1925 subjected various organic
substances to "cathode-rays", i.e., fast electrons, and noticed that solid deposits formed on the
glass walls of his apparatus (1). In the same year, W. Mund and his co-workers made similar
observations when bombarding gaseous hydrocarbons with a-particles (2). Other pioneers
working in this field include S. C. Lind (3), J. C. McLennan (4) and C. S. Schoepfle (5).

In the 1930’s, vinyl monomers were found to undergo chain polymerization when
subjected to gamma-rays (6) or to neutrons generated by a cyclotron (7). However, the more
extensive work was carried out in the late 1940’s when it became clear that powerful radiation
sources would become practical tools of interest to industry.

Systematic investigation of radiation-induced polymerization was conducted in Leeds by
F. S. Dainton and his group (8) and in Paris by M. Magat and co-workers (9). The results of
these studies convincingly demonstrated that radiation could initiate polymerization at any
desired (low) temperature and led to a fundamental conclusion, viz., radiation-induced
polymerizations occurred by conventional free radical mechanisms. This concept was extended
to other radiation-chemical processes, and in the 1950°s most radiation chemists used free
radical theories for interpreting their experimental data.

However, in the early 1950’s, V. L. Talroze et al. (10) and D. P. Stevenson and D. O.
Schissler (11) showed that ionic species were responsible for a large number of ion-molecule
reactions occurring in a mass-spectrometer in which the pressure was allowed to rise, thereby
favoring bimolecular encounters. This unveiled an entirely new field of chemistry with
"strange-looking" reactions such as:

CH} + CH, — CH¢ + CH* (proton transfer)
or:
CHy + CH4 — CH, HY (ionic condensation)

and many others. Reactions like these occur with a very high cross-section in gases at low
pressures.

Soon afterwards, in 1957, isobutene was found to undergo an ionic chain polymerization
when irradiated in the liquid state (12,13), demonstrating that radiation could also initiate
ionic reactions in condensed systems in which charge separation was much smaller than in a
gas. These findings resulted in a dramatic change in the fundamental approach to radiation
chemistry. Some of the reactions occurring in polymers were also reinterpreted since ionic
processes had to be taken into account (a discussion relevant to these problems is presented in
ref. 14).

Numerous monomers were irradiated, and it was shown that either free radical or ionic
polymerizations would take place depending on experimental parameters. Several monomers
were found to undergo a chain polymerization when irradiated in the crystalline state. This
unexpected behavior led to a revision of basic concepts regarding reactivities in solids. Some
interesting oriented polymer structures were formed in certain cases (see ref. 15).
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The yields of radiation-induced polymerizations can be very high. No additives are
required, which makes it possible to synthesize very pure polymers. The initiation step is
temperature independent giving rise to an easily controlled process at any desired temperature.
These features account for the commercial interest in radiation polymerization. The very high
speeds attainable within the layers of monomers subjected to powerful electron beams explain
the wide use of this technique in radiation curing of adhesives, inks and coatings. The
corresponding formulations are "solvent-free" and involve pre-polymers and monomers as
reactive diluents.

Radiolysis of Polymers

Early work in this field was conducted prior to the availability of powerful radiation sources.
In 1929, E. B. Newton "vulcanized” rubber sheets with cathode-rays (16). Several studies were
carried out during and immediately after world war II in order to determine the damage
caused by radiation to insulators and other plastic materials intended for use in radiation fields
(17, 18, 19). M. Dole reported research carried out by Rose on the effect of reactor radiation
on thin films of polyethylene irradiated either in air or under vacuum (20). However, world-
wide interest in the radiation chemistry of polymers arose after Arthur Charlesby showed in
1952 that polyethylene was converted by irradiation into a non-soluble and non-melting cross-
linked material (21). It should be emphasized, that in 1952, the only cross-linking process
practiced in industry was the "vulcanization" of rubber. The fact that polyethylene, a paraffinic
(and therefore by definition a chemically "inert") polymer could react under simple irradiation
and become converted into a new material with improved properties looked like a "miracle” to
many outsiders and even to experts in the art. More miracles were therefore expected from
radiation sources which were hastily acquired by industry in the 1950’s.

The evidence that radiation would not produce miracles but was just another source of
energy, available for activating chemical reactions, produced disappointments in industrial
circles which had a long-lasting influence on subsequent developments.

Simultaneously with Charlesby’s findings, work along similar lines was carried out in G.
E.’s Research laboratories in Schenectady (22) and also in Research Institutes in the Soviet
Union, although the latter only became known several years later (23). The results of this
research demonstrated that in addition to polyethylene, many other polymers could be cross-
linked by radiation. These include silicones, rubber, poly(vinyl chloride), polyacrylates and, to
a lesser extent, polystyrene. In contrast, polymers such as polymethacrylates, polyisobutylene,
polytetrafluoroethylene and cellulose underwent "degradation” by main-chain scission. These
early findings were confirmed and extended to other compounds by numerous studies.

Large-scale production followed the early discovery of the improved thermal properties of
cross-linked polyethylene in wire and cable insulators and various other electric and electronic
applications. The "memory-effect”, first described by Charlesby (24) led to the production of
heat-shrinkable tubings. Today radiation cross-linking is a large-scale technology used for the
production of improved wires and cables hot-water pipes, heat-shrinkable packaging films,
automobile tire components and is also applied to the production of more sophisticated devices
such as "solder sleeves", self-regulating heating cables, self-recovering switches and the like.
Radiation degradation is also used commercially for reclaiming fluoropolymer wastes.

A good understanding of the mechanisms of radiation effects in polymers is required for
operating another large scale radiation technology : the sterilization of plastic medical supplies
which cannot be sterilized by heat (see ref. 25).

Electron microlithography is also based on radiation-induced cross-linking or degradation
of specially designed polymers. In this technology, a very narrow beam of electrons is used to
impinge a geometric pattern on the resist material. As a consequence of the resulting chemical
transformation, the irradiated zones become easier or more difficult to dissolve. A remarkable
precision of the pattern is obtained after selective dissolution in such "negative” or "positive"
resists, giving well-defined line-widths in the sub-micron range.



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch003

34 POLYMERS FOR HIGH TECHNOLOGY

Radiation-Induced Graft/Copolymerization

Two general methods of radiation grafting were developed in Paris in 1955 by M. Magat and
co-workers (26,27). The first, referred to as "direct” or "simultaneous” grafting, derives from
the study of radiation-induced polymerization. In the process, a polymer (A,) is irradiated
while in contact with a monomer (B). The radiolysis of A, generates polymeric free radicals
which initiate the polymerization of B. Since the initiating radicals become chemically
attached to the ends of the growing chains, the reaction gives rise to the graft copolymer
A, B,. Here radiation is merely used as a convenient tool for producing polymeric radicals.
This method is easier to practice and often more economical than conventional chemical
techniques.

The second method called "peroxidation” or "preirradiation” grafting is a two-step process.
Polymer A, is at first irradiated by itself in air. The resulting polymeric radicals react with
oxygen to give peroxidic radicals which further react to form polymeric peroxides via a short
chain reaction, analogous to conventional "auto-oxidation".

The peroxidized polymer is stable at room temperature, like an ordinary peroxide, and
can be stored for considerable length of time (weeks, months..). In a second step the
"activated" polymer is contacted with monomer B and the peroxides are broken down by heat
or by a redox system, thereby generating the graft copolymer A, By,

Both methods are very general. They apply to any polymer which undergoes radiolysis
(i.e., "any" polymer) and the only limitation with respect to the monomer is that it polymerize
by a free radical mechanism. Ionic grafting was also initiated by radiation (28,29) but the
yields of this process are generally quite low.

The interest in radiation grafting lies in the fact that it is on route to the production of
an almost unlimited range of new materials by an easy and clean method. If can be carried
out in gels, in semi-solid substances and even in the bulk or on the surface of shaped products.
At the time of these early findings, chemical grafting methods were scarce and were conducted
in dilute solutions with very low yields of graft copolymers. This explains why these studies
produced such a strong impact on radiation research.

Graft copolymers combine the properties of their polymeric constituents and as such are
polymer alloys, which open a vast field of new polymeric species. This is why active research
along these lines is performed in many academic and industrial research laboratories all over
the world. However, only few applications have reached a commercial level today. They
involve the production of specific polymeric adhesives, perm-selective membranes, bio-medical
devices and the surface modification of certain products.

Radiation Curing of Coatings

This technology combines the basic aspects of radiation polymerization and radiation grafting.
Formulations containing unsaturated pre-polymers and monomers are "cured", i.., hardened,
after exposure to fairly low doses of radiation : 10 to 50 Kilograys (1 to 5 megarads). Electron
beams with the lowest available energies are used, selected for having the right penetrating
power to cure coatings 10 to 50 microns thick. With the accelerators presently available in this
range of energies (300 to 500 KeV), the curing dose can be delivered in a fraction of second,
allowing considerable curing speeds. If the coating is applied to the surface of an organic
substrate such as wood, paper or plastic, the monomer reacts with the polymeric radicals
produced on the surface and becomes grafted to the substrate. The corresponding coatings are
linked to the surface by covalent bonds and exhibit outstanding adhesion.

The pioneering work in this field was carried out in the late 1950’s by a research team
from the Ford Motor Co. and the resulting technology was practiced on a large scale by this
Company for finishing the surface of plastic car components. Today, radiation curing is a
rapidly expanding field and is used commercially for coating on wood, paper, fabrics, plastic
films and metals, as well as for "drying" inks, adhesives and various other formulations,
including magnetic pastes for tapes, discs and the like (see ref. 30 for a review of this field).



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch003

3. CHAPIRO  Radiation Effects in Polymers 35

The history of the development of radiation uses in the polymer field is an interesting example
of how a new technology is transferred from the laboratory to industry. It is concerned with
classical techniques in polymer chemistry, suddenly confronted with a new tool, radiation,
which at first is only available on a small scale, suitable for fundamental research but which,
under the pressure of new and valuable results, is finally accepted by industry in spite of its
frightening environment. Today we witness the development of this technology in many
different branches of industry. It is, however, still in its infancy and further growth is expected
to follow from presently known facets as well as from the discovery of new applications.
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Chapter 4

Main Reactions of Chlorine- and Silicon-Containing
Electron and Deep-UV (Excimer Laser)
Negative Resists

Seiichi Tagawa

Research Center for Nuclear Science and Technology, University of Tokyo,
Tokai-mura, Ibaraki 319-11, Japan

The main reactions taking place when chloromethylated polystyrene (CMS)
and chloromethylated poly(diphenylsiloxane) (SNR) are irradiated with high
energy electrons or deep UV (KrF excimer laser, 248 nm) radiation have
been studied. The results are discussed in terms of short-lived reactive
species generated using pulse radiolysis and laser (248 nm) photolysis
techniques.

The increasing density of VLSI circuits has spurred development of sub-micron exposure
techniques such as deep UV (excimer laser), X-ray, electron-beam, and ion-beam lithography.
These techniques require resist materials specifically designed for the type of exposure, and the
reader is referred to several excellent reviews of the various resist materials and processes
reported over the past few years (1,2,3). Electron and deep UV (excimer laser) resists mainly
utilize crosslinking reactions to achieve negative tone although other mechanisms have recently
been developed (3). Much attention has been devoted to negative electron (4-11) and deep UV
(7,12,13) resists containing chlorinated or chloromethylated phenyl side chains.
Chloromethylation (4,5,6) and chlorination (7) of polystyrene greatly enhance the radiation
sensitivity in a manner similar to iodination of polystyrene (8). This type of enhancement is
also observed in other resists with chlorinated or chloromethylated phenyl side-chains such as
chloromethylated poly-a-methylstyrene (9) and chlorinated polyvinyltoluene (10). The
addition of aromatic groups also improves the dry-etching resistance of these resists.

Although a number of papers have been published on the lithographic characteristics of
chlorine- and silicon-containing resists, details of the crosslinking reaction mechanism have
been lacking. This is partly due to lack of experimental data on transient species produced
during deep UV and electron beam irradiation of the resist at room temperature. Recently,
pulse radiolysis (13,14) and laser photolysis (14,15) techniques have been applied to chlorine-
and silicon-containing resists such as CMS (chloromethyl polystyrene), tMCMS (chloromethyl
poly-a-methylstyrene), CPMS (chlorinated polymethylstyrene), SNR (chloromethylated
poly (diphenylsiloxane)), polysilane, and poly(trimethylsilylstyrene)-co-CMS as well as laser
photolysis and pulse radiolysis studies on polymers in chlorine-containing solvents (16).
Experimental data on the time-resolved behavior of the many reactive intermediates produced
by radiolysis or photolysis have begun to elucidate the reaction mechanisms of chlorine and
silicon containing resists but some problems still remain.

0097-6156/87/0346—-0037$06.00/0
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EXPERIMENTAL

Samples were irradiated by a 10 ps single or 2 ns electron pulse from a 35 MeV linear
accelerator for pulse radiolysis studies (17). The fast response optical detection systems of the
pulse radiolysis system for absorption spectroscopy (18) is composed of a very fast response
photodiode (R1328U, HTV.), a transient digitizer (R7912, Tektronix), a computer (PDP-
11/34) and a display unit. The time resolution is about 70 ps which is determined by the rise
time of the transient digitizer.

Details of the laser photolysis system have been reported elsewhere (19). Polystyrene or
CMS in cyclohexane solution in a 1x1x2 cm quartz cell was excited by a 248-nm pulse from a
KrF excimer laser (lambda Physik EGM 500). The width of the pulse was 15 ns (full width at
half-maximum (FWHM)). Transient spectra were monitored point by point by using a
conventional nanosecond laser photolysis method.

RESULTS AND DISCUSSION

Deep UV Resist Reactions of CMS. The laser photolysis studies on CMS and polystyrene
solutions in cyclohexane were carried out at 248 nm using a KrF excimer laser. The intensity
of monomer and excimer fluorescence of CMS becomes weaker with increasing
chloromethylation ratio, but the lifetime of the excimer is essentially independent of the
chloromethylation ratio being almost the same as the excimer lifetime of polystyrene (20 ns).
The lifetime of the monomer fluorescence has not been investigated by nanosecond laser
photolysis because of the short lifetime (about 1 ns) (20,21) of the singlet.

Fig. 1 shows the transient absorption spectra observed during photolysis of cyclohexane
solutions of CMS. The absorption spectrum with the peak at 520 nm (spectrum a) is identical
to that of the excimer of polystyrene (spectrum C) (22) and has a similar lifetime of 20 ns.
The quenching rate of the absorption at 520 nm by O, is comparable to what one would expect
for the CMS excimer.

The two sharp absorption peaks ((Fig. 1), spectrum b) are characteristic of a substituted
benzyl type polymer radical (- P)) (14). The formation rate of these peaks is very rapid
(within the limitation of the detection system) and is faster than the decay rates of the excimer
fluorescence and the broad absorption between 300 and 400 nm (T, — T, absorption)
described below. There was no clear correlation between the increase in the absorption peak
attributed to - P, and the decay of the excimer and triplet species of CMS suggesting that
some other species is the main precursor of - P;.

The very broad absorption between 300 and 400 nm is comparable to the absorption
spectrum of the triplet state of polystyrene (22). The lifetime of this intermediate is essentially
independent of the chloromethylation ratio and is comparable to the lifetime of the triplet state
of polystyrene (110 ns).

These results are consistent with the following mechanism: The 248 nm laser pulse first
excites the phenyl rings of CMS (partially chloromethylated polystyrene) forming the lowest
excited singlet state (which is the precursor of the benzyl type polymer radical (- P;)), together
with excimer and excited state triplet species. The singlet undergoes dissociation fo the C-Cl
bond forming - P, and liberating a chlorine radical which reacts with the phenyl ring of CMS
forming a complex whose absorption spectrum has been identified by studies of both laser
photolysis and pulse radiolysis of polystyrene and poly-a-methylstyrene in chlorine containing
solvents such as CCl,, CHCl3, and CH,Cl, (16).

The reactions leading to crosslinking of CMS under deep UV irradiation are as follows:

CMS —w _ coms' )
*
CMS — o —CH-CH,- (P) +Cl )

cH
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Figure 1. Transient absorption spectra observed for cyclohexane solutions of CMS
(chloromethylated polystyrene) (a) immediately and (b) at 80 ns after a 248 nm laser pulse
from KrF excimer laser. Absorption spectra of (c) excimer and (d) triplet state of polystyrene
and (e) polymer radical, P,, are also shown for reference. The excited singlet state of CMS is
converted to - P; and the excimer and the triplet states of CMS as follows.
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CMS+Cl . complex 3)
complex - o P+ HC )
*Py+eP, . P -P )
‘Py+*P, ___ _ P, -P 0]
‘Py+eP, . PP, ™

The high sensitivity of CMS is due both to the high efficiency of production of the two
polymer radicals (- P, and - P,) at sites very close to each other and high efficiency of the
crosslinking reaction (5).

Although the main reaction mechanisms of CMS can be inferred from time-resolved
absorption and emission spectral data, some problems still remain.

(1) In reaction (2), the C-Cl bond is broken directly but is is not clear whether it results
from the excited singlet state, the excited triplet state or from vibrationally excited
states (hot process);

(2) The structure of the complex is not clearly determined yet. A possible structure is as

follows
~CH-CH,- —CH—-CH,—
+
o+ o—| - or o° 60—
Cl R Cl
CT-complex radical ion pair of cation radical and anion

(3) The structure of <P, has not been determined unambiguously. Possible structures

include
—é—CHz— —CH-CH,
or .
CH,
mainly partly

Electron Beam Resist Reactions of CMS. The lifetime of the excimer fluorescence of CMS
observed in pulse radiolysis of CMS solutions in cyclohexane and tetrahydrofuran (THF) is
almost independent of chloromethylation ratio from 0% to 24%. The intensity of the excimer
fluorescence decreases with increasing degree chloromethylation indicating that the precursor of
the excimer is scavenged by the chloromethylated part of CMS. In this case, an electron
(quasi-free electron in cyclohexane and solvated electron in tetrahydrofuran, which are the
precursors of the excimer), is scavenged by the chloromethyl group. The excited singlet state
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of cyclohexane and the monomer excited singlet state, which are also precursors of the excimer
of CMS, are also quenched by the chloromethylated part of CMS.

The absorption due to the substituted benzyl type polymer radical, - P, is observed in
pulse radiolysis of CMS solutions in cyclohexane and THF. An electron in cyclohexane or
THF reacts with CMS resulting in formation of - P; and CI~ by dissociative electron capture
(reaction (10)).

Fig. 2 (a) shows the absorption spectra observed in CMS films following pulse radiolysis.
There is no evidence of formation of excimer, triplet, or phenyl anion as observed in pulse
radiolysis of polystyrene film (14) suggesting that these transient species or their precursors are
scavenged by the chloromethyl group. Instead, absorption spectra with double peaks around
320 nm due to a substituted benzyl type polymer radical and the complex of phenyl rings and
chlorine atoms are observed.

The transient absorption spectrum obtained from the pulse radiolysis of CMS solutions in
benzene as shown in Fig. 2 (b) is very similar to the absorption spectrum obtained in a solid
resist film as shown in Fig. 2 (a). However, the absorption in solution around 500 nm is
mainly due to the complex of benzene with chlorine atoms whereas in the solid film, it is due to
the complex of the phenyl ring of CMS with Cl. The absorption due to - Py is observed in both
solid CMS film and CMS solutions in benzene. The absorption around 320 nm may be due to
the biradical of benzene. The very short lived species with absorption around 500 nm is mainly
due to the benzene excimer with a small contribution from the CMS excimer. Benzene
solutions of CMS have proven to be a very good model system for reactions occurring in solid
films of CMS.

The main reactions leading to crosslinking of CMS under electron beam irradiation are
as follows.

cMS cMst + e @®)

CMS cMs’ ©

CMS+e o —CH-CH,~(-P) +CI 10)

cHy

CMS*+CIm . complex an
cMs’ o e +eC (12)
CMS+-Cl o complex 13)
complex —_ & P+ HC 14)
“P,++P, o P -P, a5
‘P ++P, o P-P 16)
“P,+eP, o P,-P, a7

The high sensitivity of CMS as an electron beam resist is again due to the high efficiency
for pair production of the two polymer radicals (- P, and - P,) at sites close to each other.
Although the main reactions occurring during e-beam induced crosslinking of CMS are
clarified by the time resolved data, several problems still remain.
(1) The problems in section III (pertinent to deep UV) also exist in the case of electron
beam irradiation;
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(2) Although both excited and ionic species play important roles in electron beam resist
reactions, the ratio of the contribution of excited and ionic species, which depends on
chloromethylation ratio, is not known.

Electron Beam Resist Reactions of SNR. The transient absorption spectrum observed in pulse
radiolysis of SNR (partly chloromethylated diphenyl siloxane) solutions in benzene as shown in
Fig. 3 is very similar to that of CMS (of Fig. 2).

The absorption around 320 nm due to the substituted benzyl type polymer radical and
the absorption around 500 nm due to the complex of benzene and chlorine atom are formed
within a 2 ns time scale of the electron pulse. The benzene biradical and the complex of SNR
and chlorine atom may also be produced.

The scheme for the main electron beam resist reactions SNR is as follows:

SNR SNR* + ¢~ (18)
SNR s SNR (19)
SNR+e ____ — @
—Si—0- (+P) + CI (20)
S
SNR*+CI- _____  complex Qn
SNR* — & P +eC (22)
SNR+Cl o complex (23)
complex — & ePy+-Cl (24)
Pi+P, ________ P -P (25)
Py+.P, . P -P (26)
Py+P, o P,—-P @7

The high sensitivity of SNR resist to electron beam and deep UV radiation (23,24) is
again due to the high efficiency of the pair production of two polymer radicals (-P; and *P5)
at sites close to each other through reactions involving both excited and ionic species. The
benzyl type polymer radical (- P;) and complexes are clearly identifiable from the time-resolved
absorption spectrum data (5 b) shown in Fig. 3.

The major reaction pathways for SNR operating as a negative electron beam resist are
general known, but several problems still remain.

(1) Details of reaction (22) are still obscure;
(2)  The structure of the complex is not determined yet;
(3)  The structure of P, has not been determined; possible structures include
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Figure 2. Transient absorption spectra observed in the pulse radiolysis of (a) CMS

(chloromethylated polystyrene) solid film and (b) 200 mM CMS solutions in benzene
immediately (0) and at 40 ns (A) after 2 ns pulses.
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Figure 3. Transient absorption spectra observed in pulse radiolysis of SNR (partly
chloromethylated poly(diphenylsiloxane) solutions in benzene.
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R R
-Si-0- or -§i-0-
Sror
mainly partly
CONCLUSION

Time resolved absorption and emission spectral techniques can be used to probe the reactions
occuring during radiolysis or photolysis of CMS and SNR. By identifying the intermediate
species we have been able to develop some understanding of the crosslinking mechanism in
these resists.
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Chapter 5

Relations Between Photochemistry and Radiation
Chemistry of Polymers

J. E. Guillet
Department of Chemistry, University of Toronto, Toronto, Ontario M5SS 1A1, Canada

It is often assumed in studies of the radiation chemis-
try of polymers that because of the very high energies
of electron beams, x-rays and v-rays that a complete
randomization of chemical processes and reactivity is
observed. However, concurrent experiments involving
both exposure to high-energy and deep-UV radiation on
the same polymer films show that even with very high en-
ergy photons such as 7-rays a considerable selectivity
of chemical reaction still occurs. This is due to the
fact that after the initial absorption step, followed by
the emission of a large number of Compton electrons
there is a cascading of the energy down the energy
scale, which tends to populate upper electronically ex-
cited states of the molecule. These states themselves
have short lifetimes and ultimately the energies appear
to be trapped in one of the lower excited states similar
to those which can be populated directly by UV. For ex-
ample, studies of carbonyl containing polymers show that
the probability of a carbonyl group reacting is much
higher than would be predicted from its mass absorption
coefficient. Furthermore, the chemical products appear
to be identical to those which are formed from the di-
rect irradiation of the carbonyl group with UV light.
However, when two or more competing reactions can occur
out of the excited state of the carbonyl it appears that
high energy radiation favors radical reaction over those
involving more extensive deformation or changes in the
shape of the absorbing molecule. This paper reviews ex-
periments involving copolymers of a variety of monomers
with aromatic and aliphatic vinyl ketones. G values for
reaction of the carbonyl chromophore excited by elec-
trons, 7-rays and soft x-rays will be compared with cor-
responding quantum yields of processes induced by the
direct absorption of UV light. The importance of cage
reactions in the dissociation of radical species will be
demonstrated.

0097-6156/87/0346—-0046%$06.00/0
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This paper is a review of work carried out in our labora-
tories at the University of Toronto in an attempt to understand
the relationship between polymer photochemistry, where excitation
is provided by UV or visible radiation, with processes which occur
when the polymer is excited by much higher energy radiation such
as 7y-ray or elementary particles such as neutrons and electrons.

The earliest studies of radiation chemistry were on polymers
which were useful in the development of nuclear weapons and atomic
power in the early 1940’s and 50’'s. The primary reason for such
studies was to determine the stability of polymeric materials for
technological applications in these industries. It was generally
assumed at that time, that because of the very large energies as-
sociated with the initial deposition step, very little selective
chemical reaction would occur and that a wide variety of random
bond-breaking processes would occur throughout the polymer liquid
or solid. Table I shows the energies associated with various
forms of radiation. The v-ray photon from cobalt-60, for example,
has an energy 100,000 times greater than that of a typical UV pho-
ton. Much of the early work has been reviewed elsewhere (1-3).

Table I. Relation Between Wavelength and Photon Energy

Photon energy, ep
Wavelength Type of

A (nm) radiation eV kcal kJ

1250 Infrared 1 23 96

125 Ultraviolet 10 230 960

12.5 Soft x-rays 100 2300 9600

1.25 Soft x-rays 1000 2.3 x 104 9.6 x 107
0.125 Soft x-rays 10,000 2.3 x 10°% 9.6 x 10°%
0.0125 X-rays 108 2.3 x 10° 9.6 x 10°¢

0.001 v-rays (°°CO) 1.2 x 10 2.9 x 107 12.1 x 107

Source: Reproduced with permission from Ref. 10. Copyright
1985 Cambridge University Press.

As the physics of the process became better understood, it
was realized that the absorption of a v-ray photon or high-energy
particle by a polymer, although originally involving the formation
of a high-energy ion ultimately resulted in the production of
showers of Compton electrons of much lower energy. These were us-
ually located in the tracks or spurs along the path of the origi-
nal excitation or those of its successor particles or rays. Fig-
ure 1 shows a schematic diagram of the events following the ab-
sorption of a high-energy photon. It is for this reason that
there are many common features between the chemistry of x-rays and
v-rays and processes initiated by electron beams, since the most
important energetic intermediates are likely to involve interac-
tions of electrons with matter. Furthermore, it became apparent

American Chemical Soclety
Library
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that although the absorption of the high energy radiation occurred
more or less at random and was proportional to the density of the
absorbing medium, it was obvious by even a cursory reading of the
literature on radiation chemistry, and in our own studies, that
the chemistry did not occur at random but that the majority of re-
actions occurred at rather specific sites within the polymer
material.

In our early work we looked at the v-radiolysis of simple
aliphatic ketones [4]. Some results are tabulated in Table II.
Although the carbonyl group of the ketone represented a minor part
of the total mass of the molecule, products arising from the ex-
cited state of the ketone carbonyl were four times greater than
were expected from its absorption cross-section. The photochem-
istry of ketones has been well studied. Bamford and Norrish [5]
showed that there are two main reactions: the Norrish type I re-
action involving direct scission of the C-C bond adjacent to the
carbonyl group to form two free radicals, and the Norrish type II
which involves both the singlet and the triplet excited states and
is a rearrangement through the intermediate of a 1-4 biradical re-
sulting in scission of the C-C bond in a-g position to form an
olefin and a lower ketone. Because these compounds are easy to

Ry
* | H.,
ﬁ I DN
R,—CH, CH,—C—CH,—R, —> | I
N / CH, C—CH,—R
2 CH
2
Ry Ry
| 0 ! H\
. o
C—CH,—R, <&—
CH 27 2
2 H3C/ CH, ~C—CH,—R
~N
ch,

detect and measure by gas chromatography it is possible to look at
this radiolysis in some detail.

Studies were made both by vy-radiation and by UV photolysis
(Table III) [4]. There were substantial differences in the ratio
of G values for these two products. In UV photochemistry, excita-
tion is to lower vibrationally excited states and the free radical
(Type I) yields are really quite low. Most of the reaction can be
attributed to the type II rearrangement rather than the radical
process. On the other hand, the G value for type I products in
v-radiolysis is very much higher. It was suggested that in radi-
olysis, higher excited states were involved which eventually pro-
vided greater translational velocity to separate the free radical
pairs, thus giving rise to higher yields of chemical products.
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Y

Track of
primary
particle

Figure 1. Schematic showing events following the absorption of a
high-energy photon or particle. Those items circled are isolated
ionizations and spurs. — — — trace of low-energy secondary elec-

tron. + positive ion. e_1 = free electon. * = excited molecule.

Table III. Comparison of G Values for Photolysis (313 nm)
and Radiolysis of Symmetrical Aliphatic Ketones at 35°C

G(photolysis) G (radiolysis)
Methyl Ratio (Alkane) Methyl Ratio
Ketone OO(I) ketone(n) GI/GII 2 (H)ketoneam GI/GII

4-Heptanone 0.44
5-Nonanone 0.025

3 0.12 0.71 0.49 1.45

2
6-Undecanone 0.020 2

2

1

1

8

8 0.0090 0.43 0.51 0.88

4 0.0083 0.28 0.45 0.62
7-Tridecanone 0.017 0
8-Pentadecanone 0.015 7
12-Tricosanone 0.012 5

0.0085 0.18 0.26 0.69
0.0088 0.065 0.092 0.71
0.0080 0.040 0.081 0.69

Source: Reproduced with permission from Ref. 10. Copyright
1985 Cambridge University Press.
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Studies were also made of ketones which could be v-irradiat-
ed, either in the liquid state or as a solid crystal. The G val-
ues for 8-pentadecanone and 12-tricosanone are very low in the
crystal (Table II). Warming to slightly above the melting point
gave the G values expected from other liquid members of the
series. Apparently the pure crystal lattice does not permit
enough motion to allow the radical fragments to separate and sug-
gests that many reactions in semicrystalline materials like poly-
ethylene probably take place primarily in the amorphous phase or
at the interface between the crystalline and amorphous regions.

Ethylene-Carbon Monoxide Polymers

Among the first polymers studied in our program were copoly-
mers of ethylene and carbon-monoxide in which the carbonyl groups
were included primarily in the backbone of the chain [6]. It was
observed that the presence of small amounts of ketone groups im-
proved the efficiency of crosslinking by a substantial amount.
For example, with only 1% of the carbonyl group, the G value for
crosslinking of polyethylene was doubled. Furthermore, as shown
in Table IV there was a concurrent reduction in the

Table IV. G(H,) Values for Polymers Irradiated
in Film at 35°C under Vacuum to a 2-3 Mrad Dose

CO in polyethylene

(wt-%) G(Hy) (ev)

0.00 3.29 + 0.04

0.30 2.90 £ 0.07

0.55 2.56 £ 0.04

1.00 2.31 £ 0.03

3.50 1.45

9.10 1.37

0.50 2.37 £ 0.03
(mixture rule) (2.80)

0.65 2.35 + 0.04
(mixture rule) (2.60)

Source: Reproduced with permission from Ref. 10.
Copyright 1985 Cambridge University Press.

amount of hydrogen produced from the CH, groups in the polymer
chain. This is strong evidence that extensive energy migration
was occurring in the solid polymer, and that energy originally
deposited in the methylene group was being transferred efficiently
to the carbonyl. We proposed that this occurred by a o exciton
band mechanism originally postulated by Partridge [7]. It was al-
so observed that the G values for scission in this polymer were
substantially lower than would be predicted from these studies
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from model small alkanones. Similar effects are shown in conven-
tional UV photochemistry. For example, Plooard and Guillet [8]
showed that whereas the quantum yield for photolysis of dimethyl
ketopimelate in solution was approximately 0.4, when the same
group was included in the backbone of a polymer chain by copoly-
merization with butylene glycol the total quantum yield dropped by
a factor of 20. This drastic reduction in photon efficiency is
attributed to the restrictions in mobility when a chromophore is
contained in the backbone of a polymer chain. This can reduce the
rate at which conformational changes can occur, as required in the
type II process and restrict the possibility of radical separation
required for the type I process to occur efficiently.

Studies of Polystyrene Copolymers

Polystyrene is relatively resistant to high-energy radiation,
but does undergo crosslinking at high doses. However, one of the
major problems in radiation chemistry is the precise determination
of the G values for crosslinking. Recently, there have been ef-
forts to obtain more precise measurements by the use of gel perme-
ation chromatography (GPC). However, this method has serious dis-
advantages unless the polymers used are nearly monodisperse. In
many cases ultracentrifuge methods are much better than GPC be-
cause it is easier to resolve the individual peaks resulting from
one, two, three, or four crosslinks. Early data published by
Kells et al. [9] are shown in Figure 2. The methods which can be
used have been reviewed by Guillet [10]. When styrene is copoly-
merized with small amounts of methyl vinyl ketone the rates of
scission are increased [11]. With 4% or higher methyl vinyl ke-
tone concentrations the polymer undergoes rather rapid chain scis-
sion, as shown in Figure 3, whereas at 2% MVK the rate of scission
and the rate of crosslinking balance out almost exactly so that no
net change in molecular weight occurs up to doses of nearly 200
megarads. In principle, by balancing the rate of crosslinking and
the rate of scission one should be able to obtain polymers whose
molecular weights are nearly independent of radiation dosage.

Later studies of these same systems with higher amounts of
various ketone structures included by copolymerization have shown
that the polymers become quite photo and radiation sensitive and
are therefore of interest as potential candidates for resists used
in the manufacture of microcircuits. The large effect of rela-
tively small amounts of ketone groups in these polymers is further
evidence that there is efficient exciton transfer of energy origi-
nally deposited in the aromatic rings to the ketone functional
group. This is a chemical analogy to the so-called scintillator
effect in such polymers.

Molecular Motion in Solid Amorphous Polymers

From these early studies it became clear that both the type
and efficiency of chemical reactions occurring in polymeric solids
as a result of excitation by radiation will depend in no small de-
gree on the amount of molecular motion which can occur in the
solid during the lifetime of the excitation, or the transient in-
termediates that result from energy deposition.
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If an amorphous polymer is cooled it will usually attempt to
crystallize, but because of the high internal viscosity of the
medium it is often precluded from packing into its lowest energy
conformation. At 0 K, the lack of thermal excitation prevents the
occurrence of most photochemical reactions. As the temperature is
increased, the specific volume of the polymer will also increase
as a result of forming "free volume", that is, space which is not
occupied by hard-shell dimensions of the atoms comprising the pol-
ymeric structure. The amount of free volume will depend to a cer-
tain extent on the previous thermal history. As free volume in-
creases along with thermal excitation, various kinds of molecular
motions will be observed in the polymer which can be detected by
physical measurements.

A typical free volume temperature curve for an amorphous pol-
ymer such as polystyrene is shown in Figure 4 [10]. Theoccurrence
of various kinds of internal motion of the polymer solid can usu-
ally be detected by the observation of various low temperature
transitions by physical measurements including phosphorescence and
fluorescence emission as well as mechanical relaxations. The
largest increase in the rate of free volume formation occurs at
the glass transition, T_. At this temperature, very large scale
motions occur of long ségments of the polymer chain which may in-
clude from 30 to 50 carbon atoms.

Photochemical studies have shown that above this temperature,
polymeric chromophores behave as if they were in liquid solution
and similar quantum yields and efficiencies are observed [12].
Recent studies by our group [13] have demonstrated that the ef-
fects of these transitions on photochemical reactions are depen-
dent on the amount of free volume required for a particular reac-
tion to occur. Processes such as the Norrish type II which re-
quire extensive conformational changes in the solid state in order
to form the cyclic six-membered reaction intermediate are strongly
sensitive to free volume and therefore show greatly improved reac-
tion efficiency above the glass transition temperature. On the
other hand, for example, the photo-Fries reaction which involves
the rearrangement of a caged radical species apparently involves
rather small free volume changes and shows no increase in quantum
yvield at the glass transition, but decreases below the p-transi-
tion where motion of the phenyl rings is gradually frozen out
[14].

Effect of Ketone Structure

In our early photochemical studies we have shown that the
quantum efficiency for the type I processes in polymers containing
ketone groups is highly sensitive to the location of the ketone
group with respect to polymer chain, as shown in structures A and

B below o

ciy
C=0

ANNANANNAN B
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As discussed above, when the ketone group is in the polymer back-
bone, the excitation of the ketone produces two polymeric radicals
which must separate from each other within a short period of time
in order to produce chemical products. If, however, the ketone
group is in a side chain, as in structure B, then a polymeric rad-
ical is formed simultaneously with a small radical fragment. This
second fragment can diffuse rapidly through the polymer solid and
the quantum yields are increased by at least one order of magni-
tude [12,13]. Studies on electron beam irradiation of similar
polymers have confirmed this effect in high-energy radiation sys-
tems.

If one wishes to prepare a positive photoresist it is impor-
tant to obtain polymers which undergo efficient chain scission in
the solid phase. Recently we reported studies on a series of co-
polymers of styrene with a variety of ketone functional groups
which were introduced by copolymerization with substituted vinyl
ketone monomers. The copolymer structures are shown schematically
in Table V. Two processes are responsible for the reduction in
molecular weight in these polymers when irradiated with either UV
light or electron beams. These are shown schematically below.

(1)

Norrish type I

hv

(2)
B-scission > N

Norrish type I followed by p-scission

55
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Table V. Structures of Vinyl Ketone Polymers
Structure

Copolymers Copolymer number
Poly(ethylene-co- SN NN I
carbon monoxide) C
(PE-CO) g
Poly(ethylene-co- 11
methyl vinyl ketone) W
(m "MVK) C=0

|

CH,

CH
Poly(ethylene-co- 3 III
methyl isopropenyl ’W\/\l/\/"‘"
ketone) (PE-MIPK) c=o

=

CH,
Poly(styrene-co- v
methyl vinyl ketone)
(PS-MVK)

CH,
Poly(styrene-co- \%
methyl isopropenyl
ketone) (PS-MIPK) c=0

0 0
Poly(styrene-co- A28
tert-butyl vinyl c=0
ketone) (PS-tBVK) | @
H3C—(l3-—CH3

CH3
Poly(styrene-co- VII
phenyl vinyl ketone) c=0
(PS-PVE) Q © Q
P CH,
oly(styrene-co- VIII

phenyl isopropenyl
ketone) (PS-PIPK)

(g
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Since the glass transition of these copolymers exceeds 60°C,
restrictions on mobility during irradiation at room temperature
will reduce the quantum yield of the type II process. However, we
have recently shown that efficient chain scission can occur in the
solid phase by formation of radicals by the type I process follow-
ed by g-scission of the polymer radical as is shown in eq. 2. The
quantum yields are highly dependent on the structure of the ketone
group included in the polymer. For example, the quantum yield for
the type I process is 0.09 in MVK copolymers where the substituent
on the ketone group is a methyl group but increases to 0.45 where
the substituent is tertiary butyl [17]. There is a corresponding
increase in the quantum yield of chain scission in the solid
phase. Similar trends were observed when the same films were ex-
posed to synchrotron radiation. The higher efficiency of the type
I reaction in these structures is attributed to the formation of
more stable radicals from the tertiary butyl as compared to the
methyl ketone. Adding an additional substituent to the carbon a
to the carbonyl group creates still further stability in the rad-
ical formed by a type I process and still higher sensitivity to
both light and v-rays. For example, poly(t-butyl isopropenyl ke-
tone) is one of the most sensitive polymers yet developed, both as
a near UV and electron-beam resist [18].

Cage reactions

The concept of the so-called "cage reaction” has often been
invoked in polymer chemistry to explain observed differences in
reactivity between polymers and small molecules. It has been sug-
gested that restrictions on mobility in the solid phase prevent
the separation of reactive species, which causes them to recombine
to form the original reactant, thus reducing the efficiency or
quantum yield of the process in question.

The original concept of cage processes was due to Franck and
Rabinowitsch [19], who invoked it to explain the reduction in quan-
tum yields which occur on the photolysis of simple molecules like
acetone and iodine when carried out in solution as compared to the
gas phase. Extensive studies were carried out by Noyes and co-
workers during the 1950s and 1960s [20] to develop a satisfactory
theory, but it was not until the development of picosecond lasers,
that the early stages of the processes of separation could be
probed experimentally. It is now known that in the dissociation
of two radical species, for example, recombination will occur in
the primary cage in times from 20 to 100 ps. The situation is
shown schematically in Figure 5. The radical pair will separate
with a velocity dependent on the amount of excess energy parti-
tioned into translational velocity along the axis defined by their
centres of mass. This translational energy will be exchanged by
momentum transfer with the solvent molecules surrounding them.

If, as a result of these first collisions, they rebound to a posi-
tion where they are within a distance ¢ of each other, where ¢ is
the radius for reactive collision of the species, they will recom-
bine to reform the initial species. In iodine atom dissociation

this process occurs in 20-100 ps. If, on the other hand, the tra-
Jectory produces a pair of radicals or atoms separated by at least
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Figure 4. Specific volume and free volume of polymeric material.
(Reproduced with permission from Ref. 10. Copyright 1985 Cambridge
University Press.)
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Figure 5. Scheme showing (a) primary and (b) secondary cage re-
combination.
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one solvent molecule, then a random diffusion will occur. Because
the local concentration is high there is still a good possibility
(> 50%) that the two particles will diffuse to adjacent sites and
recombine. This is called "secondary cage recombination", even
though it has nothing to do with restriction of motion by a sol-
vent cage, but is primarily an effect due to the non-uniform dis-
tribution of radical species. The probability of this reaction
occuring depends both on the rate of diffusion of the radicals in
the medium, the concentration of radicals from other dissociating
molecules, and alternative reaction paths (such as H-atom abstrac-
tion from the solvent).

We have recently been concerned about how a polymer
environment might affect these two processes. The first question
is whether the environment of a solid polymer will increase the
amount of primary cage recombination of a dissociating radical
pair. Studies were made [21] of the quantum yield for photolysis
of benzoyl peroxide in two solvents, benzene and toluene, and in
solid polyethylene and polystyrene films:

0 0 0
[ Il hv Il
COo0—C s 2 c—0+ —> Products (3)

The quantum yields in both the solids and solution were uniformly
high (~0.8), indicating that primary cage recombination represent-
ed at most 20% of the total and did not depend on either the bulk
or microviscosity of the medium. Presumably the separating radi-
cals exchange momentum only with small segments of the polymer
chain and the motion which can occur in the short time scale of
the primary cage recombination (20-100 ps) cannot be influenced by
the polymeric nature of the solvent. It is interesting to note
that there was no difference between the quantum yield in polyeth-
ylene, which is above its glass transition at 25°C and in polysty-
rene which is well below its T .

For this reason, any specific "polymer effects", if indeed
they do occur, must be attributed to processes occurring outside
the primary cage. Secondary cage recombination, for example, will
be affected by the rate of diffusion in the polymer matrix. This
might be expected to reduce the number of radicals which can es-
cape the region associated their primary partners and become true
"free" radicals.

Estimates of the probability of escape of radical pairs in
conventional solvents have been made by product analysis of the
decomposition of diacyl peroxides. For example, Braun et al. [22]
estimated that 60 to 80% of the methyl radicals produced in the
thermolysis of acetyl peroxide escape geminate cage recombination.
However, Guillet and Gilmer [25] showed that for longer chain C,
and C,, radicals the probability was much lower, ranging from 5%
at 76°C to 16% at 262°C (Table VI).
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Table VI. Extent of C, and C,, Radical
Escape from Cage 2

T (°C) % escape
76.5 4.0
96.5 5.4

152 8.3
183 12.4
262 16.1

23olvent = Nujol Mineral Oil.

The lower escape probabilities in the latter work can be attribut-
ed to the much greater mass of the C, and C,, radicals and the
greater internal viscosity of the mineral oil solvent.

Any treatment of diffusion processes in polymers must include
estimates of the "internal viscosity", /P of the solid polymer
matrix. For example, for recombination of active free radicals
which occur at every collision, one can write the rate expression

in the form:

Rate = k (4)

2
aifelF]
The simplified form of the Einstein-Smoluchowski equation gives
for radicals 1 and 2

dnp' ¥
kdiff = 1000 (D1+D2) (5)
where p' is some collision radius for reaction, # is Avogadro’s
number and D, and D, are the diffusion constants for species 1 and
2, respectively.
We consider three limiting cases, depending on the relative
size of the radical species.

Case 1. Two small radicals of equal size, in which case Equation
1 reduces to the Debye equation:

+ 8RT _ 5
kdiff = 30005 - 2.2 x 10°(T/n) (6)

where n is the viscosity of the medium.
Case 2. One small radical and one large polymer radical. In this

caseD2=Oand

K. oo = 1.1 x 10°(T/n) (7)

diff

The rate is only one-half that for two small radicals.
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Case 3. Two polymer radicals.

kdiff = const x (D1+D2) (8)

It is not possible to estimate the value of k Aiff in this case,
but it will remain proportional to T/p. In concentrated polymer
solutions and in solid polymers, diffusion will almost certainly
involve movement by reptation and will be very slow. This ex-
plains the results reported earlier for low quantum yields for
photolysis of backbone carbonyls.

When considering the rates of chemical processes in polymers
which require diffusion of reagents and products, it is necessary
to estimate the internal viscosity 5. . to substitute in expres-
sions such as Equations 6 and 7. We have made estimates for g
in solid polyethylene from luminescence quenching of naphthalene
fluorescence in ethylene —CO copolymers [24]. (Table VII)

Table VII. Internal Viscosities and k _, for Reaction
. . . diff
in Various Media

Medium T (<C) n (poise) kdiff (L mol-1 s-l)
Hexane 20 3x 1073 2 x 1010
Ethylene glycol 20 0.2 4 x 108
Polyethylene 80 1.0 1.0 x 108
Glycerin 20 11 6 x 106

It is noteworthy that the internal viscosity in amorphous polyeth-
ylene at 80°C is only 1 poise. Extrapolation of this value to
20°C would give a value similar to that of glycerine (~10 poise).
The macroscopic viscosity of solid polyethylene, based on creep
measurements is of the order of 10'° poise. As a result of this,
low internal viscosity in polyethylene, small molecules diffuse
rapidly thorugh it and relatively rapid bimolecular reactions can
occur. This type of molecular mobility in solid polymers makes
possible a wide variety of photo- and radiochemical reactions.
Furthermore, it makes possible a rational explanation for effects
which were hitherto obscure. For example, recent studies carried
out in our laboratory in collaboration with Miller’s group at IBM
(San Jose), have shown that a variety of substituted polysilanes
show high quantum yields for photolysis in solution but very low
values in the solid state under near UV irradiation. On the other
hand, these solid polymers show quite respectable G values as
electron beam resists. Presumably some of the extra energy de-
posited by the electron beam is converted to translational momen-
tun in the separating radical fragments, allow them to escape cage
recombination. This explanation seems to fit most of the radical
processes we have studied so far.
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In conclusion, studies of the photo and radiation chemistry
of ketone-containing polymers show many similar features, suggest-
ing that at least some of the excited intermediates induced by
high-energy radiation are similar to those induced by direct UV
absorption. As a general rule, the efficiency of radical proces-
ses appears to be greater in radiation-induced processes, possibly
because of the higher energy of precursor states. There is strong
evidence that extensive energy migration occurs in both solids and
liquids, and must be considered as contributing to the overall
mechanism of photo and radiation processes in polymers.
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Chapter 6

Characteristics of a Two-Layer Resist System
Using Silicone-Based Negative Resist
for Electron-Beam Lithography

Toshiaki Tamamura and Akinobu Tanaka

NTT Electrical Communications Laboratories, Tokai, Ibaraki 319-11, Japan

Two different molecular weight grades of the sili-
cone-based negative resist (SNR) have been evaluated
as the top resist of a 2-layer resist system for
practical 0.5 um electron beam (E-beam) lithography
and nanometer E-beam lithography. The high molecular
weight grade (Mw = 50,000) obtained by fractionation
of a broad molecular weight distribution polymer
showed 0.5 pm resolution with sensitivity less than
10 uC/cm?. Low molecular weight SNR (Mw = 2,800)
facilitated fabrication of nanometer sized features
in thick planarizing substrates by O,RIE pattern
transfer. Using SNR (80 mm) on top of a 250 nm CVD
carbon film, resolution of 40 nm lines with a 0.1 um
in pitch on a solid substrate has been demonstrated.

The role of electron beam (E-beam) lithography as a mask making
technology for conventional photolighography has been firmly estab-
lished. However, E-beam lithography has not found wide acceptance
for direct device fabrication (except perhaps for Ga-As devices),
primarily because of substantial progress in the resolution
capability of optical lithography. However, E-beam lithography may
still be a promising candidate for practical lithography below 0.5
um which many believe to be the limit of conventional photoligho-
graphy. The increasing importance of custom LSI, such as applica-
tion specified integrated circuits (ASIC), could further promote
the use of direct E-beam lithography in the near future. Another
important application of E-beam lithography is in nanometer litho-
graphy where it is being used to fabricate devices with very small
structures (1), and to demonstrate new physical phenomena.

For a variety of reasons (2), two-layer resist processes using
silicon-containing resists for the top imaging layer are regarded
as the most practical processing technology for future device
fabrication. Although extensive studies have been carried out on
the development of E-beam resist materials, no material with the
universal appeal comparable to the Novolak-type resists in
photolithography has emerged. We have developed a novel silcone-
based negative resist (SNR), which serves as a top imaging resist

0097-6156/87/0346—0067$06.00/0
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for both E-beam and deep UV lithography (3,4). The structure of
SNR is shown in Fig. 1. SNR is characterized by a very slow etch-
ing rate in an oxygen reactive ion etching (0,RIE) environment
which is attributed to the presence of silicon in the siloxane main
chain of the polymer. The diphenyl-substituted structure increases
the glass transition temperature of the resist, which improves its
handling and resolution; the chloromethyl groups function to
increase resist sensitivity.

In this paper we examine the effect of molecular weight on the
lithographic performance of SNR with the objective of developing
materials suitable for practical E-beam lithography and nanometer
E-beam lithography using 2-level processing techniques.

Experimental

SNR was synthesized by reaction of diphenylsilanediol with chloro-
methylmethylether using SnCl, as a catalyst. The molecular para-
meters of SNR were determined by gel permeation chromatography
using a Model HLC-802 A (Toyo Soda) instrument and polystyrene
standards. Either hard baked (at 200°C 30 min.) Novolak-type
positive photoresist: Microposit 1400 (Shipley), or plasma-CVD
carbon film was used as the bottom resist in 2-layer application,
Carbon films were deposited by an electron cyclotron resonance
(ECR)-type plasma CVD process using acetylene as a carbon source
(5). SNR was spin-coated onto silicon wafers that had been pre-
coated with the bottom resist, and exposed with a computer-con-
trolled E-beam exposure system (Elionix ELS-5000) operated at 20
keV. After development of the SNR, the bottom resist was patterned
by O,RIE using a parallel plate RIE instrument (ANELVA DEM-451) at
an oxygen pressure of 10 mTorr. The transferred resist patterns
were then evaluated with a scanning electron microscope (JSM-840,
JEOL) . The reactive ion-etching resistance of the resists to
various etchant gases was determined by measuring residual film
thickness with Talystep (Taylor-Hobson).

Resist Properties

In our earlier work, SNR was prepared by the chloromethylation of
oligomeric diphenylsiloxane (Petrarch Systems, average Mw = 1400)
containing OH end groups. We found that the polymerization of the
oligomers occurs during the chloromethylation reaction (6), and
high molecular weight polydiphenylsiloxane was prepared. One
problem with this approach was a difficulty in sufficient control
of the final molecular parameters, particularly in the case of very
high Mw polymers. Consequently, we have developed an improved
synthetic procedure which uses diphenylsilanediol instead of
diphenylsiloxane oligomers.

In contrast to the narrow molecular weight distribution
(Mw/Mn = 1.2 - 1.5) of the low molecular weight resins, the high
molecular weight polymers exhibited fairly broad molecular weight
distriblutions. Thus, in order to obtain SNR with high molecular
weight and narrow molecular weight distribution, it was necessary
to fractionate the material. The low molecular weight polymer was
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removed by fractionation using toluene as a good solvent and hexane
as a non-solvent. The molecular and lithographic parameters of SNR
samples in this study are summarized in Table 1.

Table 1. Molecular and Lithographic Parameters of SNR

Mw Mw/Mn DO D0.8 Y 02RIE rate
2 (nm/min.)(ratio*)
(uC/em )
SNR-H 51,000 2.3 1.4 3.8 2.0 2.5 37
SNR-M 35,000 3.2 3.4 12.5 1.9 2.5 37
SNR-L 2,800 1.3 75 150 2.4 5.5 16

*The ratio of 0,RIE rates against Microposit 1400 baked at 200°C 30
min.

Sensitivity curves are shown in Fig. 2. The contrast Y of SNR-H
and SNR-M was not definable by the method recommended in the
literature (7). In this study, Yy was obtained by the equation
shown in Fig. 2.

The SNR-M sample corresponds to the as prepared material and
was characterized by a relatively large Mw/Mn. Its sensitivity
curve (Fig. 2) initially rose steeply, but decreased at higher
doses. Although D, g was only 12.5 uC/cm?, the dose required to
retain 100% of the initial thickness was about 50 uC/cm?. This
decrease in contrast results from the presence of a fairly large
fraction of the low molecular weight polymers. On the contrary,
SNR-H, obtained from SNR-M by fractionation, showed a more typical
negative-type sensitivity curve. The higher molecular weight and
narrower distribution of the fractionated material resulted in a
Dy .g of 3.8 uC/cm? which was almost & times higher than that of
the original polymer. SNR with low molecular weight was obtained
by stopping the reaction at a lower degree of conversion. SNR-L
has a Mw of only 2800 which is about the lowest molecular weight
that will still form a uniform film by spin coating. This low-
molecular-weight sample had a higher contrast than the others, but
its O0,RIE rate was significantly higher. Its etch rate ratio
relative to Microposit 1400 was only 16 compared to 37 for the
other samples. This appears to reflect a lower rate of formation
of the 8i0, layer during O,RIE. This reason is mnot well
understood, but we believe that the polymer structure of high
molecular weight material is slightly different from that of low
molecular weight polymer. Whereas the low molecular weight polymer
has a linear structure as shown in Fig. 1, the high molecular
polymer may contain a certain amount of crosslinked structure,
which may facilitate the formation of the 8Si0, layer. This
speculation also explains the very broad molecular weight
distribution of the as prepared material.
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Figure 2. Sensitivity curves of SNR to 20 kV E-beam on 1.0 um
thick Microposit 1400 on Si substrate. The contrat
Y was obtained by the following equation:
Y = 1.0/log (D, /Dy)
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Patterning of SNR/Microposit 2-layer resist. The resolution of SNR
-H and SNR-M/Microposit 1400 2-layer resist systems was evaluated
from analysis of the patterns transferred into the underlying plan-
arizing layer by O,RIE. The initial thickness of SNR and Micro-
posit layers was 0.18 and 1.0 um, respectively. Two test patterns
were evaluated, viz., 0.5 um line & space (l:1) patterns and 0.5 um
gaps with 3 pym wide lines. The respective micrographs correspond—
ing to optimum exposure are shown in Fig. 3. In all cases the fine
line-&-space patterns required a higher dose than the large pat-
terns which was due to the proximity effect. SNR-H resolved the
two test patterns at 5.8 uC/cm?, and 8.6 uc/cm?, respectively.
Both patterns showed irregular pattern edges following solvent
development which we attributed to swelling effects. The patterns
shown in Fig. 3 were obtained by significant overetching to remove
the resist scum between the patterns. The high 0,RIE resistance of
SNR coupled with the anisotropic character of O0,RIE pattern trans-
fer permits such overetching without degradation of pattern quali-
ty. The pattern edges were smoother with SNR-M as shown in Fig.
3, but the dose had to be increased to 12 and 21 uC/cm? for 0.5 um
gap patterns and 0.5 um line & space patterns, respectively. How—
ever, in all cases the gaps obtained were slightly wider than the
designed rule, perhaps due to shrinking of the SNR patterns follow-
ing development. It is apparent then that the SNR-H/Novolak-type
two-layer resist system can be used for 0.5 um E-beam lithography
with a practicl sensitivity less than 10 uC/cm2.

Nanometer patterning using SNR-L was carried out by using a
thinner top resist layer (80 mm) on a 0.3 um thick Microposit
layer. Resolution was taken as the minimum linewidth and pitch of
well-resolved patterns. As the lines became finer, the resolution
became dependent not only on the development properties of SNR, but
also on the 0,RIE process characteristics. SEM micrographs of 150
nm pitch gratings after 0,RIE with three different doses are shown
in Fig. 4. As expected, the line width increases with increasing
dose. At a line dose of 1.8 nC/cm, the lines are 70 mm wide (Fig.
4-a) and are well resolved when compared with the spaces. At a
lower dose, the line width was somewhat narrower, but the lines
were collapsed. This problem became particularly severe for line
dose of 1.35 nC/cm (line width = 40 nm, Fig. 4-c). Collapse of the
patterns does not appear to result from swelling of SNR lines dur-
ing development. If this were the case, one would expect the bot-
tom layer between the lines not to be etched during RIE pattern
transfer, but as can be seen in Fig. &4, the resist under the
bridged lines has been completely removed. Moreover, in both cases
the first and last grating lines tend to bend, and thus cannot act
as the resist mask for the subsequent RIE patterning of the sub-
strate layer.

The deformation of the nanometer patterns, which has also been
observed in the case of other polymeric planarizing materials, is
caused by a lack of mechanical integrity of the bottom resist dur-
ing O,RIE processing. Because of this mechanical instability, the
minimum linewidth and pitch were limited to about 70 mm and 120 nm,
respectively. Forced cooling of the substrate may prevent this
problem from occurring.
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Figure 3. SEM pictures of SNR/microposit 1400 2-layer resist
patterns (The thickness of Microposit 1400 is 1.0,
um) l-a: 0.5 um gaps/3.0 um lines with SNR-H, 1-b:
0.5 um line and space with SNR-H, 2-a: 0.5 um

gaps/3.0 ym lines with SNR-M, 2-b: 0.5 um line and
space with SNR-M.
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Figure 4.

SEM pictures of 150 nm pitch SNR-L/Microposit 1400
2-layer resist patterns on Si substrate. (The
thickness of Microposit 1400 is 300 nm). a:
Resolved lines with a line dose of 1.8 x 10~9C/cm,
b: Collapsed lines with a line dose of 1.5 x
10%¢/cm., c: Collapsed lines with a line dose of
1.35 x 1079C/cm.
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SNR-L/CVD Carbon Resist System. We have proposed another approach
to improve the nanometer—scale resolution of the SNR 2-layer resist
system, viz., the application of carbon films as the bottom layer
material. (5) Carbon films prepard by plasma CVD are hard and
thermally stable. Figure 5 shows about 40 mm-wide SNR/carbon patt-
erns with a 150 mm pitch on a Si substrate. The narrow lines are
well resolved with a steep profile, and the lines at both edges
of the pattern have not bent or fallen down. This excellent sta-
bility of nanometer-scale carbon patterns facilitates the evalua-
tion of the resolution limit SNR in 2-layer resist application.

In the case of a positive electron resist such as PMMA, the
finest lines are normally written using a single E-beam scan.
However, similar exposure of SNR-L resulted in wavy lines, which
reduced the dose margin for the fabrication of fine gratings. This
problem is caused by the swelling of SNR during development. Thus,
the resolution limit was investigated by changing the number of
passes to form a line with a positional increment of 2.5 mm for
each pass. Figure 6 shows the dose dependence of linewidth for
nominal 150 mm—-pitch gratings exposed using 1, 4, 8 and 16 passes.
With the increase of passes, the dose margin increased and the
problem of wavy lines was alleviated. 8 passes, which correspond
to a nominal linewidth of 20 mm provided the best pattern quality
for a pitch of 150 mm. Patterns corresponding to this exposure
sequence are shown in Fig. 5. The minimum pattern width obtained
does not depend on the number of passes. This indicates that the
minimum linewidth is determined by the 0,RIE process rather than by
the resolution of SNR itself.

The maximum resolution obtained in this system has been 35-40
nm in linewidth on a 100 mm pitch. Although these values are some-
what higher than those obtained in nanometer patterning of PMMA on
a solid substrate (8), the SNR/carbon resist patterns are much more
practical for fabrication of ultrasmall structures by dry-etching
techniques. This is because carbon films are 6 - 10 times more
resistant than PMMA during RIE using using various fluorocarbon
gases, This negative type E-beam nanolithography will be very
useful in the fabrication of very narrow lines by RIE pattern
transfer and may replace positive resists and the lift-off process
in such applications.

Conclusion

A two-layer resist system was evaluated for E-beam lithography
based on the silicon containing negative resists SNR as the imaging
layer. Two grades of SNR were evaluated, one a fractionated high
molecular weight, narrow molecular-weight-distributon sample, the
other a low molecular weight sample. 0.5 um features could be
resolved in the high molecular weight sample at a practical sensi-
tivity of 5 uC/cm? to 20 kV E-beam. Nanometer-scale patterns were
delineated in the low molecular weight sample, albeit at much
higher dose than the high molecular weight grade. Using mechani-
cally strong carbon films as the bottom layer, 40 mm wide lines
with 100 nm pitch could be transferred by O,RIE.
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Figure 5.

Figure 6.
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SEM picture of 40 nm wide, 150 nm pitch SNR-
L/carbon 2-layer resist patterns on Si substrate.
(The carbon thickness is 250 nm).
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Chapter 7

Phenolic Resin-Based Negative
Electron-Beam Resists

H. Shiraishi, N. Hayashi, T. Ueno, O. Suga, F. Murai, and S. Nonogaki
Central Research Laboratory, Hitachi, Ltd., Kokubunji, Tokyo 185, Japan

Phenolic resin-based negative resists such as MRS
(deep UV negative resist) do not swell aqueous alka-
line developers. An attempt has been made to clarify
the non-swelling dissolution mechanism of the resist
containing poly-p-vinylphenol as a matrix following
exposure to electron beam irradiation. The following
results have been obtained: (1) electron beam expo-
sure causes an increase in molecular weight of the
poly-p-vinylphenol matrix, (2) the dissolution rate
of poly-p-vinylphenol in the developer decreases with
increasing molecular weight, and (3) there is no
fractional dissolution during the development of the
resist. It is concluded that non-swelling develop-
ment, non-fractional dissolution in the proceeds by
an etching-type mechanism rather than the fractional
dissolution mechanism that occurs with most organic-
laser developers.

Many reports have been published on negative electron—beam resists.
Most of these resists utilize radiation—-induced gel-formation as
the insolubilzation reaction. However, a major problem with these
resists, is that their resolution is limited by swelling which is
induced by the developer during development.

Novolac— or phenolic resin-based resists usually show no
pattern deformation induced by swelling during development in
aqueous alkaline solution. Examples of such resists are naphtho-
quinonediazide/novolac positive photoresists, novolac-based posi-
tive electron-beam resist (NPR) (1), and azide/phenolic negative
deep-UV resist (MRS) (2). 1Iwayanagi et al.(2) reported that the
development of MRS proceeds in the same manner as the etching pro-
cess. This resist, consisting of a deep-UV sensitive azide and
phenolic resis matrix, is also sensitive to electron-beams. This
paper deals with the development mechanism of non-swelling MRS and
its electron-beam exposure characteristics.

0097-6156/87/0346-0077$06.00/0
© 1987 American Chemical Society



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch007

78 POLYMERS FOR HIGH TECHNOLOGY

Experimental

Materials. The resist used in this study consisted of poly(p-
vinylphenol) as the phenolic resin matrix and 3,3'-diazidodiphenyl-
sulfone as the sensitizer. The composition was essentially the

same as that of RD-2000N (trade name of Hitachi Chemical Co.'s
MRS). Two kinds of poly(p-vinylphenol) were used. One was commer-
cially available from Maruzen Oil Co., under the name of RESIN M,
and the other was synthesized in our laboratory. The latter poly-
mer, mostly with high molecular weight, was prepared by hydrolyzing
poly(p-acetoxystyrene) with a hydrazine(3). The poly(p-acetoxy-
stlyrene) was obtained by polymerization of the monomer using 2,2'-
azobisisobutyronitrile as an initiator. The alkaline developers
used were aqueous tetramethylammoniumhydroxide (TMA) solutions.
Isoamylacetate was used as the organic solvent developer.

Characteristics. Electron-beam exposure experiments were carried
out by using a prototlype HL-600 Hitachi Electron-Beam Lithography
System which is a vector scanning type variable-shaped electron-
beam machine. The acceleration voltage was 30 kV. Resist films
were formed on silicon wafers by spin-coating and prebaked at 80 C
for 20 min before exposure.

The molecular weight distributions were measured by gel
permeation chromatography (GPC) with a Hitachi 635 liquid chromato-
graphy slystem equipped with Gelpack Al150, Al40, and Al120 GPC

columns (Hitachi Chemical Co.). The GPC solvent was tetrahydro-
furan.

Film thickness was determined with an Alpha Step 200 (Tencor)
profilometer.

The dissolution rate of the sample films during development
was measured by laser-interferometry(4). A 5 mW He-Ne laser was

used as the monitering light source and a silicon photodiode
connected to a chart recorder was used as the signal detector.

Results and Discussion

In the resists containing phenolic resin and bisazide, electron-—
beam exposure resulted in the production of primarly amines and
increased the molecular weight of the phenolic resin (5). A
typical example is shown in Fig. 1. 1In this figure, peaks 1 and 2
are bisazide and the poly(p-vinylphenol) matrix, respectively.
Peak 3 is a primary amine produced from the decomposition of
bisazide. The primary amine does not affect the solubility of the
resist (6). Since high-molecular-weight phenolic resins are less
alkaline-soluble than low-molecular-weight resins (7), it follows
that the reduced solubility must be due to the increase in molecu-

lar weight. The change in molecular weight distribution of
phenolic resin contained in MRS following electron—beam exposure is
shown in Fig. 2. The molecular weight of the resin increased as

exposure proceeded. In a previous paper(8), we concluded that the
photo-induced decomposition of azide in the phenolic resin matrix
causes an increase in the resin's molecular weight due to cross—
linking. This scheme is the same mechanism as that in the
insolubilization of cross-linking negative resist. Therefore, as
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Fig. 1.

Fig. 2.

Molecular weight distributions of MRS before and after
electron-beam exposure. Dose: 50 uC/cmz. Peaks 1, 2, 3 are
azide, poly(p-vinylphenol), and primary amine, respectively.
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predicted in such cases, high sensitivity can be expected when a
higher molecular weight phenolic resin is used as the matrix.

Figure 3 shows the electon-beam exposure characteristics of
two MRS samples using high molecular weight poly(p-vinylphenol)
(Mw=7.4x10"*) and standard molecular weight poly(p-vinylphenol)
(Mw=6.7x103) as matrices. Azide content in each resist was 16.7%
by weight. The developers were aqueous alkaline solutions. The
development of each resist was stopped immediately after the
unexposed areas were dessolved by the developer. The increase in
sensitivity shown in Fig. 3 is smaller than expected given the
assumption that the sensitivity 1is proportional to the weight
average molecular weight of the resist. Some pattern deformation
due to swelling was seen in the case of high molecular weight MRS.
In convlentional negative electron-beam resists, the gel-point dose
is inversely proportional to the weight average molecular weight
(9). 1In order to determine the gel-points of these MRS samples,
the resist films were developed with organic solvent. The exposure
characteristics thus obtained are shown in Fig. 4. Gel-points were
2.3 uC/cm?® for the high molecular weight MRS, and 70 uC/cm? for the
standard molecular weight MRS.

As shown in Fig. 3 and 4, the exposure characteristics of high
molecular weight MRS are similar when developed in different devel-
opers. In addition, patterns in high molecular weight MRS develop-
ed with organic solvent are deformed as a result of swelling. To
elucidate this phenomenon, the relationship between dissolution
rate in alkaline developer and the molecular weight of the polymer
was investigated over a wide range of molecular weight. The
results are summarized in Fig. 5. The dissolution rate of poly(p-
vinylphenol) in the alkaline solution decreased rapidly with
increasing molecular weight up to 10*. However, the decrease tend-
ed to saturate after the molecular weight exceeded 10%. This is
the reason the high molecular weight MRS was not as sensitive as
expected when developed in alkaline developer.

On the contrary, the standard molecular weight MRS exhibits a
large difference in exposure characteristics between Fig. 3 and 4.
In order to investigate this difference, the molecular weight of
poly(p-vinylphenol) in the exposed MRS film was measured as a func-
tion of electron-beam dose. The results are shown in Fig. 6. The
molecular weight of the matrix-resin increased after the electron-
beam dose exceeded 5 uC/cm?®. Within the dose range of 5 to 20
uC/cm, the molecular weight ranged from 7x103 to 1x10{. This
molecular weight range corresponds to the rapidly changing range of
the dissolution rate in Fig. 5. This dissolution rate change gave
the standard molecular weight MRS much higher sensitivity in alka-
line developer comared with the gel-point dose.

Figure 7 shows SEM photographs of the standard MRS fine
patterns delineated by electron-beams. As shown in the figure, no
swelling occured during the development of MRS having a standard
molecular weight matrix, because the dissolution process is an
etching-like process, i.e, the resist film dissolves from the sur-
face gradually without any fractional dissolution. We have previ-
ously reported a similar non-fractional development process (10).
In order to confirm the non-fractional dissolution, molecular
weight distributions were measured for electron-beam—exposed MRS
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Fig. 7. SEM photographs of MRS patterns during alkaline

development. Patterns: 0.4 um line and space.
Developer: 0.72 wt.% TMA solution.

Dose: 40 wC/cm?.
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films before and after development. The results are shown in Fig.
8. The exposure dose was 15 uC/cm?, and development was stopped so
as to leave 50% of the initial film thickness remaining in the
exposed areas. The molecular weight distribution of MRS before
development was almost the same as that after half-development. It
is concluded that there is no evidence of fractional dissolution in
which lower molecular weight components are dissolved preferen—
tially.

Conclusion

Electron-beam exposure characteristics of the negative deep-UV
resist (MRS) were investigated when the resist was used as a
phenolic resin-based negative electron beam resist. In particular,
the development process was studied in an aqueous alkaline solution
by measuring the dissolution rate of phenolic resin and the molecu-
lar weight distributions of electron-beam-exposed resist films.
The molecular weight of the resin matrix increased continously as
exposure proceeded. The dissolution rate of the resin matrix
decreased rapidly with increasing molecular weight in the molecu-
lar weight range below 10%, and the decrease tended to saturate
when molecular weight exceeded 10%. When a standard molecular
weight phenolic resin matrix and alkaline developer were used, no
fractional dissolution was seen to occur during the development of
the resist. This development process corresponded to an etching-
like development of the resist.
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Fig. 8. Molecular weight distributions of electron-beam-exposed
MRS resist. Dose: 15 uC/cm®. (a) before development, (b) after
half development (50% remaining).
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Chapter 8

Electron-Beam Sensitivity of Cross-Linked
Acrylate Resists

Nigel R. Farrar and Geraint Owen
Hewlett-Packard Laboratories, Palo Alto, CA 94303-0867

Acrylate resists such as PMMA have excellent resolution
and contrast but poor sensitivity. Improved contrast

or sensitivity can be achieved by forming radiation
sensitive crosslinks in copolymers of PMMA by thermal
treatment on the wafer. In this work, we have evaluated
the performance of a commercial resist which is a mix

of two copolymers, and have explored methods for opti-
mizing its use. We have examined the effect of altering
the crosslink density by controlling softbake tempera-
ture, using a flood exposure in addition to the
patterning exposure, diluting the resist with PMMA and
changing the copolymer mix ratio. All of these techni-
ques lead to improvements in sensitivity at the expense
of contrast, with the most promising results being shown
by the mix variations. The optimum crosslink density
for acceptable contrast with maximum sensitivity has
been determined. However, the most satisfactory method
for achieving the reduced crosslink density is by con-
trolling the chemical structure of the resist, since all
the methods explored in this work involve additional
process complexity.

Acrylate resists such as polymethylmethacrylate (PMMA) have been
used extensively in electron beam 1ithography because of their ex-
cellent resolution and contrast, despite their limited dry etch re-
sistance and low sensitivity (1). Copolymers of PMMA, containing
chemical groups more sensitive to radiation induced degradation,
have also been studied and have shown up to a four-fold improvement
in sensitivity (2). One approach has been to form a crosslinked gel,
in-situ on the wafer, which contains radiation sensitive crosslinks
and leads to improved sensitivity and improved contrast during
development (3-7).

Various crosslinked acrylate resists have been reported in the
literature, mainly based on methacrylic acid anhydride (MANH) cross-
link units. In the simplest case, the anhydride crosslinks may be
formed by baking methacrylic acid (MAA) homopolymer, although this

0097-6156/87/0346-0086$06.00/0
© 1987 American Chemical Society
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requires a temperature of 230°C and is not suitable for all situa-
tions (8). One approach has been to carry out the dehydration
reaction in the solid phase (9). The resulting material contains
both inter- and intra-molecular anhydride. The crosslinked material
can be filtered out of solution leaving a sensitiva terpolymer which
is completely soluble. This material is difficuit to prepare and
does not offer the advantage of an insoluble unexposed phase to
generate high contrast.

MAA-methacryloyl chloride (MAC1) reactions have been shown to
form anhydride crosslinks at lower temperatures, although the
starting material is more complex as it must comprise two copolymers
(3-4), or a copolymer and terpolymer (5-6). Both materials make
use of the greater sensitivity of the acid anhydride group but differ
in the contrast mechanism involved. Roberts (3) shows that anhydride
is destroyed during exposure and correlates sensitivity with anhy-
dride content. Kitakohji et. al. (5) also associate the anhydride
group with the material sensitivity but retain excess acid as a means
of improving contrast. MMA-MAA and MMA-MAC1 copolymers have also
been used separately to form crosslinked resists by reaction with
a difunctional monomer (10-12).

Of the reported materials, the only commercially available re-
sists are one of the MMA-MAA/MMA-MAC1 compositions and a t-butyl
methacrylate copolymer material (13). In this work, we have chosen
to examine the copolymer mixture, which crosslinks at a temperature
of 160°C compared to 250°C for the single copolymer. We have
carried out experiments to optimize its use for direct write electron
beam 1ithography.

Theory

The absorbed energy density, Eq, required to destroy the gel com-
pletely in pre-crosslinked resists can be predicted as follows.
Assume that the density of the material is okg/m3, the monomer
molecular weight is Mo and that Avogadro's number is Na/(kg.mole).
The number of monomer units per m3 is Na.o/Mg. If the crosslink
density (i.e. the fraction of monomer units which are crosslinked)
is dg, then the number of crosslinks per unit volume is

Na-p.do/ZMo

The factor of two appears since one crosslink joins two monomer units.
At the point at which the gel is destroyed, the crosslink density is
1/yw where y, is the weight average degree of polymerization of the
resist (14). It is assumed that irradiation destroys only cross-
links, not main chain bonds, and that yy remains constant. If the
crosslink density in the unexposed resist is do, then the number of
crosslinks per unit volume which must be broken to destroy the gel is

D.Na.(do-l/yw)/Z.Mo

If the energy required to destroy a crosslink is €x, then the ab-
sorbed energy per unit volume, Eg, required to destroy the gel is
given by

Eg = 0 .Na.ex. (do-1/y)/2.Mg (1)
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This equation is of the same form as one proposed by Suzuki and
Ohnishi (12).

Thus, sensitivity depends strongly on the crosslink density,
du» which is controlled by the fraction of crosslinkable units in
the material and the extent of the crosslinking reaction during
baking. In the present work, the number of crosslinkable sites on
each copolymer was fixed so different methods of changing the cross-
link density were explored. Three approaches were used: 1) the
extent of the crosslink reaction was controlled by varying the bake
conditions, 2) the crosslink reaction was carried out to completion
and then the crosslink density was modified by a subsequent process
step, 3) the total number of crosslink sites was altered and the
reaction was allowed to proceed to completion.

Experimental

The resist used in most of these experiments was Isofine E-B
Positive Resist PM-15 purchased from Microlmage Incorporated,
Orange, Connecticut. The two copolymers which comprise this
material are MMA-MAA and MMA-MAC1, with an MMA content of 90% in
both cases, and are mixed in equal proportions. The copolymers were
also provided as separate solutions by MicroImage Technology Ltd.,
Riddings, Derbyshire, England. Both copolymers were reported, by
the manufacturer, to have a number average molecular weight of
about 25,000.

Resist films of approximately 0.5um thickness were spun on
silicon wafers and crosslinked by baking either in an oven or on a
hotplate. Incremental exposures were made by a JEOL JBX6A2 electron
beam machine at 20 keV. The UV flood exposures were carried out
under nitrogen using a 185nm UV lamp. UV dosimetry was carried out
on the basis of exposure time which had previously been correlated
with the equivalent electron beam exposure by measuring dissolution
rates.

Clearing doses were determined by immersing the wafers in a
strong solvent (acetone) for two minutes. Standard dip development
was carried out by immersion in MIBK (methyl-isobutyl-ketone) at
21°C for time increments from one minute to ten minutes. The diss-
olution rate was calculated from thickness loss, measured using a
Nanospec, and development time. SEM examination of test structures
was used to evaluate the resolution of the resist under the different
processing conditions. Unless specifically mentioned, each experi-
ment showed that 0.5um features could be resolved in the resist.

Results and Discussion

(a) Performance of As-received Material. The commercial PM-15
resist was processed according to the manufacturer's specifications
with a 30 minute, 160°C softbake and development in MIBK. It was
found that the dose rsquired to destroy the gel in the exposed
regions was 50-85,C/cm®. The dose is feature dependent due to the
proximity effect, caused by electron backscattering from the sub-
strate. An isolated exposed line requires 85:C/cmé to clear because
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it receives virtually no backscattered energy while a large pad
requires only 50uC/cml because it receives substantial additional
deposited energy from backscattered electrons. For crosslinked
positive resists, the isolated lines are the most difficult features
to clear and require the greatest dose. Therefore, the sensitivity
of the resist will be given as the clearing dose for an isolated
exposed line.

At the clearing dose, the value of relative dissolution rate,
Srq, is very large, indicating excellent contrast. The Spq para-
meter (15) is a measure of the rate at which dissolution rate inc-
reases with dose. Its value at any dose is defined as the dis-
solution rate at that dose divided by the rate at 40% of that dose,
which is equivalent to the relative energy density between an iso-
lated unexposed region and the large adjacent exposed pads. This
represents the worst case situation for resist contrast in electron
beam Tithography. The value of Syg can be related to the feature
profile of the resist and previous work has indicated that a value
of Spg=8.7 corresponds to the good line profile characteristic of
PMMA exposed at 80uC/cm? (15). For PM-15, values well over 100 were
obtained, indicating a level of contrast much greater than required.

It was clear that the initial crosslink density of the resist
was much higher than necessary to generate acceptable contrast and
was leading to reduced sensitivity. The subsequent experiments were
designed to improve sensitivity by reducing the initial crosslink
density. Although this was expected to degrade contrast, it was
felt that an adequate level of contrast could be maintained while
the other resist parameters were optimized.

(b) Effect of Bake Temperature. The PM-15 resist was baked at
temperatures between 110°C and 160°C in order to vary the extent of
the crosslinking reaction. The bake time was held constant at 30
minutes at each temperature. Above 160°C the crosslinking reaction
appeared to have reached completion and the resist performance was
not sensitive to changes in bake temperature and time in this
region. However, at lower temperatures than 160°C, the dissolution
rate of material exposed at a given dose decreased with increasing
bake temperature, as shown in figure 1. Also, the gradient of the
curves, which determines the Spg parameter, decreased with dec-
reasing bake temperature. The minimum bake temperature required for
the resist to have an equivalent contrast to PMMA was between 120°C
and 130°C, as seen when comparing the dissolution rate curves to the
Srg=8.7 line in figure 1. However, the resist thickness loss in un-
exposed regions became greater at lower temperatures, see figure 2,
and the optimum bake temperature was found to be 130°C. At this
temperature, the clearing dose was 20-35HC/cm2 (depending on -
feature), as shown in figure 3, and the sensitivity was 35uC/cme,

Since the crosslinking reaction at these temperatures had not
proceeded to completion the resist characteristics were potentially
more susceptible to bake fluctuations. Although our results were
quite consistent, a process in which the material was baked at 160°C
was felt to be more desirable.

(c) Changing the Crosslink Density by Flood Irradiation. Wafers
were prepared as in section (a) and then flood exposed by deep UV or
electron beam irradiation to reduce the crosslink density before the
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patterning exposure. This procedure reduces the patterning dose
required but degrades the contrast of the resist. There are optimum
values of the flood exposure, Qf, and patterning exposure, Qp, such
that Qf is as large as possible and Qp as small as possible without
degrading the contrast to an unacceptable level.

The type of feature requiring the greatest exposure to destroy
the gel is an isolated line, because it receives less backscattered
energy than any other type of feature. From the results of section
(a) it is known that the required dose, Q., is 85uC/cm2 in the
absence of flood exposure. For a flood exposure dose, Qf, the new
patterning dose, Qp, required to clear the line is

Qp = Qc = Qf(1+ne)

where ne is the backscattered energy coefficient for the substrate.
For silicon and 20keV electrons, ne = 0.73. Hence

Qp = 85 - 1.730¢

and is plotted as line A in figure 4. For the exposed regions to
clear during development Q¢ and Qp must be chosen such that Qp Ties
above this line.

An isolated unexposed space is the type of feature with the
worst possible contrast in electron beam lithography since it
receives more backscattered energy than any other type of feature
(16). For such a feature the ratio of the energy deposited in the
adjacent exposed region to that deposited in the nominally unexposed
region, after both flood and patterning exposures, is

(1+ne)-(0f+0p) (2)
(1+ne;.0f + ne.Qp

From the experimental data of section (a), it is known that this
ratio must have a minimum value of 1.63, equivalent to Syg=8.7.
Equation 2 thus reduces to

Qp = 1.97Qf

and gives the relationship between the flood and patterning exposures
for acceptable contrast. This is plotted in figure 4 as line B.
Thus, the flood and patterning exposure doses must be chosen such
that Qp lies above both lines A and B.

The allowed working region is shown in figure 4 and indigates
that the minimum possible patterning exposure dose is 45uC/cm¢, at
which the flood exposure required is 235C/cm2, This prediction was
confirmed by experiment, with a 45uC/cmé patterning exposure re-
quired when a 25uC/cm2 (or equivalent UV dose) flood exposure was
used.

However, during these experiments, it was observed that, for a
given total dose (flood + patterning), the dissolution rate depended
on the flood/patterning exposure dose ratio. This effect appears to
occur in several acrylate resists and is illustrated for PMMA resist
in figure 5. Shiraishi et. al. (17) observed a similar effect in a
two component resist and explained the result on the basis of two
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competing reactions taking place after exposure. They postulated
that the effect of irradiation is to produce free radicals and that
their concentration decreases with time due to both a first order
and second order reaction. These reactions are associated with free
radical stabilization and free radical recombination respectively.
This concept may be applied to bond scission resists since permanent
bond scission is a first order process and recombination is a second
order process. After all the radicals have reacted, several hours
after exposure, the number of bond scissions per unit volume, Ny, is

N1 = K.In(1 + k.Cq)

where Co is the initial concentration of free radicals and K and k
are related to the rate constants of the first and second order
reactions respectively.

This result may be extended to the case of two or more ex-
posures several hours apart. If the initial free radical concen-
trations are aCp and (1-a)Cqy, for two exposures, then the number of
bond scissions, Np, several hours after both exposures is

Np = k.1n{l + k.Co + a(l - a)Cy2}

It is clear that Np>Ni for all values of o between 0 and 1. It is
evident that N2 reaches a maximum when o=1/2 and that the relation-
ship is symmetrical about this value. This behavior describes the
graph of figure 5 quite well since the dissolution rate of PMMA
depends on the total number of bond scissions. The effect is also
dependent on the time intervals and wafer history between the two
exposures.

The double exposure complications introduced by the first and
second order reaction mechanisms in acrylate resists led to the
conclusion that the flood and patterning exposure process was not a
practical solution to the problem of high crosslink density in PM-15
resist.

(d) Diluting the Resist with PMMA. Solutions of PM-15 resist and
PMMA resist (M, = 496,000) were mixed in equal proportions in order
to reduce the total number of crosslinking sites and hence reduce
the crosslink density after a 160°C bake. The maximum clearing dose
was reduced to 55uC/cm2 and contrast was preserved with Srg >8.7.
However, from SEM pictures of the test resolution patterns, it was
clear that the structure of the resist film was not uniform and

that there were regions of differing solubility. This may have been
due to non-uniform crosslinking or incompatibility of the polymers
in the mixture.

(e) Mixing the Copolymers in Unequal Proportions. In order to over-
come the incompatibility problem observed in the PMMA mixtures, the
total number of crosslink sites was reduced by mixing polymers with
known compatibility. The MMA-MAC1 and MMA-MAA copolymers were

mixed in different ratios (1:2, 1:4, and 1:10) and baked at 160°C.
For unequal amounts of chloride and acid groups, the crosslink
density has a lTower value than that for PM-15, in which the mix

ratio is 1:1, and may be calculated as follows. Assume that the
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ratio of chloride to acid copolymer molecules is 1:n, and that n>1.
Assume that the chloride and acid copolymers both have a number
average degree of polymerization, yp, and that they both have a
fraction, f, of crosslinkable units ?f=0.1 for PM-15). For a
collection of N polymer molecules, there are N/(n+l) chloride mole-
cules and Nn/(n+1) acid molecules. Since there are fewer of them,
it is the chloride molecules which control the crosslink density
because when all the available chloride units have reacted no
further crosslinking is possible. The total number of chloride units
is yn.f.N/(n+1) and, when all of these have reacted, the total
number of crosslinked units in the N molecules will be

2.yn-T.N/(n+1)

since each chloride unit will be crosslinked to an acid unit. The
total number of monomer units is yp.N and so the crosslink density,
dg, will be

dy = 2.f/(n+1) (3)

The points in figure 6 show the values of dy for the different mixes
plotted against the clearing dose for a large exposed pad. Equation
3 was substituted into equation 1 and e, was used as a fitting

parameter to plot the lines through the data shown in figure 6.

Eg was_converted to dose assuming that 1uC/cm? is equivalent to
376x107 J/m3. The dependence of clearing dose on crosslink density
agreed very well with the theory. The two sets of data for "new
material” and "aged material" correspond to resist films which were
spun from solution immediately after mixing and 137 days later, res-
pectively. The properties of the spun film change with time and the
material appears to become more sensitive. This effect is discussed
further at the end of this section.

As with the results in section (b), reducing the crosslink
density reduces the gel content in the unexposed regions and leads
to greater thickness loss during development. An estimate of this
effect may be made on the basis of a nearest-neighbor crosslinking
analysis. Assuming that i) all the chloride molecules are inc-
orporated into the gel, ii) the polymer molecules are represented as
close-packed spheres and hence have twelve immediate neighbors, and
ii1) neighboring acid and chloride molecules are crosslinked by at
least one bond, it follows that any acid molecule that has a
chloride molecule neighbor is a part of the gel. Therefore, an acid
molecule is only a part of the sol if it is completely surrounded
by other acid molecules. The probability that a molecule is an
acid molecule is n/(n+l) and the probability that its neighbors are
all acid molecules is [n/(n+1)]12. For N polymer molecules the
nuTber of acid molecules completely surrounded by other acid mole-
cules is

[N.n/(n+1)].{[r/(n+1)]12}

These molecules constitute the sol, so the sol fraction is
[n/(n+1)]13. Therefore the gel fraction is

1- [n/(n+1)]13
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This curve is plotted as the line in figure 7 and shows good agree-
ment with the experimental points.

For mixtures with a useful gain in sensitivity over standard
PM-15 resist, dissolution rate was measured as a function of dose
and is shown in figure 8. By comparison with the Syg=8.7 line, it
is seen that the contrast is adequate for both the 1:4 and 1:10
mixes at about 20uC/cm2. This dose is higher than the clearing dose
for the 1:10 mixture but necessary for acceptable contrast. How-
ever, the resolution and thickness remaining for this mixture are
inadequate, but may have been degraded by using an inappropriate
developer. Because the polarity of the material increases as the
excess MAA content increases, further work is required to optimize
the development system for each mixture. The 1:4 mixture meets the
contrast and resolution requirements but could probably be further
improved in terms of sensitivity. It appears that a mixture between
the 1:4 and 1:10 ratios would offer the optimum crosslink density
to maximize sensitivity and retain sufficient contrast.

A concern that remains for these materials is that the perfor-
mance of films cast from the mixed solutions changes over time, with
a decrease in the clearing dose of about 30% after 100 days from the
preparation of the resist, as shown in figure 9. However, the
properties appeared to approach a stable level. This effect had
obviously occurred in the commercial premixed material also, since
the clearing dose had stabilized close to that of the aged 1:1
solution, and was much lower than the clearing dose for the freshly
mixed solution. Hydrolysis of the chloride groups by atmospheric
moisture could explain a variation in performance but not the
apparent stabilization at longer times.

Conclusions

The commercially available PM-15 resist containing 10% crosslinkable
groups shows no improvement in sensitivity over PMMA although, at
the operating dose, the contrast is superior. Reducing the cross-
link density by changing the bake conditions leads to a sensitivity
improvement of 60% by sacrificing the previously high contrast.
Other methods of reducing the crosslink density have also led to
sensitivity improvements, of which the most promising is the uneven
copolymer mixtures with a potential 60-70% reduction in operating
dose. However, the solutions must be aged after mixing in order to
obtain reproducible performance. This technique also requires work
on a developer system. Flood exposure yields a 50% improvement in
sensitivity but creates additional processing difficulties due to
double exposure effects.

A comparison of the results is shown in Table I. It is clear
that a reduced crosslink density is desirable for improved sensi-
tivity. This must be optimized to ensure acceptable contrast and
minimal thickness loss in unexposed regions. Although all the
methods explored in this work gave improved sensitivity and accept-
able contrast, it appears that the simplest and most reproducible
method for achieving lower crosslink density is to modify the
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structure of the resist by reducing the number of crosslinkable
groups in both copolymers. The crosslinking reaction can then be
carried to completion, which reduces its sensitivity to bake
temperature fluctuations. Also, the gel structure should be more
homogeneous and the polarity more uniform than the unevenly mixed
copolymers. If such resists were available, as copolymer mixtures
or a single terpolymer, they would be very attractive candidates
for 20uC/cm2 electron beam 1ithography.

Table I. Summary of Results

Clearing dose, uC/cmé Syq Contrast
Material (Isolated line) (at c?earing dose) Resolution
As received 85 200 <0.5um
(160°C bake)
As received 35 9 <0.5um
(130°C bake)
PMMA mixture 55 30 poor
1:4 mixture 30 15 <0.5um
1:10 mixture 15 6 poor
Flood exgosed 45 9 <0.5um
(25uC/cmé)
Acknowledgments
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Legend of Symbols

Symbol  Units Value Definition

Na 1/kg.mole 6x10<0 Avogadro's number

0 kg/m3 1200 Density of the resist

Mo 100 Monomer molecular weight

Yw 500 Weight average degree of poly-
merization

f 0.1 Fraction of crosslinkable units

Ne 0.73 Backscattered energy coefficient
Si, 20keV
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Chapter 9
A “One-Layer” Multilayer Resist

R. D. Allen, S. A. MacDonald, and C. G. Willson
Almaden Research Center, IBM, San Jose, CA 95120-6099

Multilayer resist technology offers a number of advantages in the
generation of relief images but carries the burden of process
complexity. We wish to report a novel process that greatly simplifies
the optical MLR sequence. This concept is based on selective surface
modification of the resist with a reactive dye which masks selected
areas toward later flood exposure and solvent development.

The use of multilayer resist (MLR) schemes (1) in the printing of complex
sub-micron structures has experienced a continuing evolution during the past decade.
Early multilayer processes were highly complex, consisting of three or more
functional layers, each of which performed one specific task (2,3). The utility of
these complex multilayer schemes spurred a widespread interest in process
simplification. Advances in synthetic polymer chemistry resulted in new materials
which combined the function of two or more layers employed in the original complex
schemes. This was accomplished through advances in the synthesis of organometallic
polymers, specifically structures containing silicon (4-7) and tin (5,8). These
organometallic polymers are designed to be both radiation sensitive and oxygen etch
resistant. This combination of properties has lead to the current state of the art —
the two layer MLR. We believe that this methodology can be further simplified.
The goal of this work is to demonstrate the design of a "one layer" MLR process.

Multilayer resist technology, in its most simple form, involves the imaging of
a top, thin resist layer, followed by pattern transfer through the bottom
"planarization" layer (Scheme I). Multilayer resist technology offers a number of
advantages in the generation of relief images. Among these advantages are:
insensitivity to topographic features, the ability to generate high aspect ratio images,
and the opportunity to eliminate image distortion resulting from incident radiation
reflecting off the substrate. The disadvantages of MLR technology are associated
with the complexity introduced by the extra steps required to process the additional
resist layers. -

Currently two methods are utilized for transfer of the relief image from the top
resist layer to the bottom planarizing layer; oxygen reactive ion etching (RIE), and
optical flood exposure (1). Oxygen RIE systems have not found widespread
acceptance due to the high cost and low throughput of RIE equipment. Optical

0097-6156/87/0346-0101$06.00/0
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transfer processes, while less cost- and time-intensive, have been slow in acceptance
due to interfacial mixing problems, the added processing steps required to coat and
bake two resist layers, and the practical problem of dealing with two resists and two
developers on a manufacturing line.

The lithographic design strategy in this work is to develop a one layer MLR
process in which optical pattern transfer techniques are employed. Taylor and
coworkers (9) first discussed the benefits of near-surface functionalization as an
imaging strategy, taking advantage of limited permeation of inorganic RIE-resistant
reagents. These workers also alluded to the possibilities of surface functionalization
by very low voltage e-beam (<5 keV) and photolithography using very strong
absorbers to surface expose materials in a one layer MLR-type scheme. A very recent
communicaticn by Coopmans and Roland (10) discusses the advantages of
near-surface functionalization of an as yet undisclosed resist by moderate doses
(50-100 mj/cm?) of near UV light. After selectively silylating the exposed areas,
pattern transfer by oxygen RIE is performed. Optical pattern transfer of two layer
MLR systems was accomplished in B. J. Lin’s well known work on the "Deep
UV-PCM" (11), in which AZ1350 photoresist is imaged on top of a deep UV resist
(in this case PMMA). Lin took advantage of the absorbance characteristics of
novolak resins, i.e., their extreme opacity in the DUV. The imaged photoresist thus
becomes a "portable conformable mask" in a subsequent DUV flood exposure. This
concept inspired our work in the optical one layer MLR.

We have recently developed a methodology which combines the performance
advantages of MLR systems with the processing ease associated with single layer
resists. This process entails the imagewise surface irradiation of a resist to generate
reactive functionalities near the air-resist interface. This exposed surface is then
reacted with a "dye" which acts as a contact mask for a following flood exposure
which transfers the image. The relief image is then developed in the usual manner.
The specific system to be discussed employes a protected phenolic resin as the resist
layer. Imagewise surface deprotection (acid catalyzed) provides phenolic hydroxyls
which react with reagents containing isocyanate functionalities. The surface
carbamates (urethanes) formed in this process act to mask the resist toward DUV
irradiation.

Experimental

Resist films (1-2 microns) containing t-butoxycarbonate protected phenolic resin and
appropriate onium salt photoinitiators were spin coated on quartz wafers (uv
analysis), sodium chloride plates (IR) and silicon wafers (imaging). Near-surface
irradiation with deep UV light was performed with a mercury-arc lamp through 200
and 220 nm bandpass filters (Oriel).

Urethane forming reactions were run in the gas phase, by placing the
appropriate wafers in a temperature controlled vacuum oven connected with a
mechanical pump and fitted with a septum-capped injection port through which
reagents were introduced. Triethyl amine was injected into the evacuated oven at a
temperature exceeding 100°C. After several minutes, excess amine was removed and
phenyl isocyanate introduced. (Experience dictates that this two step injection
procedure together with removal of excess amine prevents major residue buildup
inside the vacuum chamber.) The isocyanate is allowed to react for several minutes,
followed by re-evacuation of the chamber. After the wafers are removed from the
oven, baking on a hot plate is generally performed to remove any volatile reagents
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which may have diffused into the film during the earlier reaction sequence. The
wafers are then flood exposed with 254 nm filtered light, post baked, and spray
developed with alcoholic solvents.

Instrumental analysis was performed with an IBM IR/32 (FTIR), Hewlett
Packard 8450A UV/Vis spectrophotometer, and a Tencor Alpha Step 200 (film
thickness). Photomicrographs were taken with a Reichert-Jung Polyvar-met optical
microscope and electron micrographs with a Philips SEM505.

Results and Discussion

The basic principals of the one layer MLR process are as follows:

1. Coat the substrate with a single layer of an appropriate resist.

2. Expose the resist with radiation (UV light, e-beam, etc.) in a fashion such
that radiation does not reach the substrate, and confine the radiation
induced chemical changes near the air-resist interface. As first introduced
by Taylor and co-workers in 1984, this can be accomplished with UV light
by exposing the resist at a wavelength where the film is strongly absorbing,
or by using e-beam irradiation modified by the use of a retarding potential
9.

3. The exposed resist is treated with a reagent which reacts preferentially
with either the exposed, or the unexposed regions of the film. This reagent
must be a "dye" such that after the film has been treated, the treated areas
absorb strongly at some wavelength where the original resist is both
sensitive and significantly transparent.

4. The dyed film is flood exposed at a wavelength where the dyed portions
are strongly absorbing and the original resist is both sensitive and
significantly transparent.

S. The relief image is developed in the usual manner with an appropriate
solvent.

The overall sequence of this process is shown in Scheme II. The net effect of
this process is to first generate a mask in the surface of the resist and then to contact
print that mask down into the underlying material. The resist can be any structure
that will undergo a radiation induced transformation that results in the generation
of a functional reactivity difference between the exposed and the unexposed areas.
Chemically amplified functional group deprotection reactions are ideally applied to
the one layer MLR process, due to the high sensitivity and large functional reactivity
differences generated with such resist systems (5,12). For illustrative purposes, we
have shown a negative-tone process. The concepts described can conceivably be used
to produce a positive-tone image, by selecting a dye reagent that will react with the
surface of the unexposed film. In addition, a positive-tone image may also be
obtained by development of the dyed and underlying unexposed regions with an
appropriate solvent.

We first demonstrated the workability of this concept with a t-butoxycarbonyl
protected polyvinyl phenol/onium salt resist. As this resist system is strongly
absorbing below 240 nm, imagewise exposure with 220 nm filtered light should
confine the irradiation to the air-resist interface. Very low doses of 220 nm filtered
light (e.g., 0.5 mj/cm?) clearly show the presence of both carbonate protecting group
(1755 cm=1) and unprotected phenol (3200-3500 cm—1) in the infrared spectrum
after post-exposure baking (Figure 1). The surface phenolics are capable of a variety
of reactions. We have chosen to react the phenolic with aromatic isocyanates,
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principally due to the high vapor pressure of these reagents (reactions are often run
in the gas phase), their high reactivity with phenolics, and the high optical density
(at 254 nm) of the aromatic carbamates formed in the reaction. For example, phenyl
isocyanate is successfully reacted with poly(p-hydroxystyrene) derived from acid
catalyzed deprotection of poly(p-t-butoxycarbonyloxy-styrene) as shown in Scheme
ITII. The IR spectra of the surface phenolic and derived urethane are shown in
Figure 2. A material with very high optical density at wavelengths shorter than
260 nm results from this carbamate formation. The UV spectra of the starting
polymer, the deprotected phenolic, and the carbamate modified polystyrene are
shown in Figure 3. The extreme absorptivity at 254 nm demonstrates that these
carbamate modified materials are excellent "mask" candidates for our one layer
MLR process.

The principles of the process chemistry have been demonstrated by successfully
imaging relatively large structures using the one layer MLR process with the
materials mentioned above (13). Optical micrographs demonstrate the capability
of making fine line 1.25 um (nominal) contact printed structures (Figure 4).
Further characterization by SEM reveals a curious "footing" phenomenon
(Figures 5 and 6) which may be due to the inadequate masking of the edges of the
"surface mask."

Conclusions

Acid catalyzed resist chemistry involving functional group deprotection (onium salt
mediated chemical amplification) is ideally suited for one layer MLR methodology.
Low doses (<1 mj/cm?) of deep UV light (200-220 nm) have been used to selectively
deprotect the upper regions of a protected phenolic resin. The functional reactivity
change has been utilized to imagewise react dye molecules into the upper regions of
the film. Phenyl isocyanate is reacted with the phenolic, forming carbamates which
show high absorptivity to 260 nm. Aromatic isocyanates thus are useful dye

0.50 T r T
0.5 mj/cm? Phenolic
o Protected
@ (Protected Phenolic
c Phenolic
3 +
’Q .
5 0.25 | Onium Salt) ]
3
<
0.00 L L 1
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Figure 1. Infrared spectrum of surface irradiated carbonate protected polyvinyl
phenol/onium salt resist.
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Figure 4. Optical micrograph of developed contact print formed by the one layer
MLR process.
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Figure 5. SEM micrograph of contact printed images formed by the one layer
MLR process.

Figure 6. SEM micrograph of contact printed images formed by the one layer
MLR process.
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candidates due to their additional qualities of suitable vapor pressure and reactivity.
Flood exposure at 254 nm followed by development with polar solvents leads to
negative image formation. Fine lines are resolved, but wall profiles show "footing"
problems. The reasons for this unusual behavior are currently under investigation.
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Chapter 10

New Silicon-Containing Electron-Beam
Resist Systems

E. Reichmanis, A. E. Novembre, R. G. Tarascon, and A. Shugard
AT&T Bell Laboratories, Murray Hill, NJ 07974

The incorporation of silicon into resist systems has
been shown to effectively instill oxygen etching
resistance while maintaining lighographic utility.
Such materials may be used as the imaging layer for
two-level processes involving RIE pattern transfer
through a planarizing layer of organic polymer. We
have used the trimethylsilylmethyl appendage to
effect oxygen etching resistance in both positive and
negative e-beam resist systems. Compatible silyl
novolac/polyolefin sulfone blends afford sensitive,
high resolution resists, while the inherently posi-
tive acting trimethylsilylmethyl methacrylate can be
copoloymerized with chlorinated styrenes to yield
negative resists capable of submicron resolution.
The synthesis and radiation chemistry of these mate-
rials is discussed, in addition to a brief analysis
of their lithographic properties.

Multi-layer resist systems have secured an important role in the
fabrication of devices with geometries of 1.0 um or less (1).
However, the complexity associated with these processes must be
simplified. Since the introduction of tri-layer systems (2,3), an
obvious simplification is to combine the properties of both the
upper resist imaging layer and the oxygen reactive ion etching
(RIE) resistant masking layer (typically Si0,) into onme. One mech-
anism to accomplish this is to incorporate metal atoms into poly-
meric materials that function as resists (4-7). Organosilicon
species have been shown to provide excellent oxygen RIE resistance
and are typically copolymerized with other monomers that effect the
radiation sensitivity necessary for imaging (8).

Unfortunately, the incorporation of silicon into polymeric
resists can alter the desirable materials characteristics. A
decrease in the glass transition temperature often accompanies the
inclusion of silicon into a resin, and most silicon substituents
will drastically change the solubility properties of the parent
polymer. For example, polymerization of propylpentamethyldisiloxyl
methacrylate affords rubbery, low Tg polymers that are

0097-6156/87/0346-0110$06.00/0
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inappropriate for resist applications (9). While other components
may be incorporated into the system to raise the Tg, the
synthesis could become complex if enhanced radiation sensitivity is
also desired. Silicon substituents are also typically hydrophobic
in nature such that if a base soluble resin is desired, there will
often be a delicate balance between the amount of silicon that can
be incorporated into the system to effect RIE resistance and yet
allow aqueous base solubility.

We have successfully employed the trimethylsilylmethyl append-
age to effect oxygen RIE resistance in both positive and negative
acting electron-beam resist systems (10,11). The relatively com-
pact nature of this substituent allows the preparation of glassy
polymers useful for lithographic applications. The preparation and
characterization of select trimethylsilylmethyl substituted resists
will be presented in addition to a study of their radiation chemis-—
try and lithographic properties.

Experimental

Materials. Trimethylsilylmethyl methacrylate (SI) and chloro-
methylstyrene (CMS) (mixed m,p isomers) were obtained from Petrarch
Systems Inc. and Dow Chemical Co. Inc., respectively. Both mono-
mers were purified by distillation at reduced pressure. Copolymers
were prepared by free-radical solution polymerization at 85°C in
toluene. Reactions were initiated using benzoyl peroxide.

Trimethylsilylmethylphenol and o-cresol were obtained from
Petrarch Systems, Inc. and Aldrich Chem. Co. Inc., respectively.
Silylated novolac (SI-novolac) resins were prepared by condensation
polymerization of p-trimethylsilylmethyl phenol, o-cresol and form—
aldehyde. Poly(2-methyl-l-pentene-sulfone) (PMPS) was prepared as
described in the literature (12).

Characterization. P(SI-CMS), polystyrene equivalent molecular
welight was determined by high pressure size exclusion chromato-
graphy (HPSEC) using a Water's Model 510 pump, 401 differential
refractometer, and duPont bimodal silanized columns; SI-novolac
number average molecular weight was determined by vapor phase
membrane osmometry (Wescan Instruments, Inc., Model 232A). Glass
transition temperatures were determined using a Perkin-Elmer DSC-2
differential scanning calorimeter. The temperature heating rate
was 10°C/min with sample masses ranging from 10 to 20 mg.

Reactive Ion Etching. Etching experiments were carried out in an
Applied Materials Model 8110 Hex reactor. Alternatively, a Cook
Vacuum Products Inc. Model C71 RF/DC Sputtering Module was employ-
ed. Film thickness measurements were taken before and after etch-
ing to determine etching rates, and the rates were typically
compared to that of the novolac-diazoquinone photoresist, HPR-206,
baked at 210°C for 1 hour. Measurements were obtained on a Dektak
Model IIA profilometer.

P(SI-CMS) resist films, 0.5 to 1.0 um thick, were spun from
10-12 w/v % solutions of the polymers in 2-methoxyethyl acetate.
Silylated novolac-PMPS (SI-NPR) resist solutions were prepared by
dissolving the SI-novalac (10 wt%) and PMPS (0.9 wt%) into isoamy-
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lacetate. All resist solutions were consecutively filtered through
a 0.5 and 0.2 um Teflon filter stack (Millipore, Inc.). Resist
solutions were spun onto four inch silicon substrates that were
either bare, or precoated with 1.5 um of Hunt photoresist (HPR-206)
baked at 210°C for 1 hour in air. Prior to exposure, the resist
coated substrates were given a 30 to 60 min. prebake at 80 to 100°C
in air. The negative resist was post-develop-baked at 120-150°C.

Lithographic Characterization. Electron-beam exposures were
conducted on an EBES system operating at 20 kV, with a beam address
and spot size both equal to 0.25 um. Electron response parameters
were evaluated using linewidth control patterns. P(SI-CMS) was
spray developed after exposure using an APT Model 915 resist pro-
cessor in toluene-methanol (1:1) for 30 sec followed by a methanol
rinse for 45 sec. Aqueous solutions of tetramethylammonium hydrox-
ide (TMAH, 25% in water, Fluka Inc.) were used for the novolac
resist development. Exposed films were dip-developed for 20 sec.
in TMAH-water (1:2.5) solutions.

Film thicknesses remaining after exposure and development were
measured optically using a Nanometrics Nanospec/AFT micro area
thickness gauge, and a Dektak IIA profilometer. Scanning electron
micrographs (SEM) of processed patterns were taken using either a
JEOL IC 35CFS or Cambridge Stereoscan 100 scanning electron micro-
scope.

Results and Discussion

Materials Synthesis and Characterization. In addition to the
requirements of etching resistance, sensitivity, solubility and
high glass transition temperature (Tg), one of the criteria used
in designing both a negative and positive electron-beam resist
system was synthetic simplicity. The trimethylsilylmethyl append-
age allows the incorporation of silicon into polymeric resists
without adverse synthetic complications. Standard free radical or
condensation polymerization techniques can be employed with appro-
priately substituted monomers that are readily available.

While poly(trimethylsilylmethyl methacrylate) is inherently a
positive acting resist system (13), the silylated monomer can be
readily copolymerized with such moieties as chloromethyl styrene to
generate crosslinkable polymers. A series of P(SI-CMS) polymers
(Figure 1) were prepared and the resulting materials properties are
listed in Table I. Using the Fineman-Ross treatment (14), the
reactivity ratios for SI and CMS were 0.49 and 0.54, respectively.
A slightly greater mole percentage of CMS was therefore observed in
the copolymer with respect to the monomer feed composition. Due
to the compact nature of the silylated ester group, only a limited
reduction in Tg is observed for these systems. The silylated
homopolymer exhibits a Tg of 68°C and copolymerization with
chloromethyl styrene effects an increase up to 78°C for the polymer
containing 54 mole% SI. These values of Tg are typical of many
negative resist systems and should not affect image stability dur-
ing lithographic processing.

The trimethylsilylmethyl unit may also be incorporated into
phenolic resins that are components of solution inhibition positive
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resists. A schematic representation of the resin is shown in
Figure 1. The methylene spacer between the aromatic ring and silyl
species in trimethylsilylmethyl phenol eliminates the problem of
Si-C bond cleavage observed in other systems (15). While
condensation polymers of the silylated phenol and formaldehyde were
insoluble in aqueous base because of the hydrophobic nature of the
silyl moiety, incorporation of o-cresol afforded alkaline soluble
resins with up to ~ 10 wt % silicon. Polymer molecular parameters
for these systems are also given in Table I. While the Tg's are
lower than desired, no adverse effects on lithographic imaging were
observed.

Table I. Polymer Molecular Parameters

Polymer |Composition wgiz ﬁ; M /M M, Ty
(x 10-5) (°c)

P(SI-CMS) [0.54:0.462 6.7 | 0.85 2.3 - 78
0.66:0.342 10.3 1.16 1.9 - 76

0.91:0.092 14.6 1.87 2.1 - 70

1.0:0 16.3 2.17 2.2 - 68

SI-Novolac| O 3:0.7: 9.7 - broad 750 26
0.6:0.4) 5.4 - broad 404 26

0.8:0.2 2.5 - - - -

8 Given as the ratio of SI:CMS in the polymer, as determined by
elemental analysis.

b Given as the ratio of o-cresol to trimethylsilylmethylphenol in

the feed.

Oxygen RIE Behavior. Oxygen RIE treatment of the silylated poly-
mers prepared above leads to the generation of a surface layer of
SiOyx, presumed to be Si0,. Auger sputter depth profiles (Figure
2) of the silylated novolac reveals that a 30-50A surface layer of
oxidized silicon is in fact formed. The thickness of this layer is
an estimate based on the sputtering rate of Si0y (20A per min)
under similar conditions. The composition of that layer is primar-
ily silicon and oxygen, with some carbon also present. Removal of
resist via sputtering, effects a decrease in the oxygen and oxi-
dized silicon signals with a concomitant increase in carbon inten-
sity. Untreated SI-novolac exhibits silicon signals at 84 and 1614
EV; oxygen RIE treatment effects a shift to 77 and 1609 EV. The
signals at 77 and 1609 EV are typical of oxidized silicon (SIOy).
The etching properties of the materials described earlier were
evaluated as a function of silicon content, and the results are
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shown in Figure 3. The relation is non-linear for both resist
systems and becomes asymptotic at high percentages of silicon.
Examination of the plots of etching rate ratios vs. wt. % silicon
indicates that small incremental increases in silicon content, in
the range of 10-16%, will effect large increases in etching ratios
between a silicon resist and planarizing layer. Note the increase
in selectivity from 12 to 20 for the P(SI-CMS) copolymer containing
14.6 wt Z Si and silyl methacrylate homopolymer that contains 16.3
wt? Si, respectively.

Etching ratios for silylated polymers are typically highly
dependent on the etching conditions employed. Changes in oxygen
pressure, RF power, and DC bias will effect changes in both etching
rate ratios between resist and planarizing layer, and etching
anisotropy. For example, a decrease in bias voltage from -550V to
-200V leads to an improvement in selectivity from 4.5 to 17 for a
P(SI-CMS) polymer containing 10 wt % silicon. However at =200V,
the etching process contains a significant isotropic component and
an unacceptable linewidth loss will be observed. While etching at
-350V will afford highly anisotropic -profiles, the selectivity of
6.5 observed for the 10 wt % Si polymer is inadequate for sub-
micron pattern transfer, and the higher silicon content material
must be employed. It is interesting to note that the wt. % silicon
in a polymer is not the only factor in determining oxygen RIE
selectivities. The novolac resin containing only 10 wt% silicon
etches at approximately the same rate as the 14% Si P(SI-CMS) poly-
mer. Clearly, such factors as polymer structure and composition
play an added role in determining RIE chemistry (16). Oxygen etch-
ing rates as a function of bias voltage for two P(SI-CMS) polymers
and the silyl novolac containing 10 wt% Si are given in Table II.

Table II. Oxygen RIE selectivity as a function of bias voltage

Resist wt % Si Etching Rate Ratio (HPR:Resin)
-500V -350V -200V
HPR-206 0 1 1 1
P(SI-CMS) 10.3 4.5 6.5 17
P(SI-CMS) 14.6 11 12 17
SI-Novolac 9.7 3.5 11 >11
Lithographic Characteristics. The exposure response curves for

P(SI-CMS) and SI-novolac containing PMPS (SI-NPR) are shown in
Figure 4, and their lithographic characteristics are summarized in

Table III. The sensitivities are 2 uC/cm? (DO.S) and 8 uC/cm for
P(SI-CMS) and SI-NPR, respectively. In the case of SI-NPR, PMPS
affords radiation sensitivity via spontaneous unzipping after expo-
sure (17). The mechanism is equivalent to that of NPR and the
lithographic characteristics are quite similar. No evidence of
incompatibility was observed.
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Table III. Summary of Lithographic Characteristics

Resist Sensitivity Y Resolution?
2
P(SI-CMS) 2 uC/cm 1.8 0.75 um
2
SI-NPR 8 uc/cm 1.1 0.5 Hm

8Minimum demonstrated coded line/space resolution.

As the dose requirements for crosslinking chloromethylated
polystyrenes are significantly below those for methacrylate chain
scission, P(SI-CMS) polymers are sensitive, negative acting re—
sists. Ledwith, et al. have shown that only small amounts of CMS
are required to effect over an order of magnitude enhancement in
poly(methylstyrene) sensitivity (18), and the sensitivity observed
for our copolymer is in the range of that observed for the methyl-
styrene-CMS copolymers of equivalent molecular weight. An approxi-
mation of the radiation chemical yields for P(SI-CMS) were deter-
mined as per the method described by Novembre and Bowmer (19). The
calculated values of G(x) and G(s) are 1.26 and 0.5, respectively,
and the Charlesby-Pinner (20) plot used to determlne those values
is shown in Figure 5. The relatively high value of G(s) is clearly
attributable to the presence of an alkyl methacrylate. The effi-
ciency of C—Cl bond cleavage leading to crosslinking of the polymer
network is evidenced by the high value of G(x).

Submicron patterns have been generated in both resists and
effectively pattern transferred through thick planarizing photo-
resist with little linewidth loss. Figure 6 depicts coded 1.0,
0.75 and 0.5 um line-space patterns printed in SI-NPR prior to
oxygen RIE treatment. Similar patterns have been obtained with
P(SI-CMS) and Figure 7 shows the results of oxygen RIE pattern
transfer of coded 1.0 and 0.75 um images obtained with the negative
resist,

Conclusion

Both negative and positive acting, oxygen RIE resistnt e-beam
resist systems have been prepared through the incorporation of the
trimethylsilylmethyl functionality into standard resist chemistry.
Resins containing >10 wt% silicon display an RIE resistance more
than 10 times greater than conventional photoresists and allow
submicron pattern transfer with minimum linewidth loss.
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1 pm

Figure 6. SEM micrographs depicting coded (a) 1.0, (b) 0.75
and (c¢) 0.5 pm line-space patterns printed in SI-
NPR.
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Figure 7. SEM micrographs depicting coded 1.0 (a) and 0.75 (b)
pm line-space patterns printed in P(SI-CMS) followed by oxygen
RIE pattern transfer.
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Chapter 11

Lithographic Evaluation of Poly(methyl methacrylate)-
graft-poly(dimethylsiloxane) Copolymers

Murrae J. Bowden, A. S. Gozdz, C. Klausner, J. E. McGrath/, and S. Smith’
Bell Communications Research, Red Bank, NJ 07701-7020

Poly(methyl methacrylate)-g-poly(dimethylsiloxane) graft copolymers have
been shown to exhibit positive deep UV resist behavior and to function as a
suitable etch mask for O, RIE pattern transfer in two-layer resist
applications. Phase separation is restricted to a regime (100-200 A)
significantly below the size of normal lithographic features. There is some
degree of phase miscibility, the extent of which depends on the precise
molecular architecture and relative amount of the two components. Since
poly(dimethylsiloxane) is considerably more sensitive to electron beam
irradiation than poly (methyl methacrylate) and is negative acting, its presence
in the continuous PMMA phase dictates the tone of the response in electron-
beam lithography. Equal line and space patterns are difficult to generate
because of the competing radiation chemistries of the block components.

There has been considerable interest in recent years in multi-layer resist processes as a means of
overcoming the resolution limitations associated with single-layer lithography over topographical
features on the surface of a wafer. In the multi-layer approach, a resist film, typically 1-2 um
thick, is first applied to the substrate in order to planarize the surface. A second resist layer is
then coated on top of the planarized surface either directly (two-layer) or following prior
deposition of an intermediate layer such as SiO, (three-layer). The top resist serves as the
imaging layer and subsequent mask for pattern transfer into the underlying layer.

Several pattern transfer techniques have been developed, each of which places certain
constraints on the design of the imaging resist. For example, in the case of transfer via oxygen
reactive-ion etching (O, RIE) involving a two-layer resist structure, an etch rate ratio greater
than 10:1 between bottom and top resist layers is required in order to achieve acceptable quality
in the transferred image (1). The common resist materials are carbon-based polymers and their
etch rates relative to those of Novolac-based materials which are commonly used for the
planarizing layer, are less than 1.0. Thus, they are not suitable for RIE pattern transfer.

ICurrent address: Chemistry Department, Virginia Polytechnic Institute and State
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Several years ago, Taylor et al. (2,3) showed that the oxygen plasma-etch resistance of
carbon-based polymers could be markedly enhanced by incorporating certain atoms into the
polymer chain. Particularly effective were those elements such as silicon or titanium that form a
refractory oxide during oxygen RIE. The oxide is formed at the surface of the resist and greatly
retards the subsequent etching rate of the remaining resist.

This approach has been applied to both positive and negative resists, particularly in the
case of silicon because of the wide variety and availability of organosilicon compounds. Resists
have been designed with the silicon moiety present as a substituent either on the side chain, e.g.,
as in the positive resist poly(3-butenyltrimethylsilane sulfone) (4), or in the main chain itself as
in substituted polysiloxanes (5,6) or polysilanes (7,8). Since the objective is also to maintain
high sensitivity, the overall design approach has generally been to incorporate both functions,
viz., sensitivity and RIE resistance, through two complementary moieties. For example, one
might design a random copolymer composed of two different monomer units, one of which
provides radiation sensitivity while the other contains the refractory oxide-forming element to
impart oxygen RIE resistance. This principle is exemplified by the negative resist
poly (trimethylsilylstyrene-co-chloromethylstyrene) (9) and is by far the simplest design
approach. Alternatively, one could prepare homopolymers from the respective monomers and
simply mix them together as in the case of NPR resist (10,11). This approach has had only
limited success because polymer mixtures or blends are generally incompatible and the resulting
macroscopic phase separation results in poor lithographic performance.

Hartney et al. (12,13) proposed the use of block copolymers as a means to circumvent
this problem of macroscoplc phase separation. The chain segments in block copolymers are
confined to microscopic domains, typically 100-200 A in size, which are composed of similar
segments with the covalent bond between segments being located at the interface between
domains. The precise equilibrium morphology depends on the relative size of the individual
blocks as well as the casting conditions (14). The key point is that the size of the phase-
separated domains is well below that of typical lithographic features and thus does not limit
image quality.

Hartney et al. (12,13) demonstrated the lithographic utility of block copolymers using
poly(p-methylstyrene - dimethylsiloxane) block copolymers. The p-methyl group was
subsequently chlorinated to enhance the sensitivity of the resist. Through control of block
lengths, they were able to obtain a morphology resembling either poly(dimethylsiloxane)
(PDMS) rubber spheres in a continuous glassy chlorinated poly(methylstyrene) (CPMS) matrix
or a lamellae structure, and showed that good electron beam sensitivity, resolution, and
reactive-ion etch resistance could be obtained. Since both components of the CPMS/PDMS
block copolymer crosslink when irradiated with high-energy electrons or deep UV, it is not
surprising that the resist was negative acting.

It should be possible to extend this principle to the design of a positive resist by making a
degrading polymer the continuous glassy phase. Unfortunately, block copolymers with PDMS
are prepared by living anionic polymerization techniques and there are no really suitable
degrading polymers that can be conveniently formed into a block copolymer with PDMS.
Methyl methacrylate can be polymerized anionically, but control of the molecular parameters is
difficult because of the protic impurities present in most commercially available grades of
monomer and the inherent side reactions associated with the ester functionality during anionic
polymerization (15).

Copolymerization involving macromonomers offers an alternative convenient route to the
synthesis of block and graft copolymers with well-defined phase-separated morphology. The
anionic organolithium-initiated ring-opening polymerization of hexamethylcyclotrisiloxane allows
the preparation of well-defined polymers with controlled molecular weight, narrow molecular
weight distribution and functional termination (16). By terminating the living siloxanolate
anion with a chlorosilane functional methacrylate monomer, Smith and McGrath (17) were
able subsequently to copolymerize this macromonomer with methyl methacrylate in ‘solution to
produce a polymer consisting of a PMMA backbone with pendant PDMS grafts at varying
intervals along the chain. Smith and McGrath reported average PDMS domain sizes in cast
films of 12-21 nm (depending on the length of the PDMS "graft") which are of comparable size
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to the domains in the block copolymers of Hartney et al. (12,13). Since PMMA represents the
continuous phase and degrades under high energy electron or deep UV radiation, we reasoned
that such graft copolymers should function as positive resists in lithographic application. This
paper reports the lithographic behavior of these materials under electron beam and deep UV
irradiation.

EXPERIMENTAL

Poly(methyl  methacrylate)-g-poly(dimethylsiloxane) ~ copolymers  were  prepared by
copolymerizing methyl methacrylate with a poly(dimethylsiloxane) macromonomer. The latter
was prepared by anionic polymerization of hexamethylcyclotrisiloxane (D) initiated by s-butyl
lithium, and terminated with 3-methacryloxypropyl-dimethylchlorosilane. Details of the
synthesis are given elsewhere (17). The macromonomer was precipitated in methanol and dried
under vacuum. Free radical copolymerizations were carried out in toluene at 60°C initiated
with 0.1% azobisisobutyronitrile. The copolymers were extracted extensively with hexanes or
isopropanol (depending on polymer solublllty) to remove any PDMS homopolymer.

The polymers were dissolved in chlorobenzene, filtered, and films approximately 3000 A-
thick spin-coated onto silicon wafers and baked for 1 hr at 160°C. They were then exposed to
an electron beam (AT&T Bell Laboratories EBES machine) at 20 keV. Doses ranged from 1 to
100 uC/cm?. Alternatively, the samples were exposed to deep UV radiation at 260 nm using an
Optical Associates Inc. (OAI) deep-UV exposure tool. The exposed patterns were developed by
dipping in mixtures of methyl isobutyl ketone and isopropanol of varying strength whose
composition depended on the structure (graft molecular weight and grafting ratio) of the
copolymers.

Reactive-ion etch resistance was evaluated using a Cook Vacuum Products RIE system,
Model C71-3 operating at 13.56 MHz. The etch resistance was determined for a two-layer
configuration in which the resist was spun on 1.5 um of a polyester planarizing layer (PC-1)
supplied by Futurrex Inc. The latter etches approx. 30-50% faster than HPR-204 (~1500
A/min compared to 1000 A/min for HPR). The etching conditions were: Power: 0.16 W/cm?,
Bias: —350 V: Pressure, 20 mTorr O,; Flow rate: 15 sccm O,.

Differential Scanning Calorimeter (DSC) thermograms were obtained on a Perkin Elmer
DSC 4 run at 10°C/min. Dynamic Mechanical Thermal Analysis (DMTA) spectra were
obtained on a Polymer Labs DMTA at a frequency of 1 Hz with a temperature range from
-150°C to +150°C at a scan rate of 5°C/min.

ESCA measurements were carried out on a Kratos XSAM-800 instrument with a Mg
anode (200 watts) at a vacuum of 10~ torr. TEM analysis was done on a Phillips IL 520T
STEM at 100 kV in the TEM mode.

RESULTS AND DISCUSSION

The samples investigated in this study are shown in Table 1. They cover a range of graft
molecular weights with M, varying from 1,000 to 20,000 (1-20K) and grafting ratios
(characterized by the weight fraction of PDMS which varied from 5 to 45%). These two
parameters dictate the properties of the copolymers. Figure 1 shows a plot of the glass transition
temperature of the continuous (PMMA) phase as a function of graft molecular weight for a
constant PDMS composition (25-31%) while Figure 2 shows the effect of composition at a
constant graft MW of 10K. The T, of PMMA is shifted to lower temperatures as the molecular
weight of the PDMS graft decreases from 20K to 1K. Likewise, for a constant graft MW of
10K, the T, decreases with increasing PDMS content. Similar results were observed by dynamic
mechanical thermal analysis ﬂ
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Table 1. Characteristics of PMMA-g-PDMS Copolymers

Sample M, of PDMS PDMS content
(wt.-%)
Q 1 32
G 5 31
7L 10 30
110 20 25
7) 10 14
7K 10 20
7L 10 30
111 10 40
11) 10 47

As seen in Figure 1, the T, of the graft copolymers only approaches that of PMMA for PDMS
side chains on the order of 20K or greater. If complete phase separation were maintained on
decreasing the length of the side chain, T, would be expected to remain constant and equal to
that of PMMA. Thus, the steady drop in T, with decreasing length of the side chain implies
that a degree of phase mixing exists. Slmnlarly, for a constant 10K side chain, T, decreases
(Figure 2) as the total PDMS content increases again suggesting that phase mixing is occurring.

These results imply that the molecular weight of the PDMS graft needs to be on the order
of 20K or greater in order to ensure complete phase separation. This would also seem to be
desirable from the lithographic standpoint since this maximizes the T, of the glassy continuous
phase which is believed to be important in maintaining pattern acuity during development.
There are however practical considerations which must be taken into account. Uniform samples
with graft MW of this magnitude are difficult to prepare. A total molecular weight of 200,000
and side chain of 25K would correspond on average to only two grafted chains per main chain
for a 25% PDMS composition. Given such statistical limitations, product uniformity can be
difficult to attain. We can improve product uniformity statistically by reducing the molecular
weight of the side chain but, as seen in Figure 1, this results in a greater degree of phase mixing
and a lowered T,. We can improve T, by lowering the total PDMS content (Figure 2), but
there clearly needs to be a minimum amount of PDMS to impart the desired RIE resistance.

The reactive-ion etch resistance of the graft copolymers is substantially improved over
PMMA. Figure 3 shows a plot of film thickness remaining as a function of etching time for
samples containing different amounts of PDMS. The graft MW was constant at 10K. Under
the prevailing conditions, PMMA etched at a rate greater than 1800 A/min., whereas the
sample containing 25% PDMS of MW 20K etched at a rate of 50 A/min. corresponding to an
etch rate ratio of 36:1. These results are similar to those reported by Hartney et al. (12,13)
for PCMS-PDMS block copolymers.

As seen in Figure 3, the initial etching rate is higher than the equilibrium rate which was
attained after ~5 min. etching. We attribute this higher initial rate to the fact that a certain
amount of time is needed to build up the protective oxide film. As expected, the etch rate
decreased with increasing PDMS content (Figure 4), but only with a concomitant decrease in
T, (Figure 2). Such dichotomy again points to the fact that some compromise is required. If
we define the acceptable etch rate ratio to be greater than 20:1, then the PDMS content must
be >25%, corresponding to >9% silicon in the polymer. This conclusion is in agreement with
results of MacDonald et al. (18) who reported that a minimum of 10% silicon was needed to
provide acceptable pattern transfer.

All samples yielded uniform, apparently homogeneous films when spun from
chlorobenzene. SEM analyses show very smooth surfaces at 200K magnification indicating no
features greater than 50 A size. However, the surface develops a very distinct morphology
during reactive-ion etching. Figure 5 shows evidence of spherical or worm-like features which
are 500 A in diameter.
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SEM micrograph of the resist surface (a) after spin-coating and baking at 160°C;
(b) after 5 min. O, RIE.
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ESCA analysis of the surface prior to etching indicated that the surface composition is
closely akin to that of PDMS. As seen in Table II, a sample which has been spun and dried
under vacuum at room temperature (sample 26A) shows only 48.6% carbon when analyzed at a
glancing angle of 10° increasing to 61.6% C at 90°. This leads us to conclude that the surface
is PDMS rich, but deeper into the film, the composition approaches that of the block copolymer.
Likewise, the silicon content decreases from 26.9% at 10° to 14.7 at 90°. Interestingly, post-
baking at 160° for 1 hour appears to further concentrate PDMS towards the surface (sample
26B) in that the composition is now essentially invariant over all three glancing angles and is
close to that expected for PDMS. These results are in agreement with the contact angle
measurements of Smith and McGrath (17) and can be explained by the low surface energy of
poly(dimethylsiloxane) which would cause it to locate at the surface during spin coating and
subsequent drying.

Table II. ESCA Analysis of PMMA-g-PDMS Films

Sample Angle Carbon Oxygen Silicon
PMMA 71.4 28.6
PDMS 50 25
26A 10 48.6 24.5 26.9
30 55.6 244 20.0
90 61.6 23.7 14.7
26B 10 53.5 24.1 22.4
30 52.3 25.0 229
90 55.3 25.2 19.5
26D 25 50 25

After 5 min. RIE, the carbon content of the surface has sharply diminished with a concomitant
increase in silicon content (sample 26D) which is consistent with the formation of an oxide
layer. We note that the size of the surface features which develop (Figure 5) during RIE are
considerable greater than the original domains which vary from 11 nm for graft MW of 5K
(15% PDMS content) to 21 nm for 20K.

Further evidence of partial miscibility is seen from results on small angle X-ray scattering
taken on samples of varying graft MW at constant PDMS content (15%) (see Table I1I). We
see that the interdomain spacing varies uniformly with graft MW. However, the scattering
intensity decreases with decreasing MW of the PDMS side chain at a much greater rate than
can be accounted for simply by the shrinking domain size. This effect again leads us to conclude
that there is partial miscibility below 25K MW PDMS side chains.

Table III. SAXS Analysis of PMMA-g-PDMS Films.

Sample Interdomain Scattering Graft MW
spacing, nm intensity, a.u.
70 13.4 37 1K
7E 25.3 140 5K
7) 36.4 400 10K
1IN 45.6 530 20K

The picture that emerges is of a system which does phase separate on a microscopic scale, but in
which there is still a degree of partial miscibility, even at graft MWs of 20K. The surface is
dominated by the PDMS because of the low surface energy of the siloxane chain which causes it
to migrate to the surface. This surface agglomeration is aided by the prebaking process. RIE
requirements dictate an optimum PDMS content of ~25% while the optimum graft MW
appears to be around 20K. As we shall see below, this physical picture is substantiated by the
radiation chemistry which is mirrored in the lithographic performance.
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Figure 6 shows the lithographic response of sample 7Q to electron beam irradiation.
Contrary to our initial expectation, the resist is negative acting with an interface gel dose (Dy)
of 5 uC/cm? Figure 7 shows patterns generated in this resist and transferred to the 1.5 pm-
thick planarizing layer by O, RIE. It was virtually impossible to obtain equal line and space
features. As can be seen in Figure 6, the maximum thickness attainable was only on the order
of 50-60% original film thickness.

The origin of these effects lies in the different radiation susceptibilities of the two
copolymer components. PDMS is a negative-acting resist whose sensitivity has been reported to
be ~5uC/cm? for a molecular weight of 71,800 (5). PMMA, on the other hand, is positive
acting with a sensitivity of ~50 uC/cm?. Thus, we would expect the grafted PDMS side chains
to dominate the radiation chemistry at low doses. Although we had anticipated this, we had
expected the lithography to be dominated by the radiation chemistry of PMMA, i.e., the ideal
continuous phase, since crosslinking of the phase-separated rubber domains ought not to affect
the dissolution of the continuous matrix. The fact that the lithography reflects the radiation
chemistry of PDMS, supports the suggestion previously made that the PDMS does not exist
exclusively in phase-separated domains, but is in fact partially miscible with PMMA and thus
dominates the radiation chemistry of the matrix. At higher doses, crosslinking is offset by
degradation of the PMMA which is reflected in the maximum in the contrast curve (Figure 6).

Since PDMS does not absorb in the deep UV, its partial miscibility with the PMMA
continuous phase should be of no consequence as far as deep UV response is concerned. Indeed,
the resist is positive acting in deep UV as seen in Figure 8. Broadly speaking, sensitivity is
independent of the MW of the PDMS graft although there are marked differences in the
developer strength required to develop the image. The various developers are summarized in
Table IV. We again see that the sample with graft MW of 20K is most PMMA-like in that the
developer strength is closest to that required for pure PMMA. At 1K, only very weak solvents
can be used reflecting the greater degree of miscibility and solubility of the copolymer. Figure 9
shows patterns transferred into the thick planarizing layer. Excellent pattern quality is obtained.

Table IV. Developers for PMMA-g-PDMS Graft Copolymers

Sample M, of PDMS Total PDMS Developer®
wt.-%
7Q 1K 32 IPA
G 5K 31 IPA/MIBK 6:1
7L 10K 30 IPA/MIBK 3:1
11Q 20K 25 IPA/MIBK 3:2
PMMA MIBK

9)45-60 s at room temperature; IPA = propanol-2;
MIBK = 3-methylbutan-2-one

CONCLUSIONS

The block copolymer principle has been extended to the design of positive resist systems. The
degree of phase separation has been shown to be an important factor determining the
lithographic response of the resist under conditions where the response is determined by the
radiation chemistry of the continuous phase. When the discontinuous phase, i.e, the minor
component, is more sensitive to the exposing radiation than the continuous phase (major
component), and is partially miscible with the major component, its radiation chemistry will
determine the lithographic response, particularly in cases where it crosslinks. Partial miscibility
should not present a problem if the minor component does not absorb radiation at the exposing
wavelength or if its radiation response is of similar tone.
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Figure 6. Lithographic response curve for sample 7Q (e-beam at 20 keV). Initial thickness:
3300 A; @ developed 30 s in 1:1 MEK/MIBK; A 90 s in 1:3 MEK/MIBK.
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Figure 7. SEM micrographs showing features transferred via Oy

RIE into 1.5 pm planarizing layer.

Continued on next page.
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Figure 7.--Continued. SEM micrographs showing features trans-
ferred via 09 RIE into 1.5 um planarizing layer.
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Deep UV lithographic response curves for the graft copolymers as a function of graft
MW at constant composition (25-32%). © PMMA developed 45 s in MIBK.

O 1K - IPA/45s; ® 5K - IPA/MIBK 6:1/45s; A 10K - IPA/MIBK 3:1/60 s;
A 20K - IPA/MIBK 3:2/60 s.
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Figure 9. SEM micrographs showing two-layer resist features
transferred via Oy RIE into a 1.5 pm-thick planarizing layer.
Graft copolymer (top resist layer) patterned at &4 J/cm?.
Continued on next page.
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Figure 9.--Continued. SEM micrographs showing two-layer
resist features transferred via Oy RIE into a 1.5 pm—thick
planarizing layer. Graft copolymer (top resist layer)
patterned at 4 J/cmZ.
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Chapter 12

Acid-Catalyzed Thermolytic Depolymerization
of Polycarbonates: A New Approach
to Dry-Developing Resist Materials

J. M. J. Fréchet/, E. Eichler’, M. Stanciulescu/, T. lizawa/, F. Bouchard/,
F. M. Houlihan/, and C. G. Willson?

'Department of Chemistry, University of Ottawa, Ottawa, Ontario KIN 9B4, Canada
2Almaden Research Center, IBM, San Jose, CA 95120-6099

The design of new condensation polymers which undergo
acid-catalyzed thermolysis is explored with
polycarbonates. The polymers are prepared by phase-
transfer catalyzed polycondensation using active esters
or carbonates and diols. Polycarbonates containing
tertiary, allylic or benzylic diol units susceptible to
elimination decompose thermally near 200° to volatile
materials. Self developing resist materials can be
designed by combining the active polycarbonates with
photoactive triarylsulfonium salts or other similar
compounds which generate strong acids upon irradiation.
Exposure of the resist material creates a latent image
which can be developed thermally with evolution of
volatile carbon dioxide, alkenes, and alcohols.

The development of new materials for application as photoresists has
seen numerous advances over the past few years as researchers strive
to meet the industry's needs for materials of greatly improved
properties through new conceptual designs. Of special interest to
the synthetic organic chemist are improvements focused on increases
in resolution and sensitivity as these may be prone to chemical
solutions. In practice, enhanced resolution is required to achieve
dimensional control while allowing for a reduction of the overall
dimensions of active devices. Enhanced sensitivity is required to
compensate for the loss of flux which generally results from the use
of exposure instruments capable of providing higher resolution.
Other critical resist properties such as etch resistance, adhesion,
processing characteristics, etc., must also be considered though
initial emphasis for the development of new designs may be placed on
improvements in sensitivity and resolution [1,2].

The Chemical Amplification Approach

Significant advances in the field of materials which may be useful as
E-Beam or X-Ray resists have been made based on the development of
0097-6156/87/0346-0138$06.00/0
© 1987 American Chemical Society
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new chain growth polymers such as the polyalkenesulfones [3] and
substituted polyacrylates [4,5].

Over the past few years we have been interested in the design of
new types of resist materials which generally possess high sensiti-
vities due to structural features which allow for the occurrence of
radiation initiated repetitive processes. The three main approaches
we have investigated to-date all maximize the use of available
protons through "chemical amplification"; they are the following:

* Photoinduced changes in the physical properties of polymers
[1,6].

* Photoinduced multiple molecular rearrangements [7].

* Photocatalyzed depolymerization or chain degradation reactions

[8].

In all three of these designs, chemical amplification is the
result of photoinitiated chain or catalytic reactions where
irradiation is used only to initiate a chain reaction or to generate
a catalyst within localised areas of a resist film.

The most relevant early work in the context of this study is the
radiation induced depolymerization of poly(phtalaldehyde) [9]. In
this case, depolymerization is due to a ceiling temperature
phenomenon whereby radiation induced cleavage of the polymer causes
it to revert fully to monomer. Poly(phtalaldehyde) is a material
with a very low ceiling temperature which is only rendered stable at
room temperature through the device of capping its chain-ends after
low temperature polymerization, thereby preventing its spontaneous
degradation when heated.

This very interesting approach leads to a potentially versatile
resist which can be imaged with almost any source of energetic
radiation. However, a significant drawback of the spontaneous depo-
lymerization process may be the fact that monomer is evolved
immediately upon irradiation, thus increasing the risk of contamina-
ting the optics of the exposure tool. A better approach, which we
have originally tested with the photoinitiated molecular rearrange-
ment of certain polycarbonates containing protected glycidol moieties
[7], would involve the photochemical generation of a latent image
only, followed by a thermal self-development step outside the
exposure tool (Figure 1).

Thermally Depolymerizable Polycarbonates

Our newly described family of thermally labile polycarbonates operate
on a somewhat similar design [10]. The system is based on a two-
component mixture consisting of a polymer with thermally labile bonds
in its main-chain and a substance which can generate acid by exposure
to radiation (e.g. triarylsulfonium salts [11]). Typical examples of
the types of reactive polycarbonates we have prepared are polymers I,
ITI, and III which are shown on page 141.
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These polycarbonates undergo thermolysis at relatively low
temperatures (150-250°C) while other less reactive polycarbonates are
stable to much higher temperatures. For example, while polycarbonate
I undergoes complete decomposition to volatile p-benzenedimethanol,
isomeric C-8-dienes, and CO, near 200°C, the homopolycarbonate of
1,4-benzenedimethanol only undergoes a partial and complex decompo-
sition at higher temperatures leaving an appreciable amount of
charred residue behind.

A typical preparation of the polycarbonates is shown for polymer
III in Scheme I. 1,4-Benzenedimethanol is activated by reaction with
two equivalents of p-nitrophenyl chloroformate in pyridine and the
resulting symmetrical dicarbonate is then used in a polycondensation
with an equimolar amount of 2-cyclohexen-1,4-diol in a solid-liquid
phase-transfer catalyzed reaction with 18-crown-6 as catalyst and
solid anhydrous potassium carbonate as base. Alternately, the same
polymer can be prepared by condensation of bis(4-nitrophenyl)-2-
cyclohexen-1,4-ylene dicarbonate [12] with 1,4-benzenedimethanol or
through a variety of similar polycondensations using diol bis-
carbonylimidazolides [13,14].

All three types of polycarbonates I-III owe their thermolytic
lability to their structural design which allows for low activation
energy tertiary, benzylic, or allylic, transition states and which
includes hydrogen atoms in positions P to the carbonate oxygen to
enable elimination. In all cases the thermolytic decompositions are
very clean reactions which usually proceed quantitatively. For
example, in the case of polymer III, thermolysis affords only the
three expected products as shown below in Scheme II.

Acid-Catalyzed Thermolysis of the Polycarbonates

Of particular relevance to this study is the knowledge that elimina-
tion of carbonates proceeds through a polar transition state [15].
Thus, the thermolysis of these activated carbonates should proceed
through an acid-catalyzed process and polymers I-III would be
expected to undergo thermolysis at temperatures well below 100°C in
the presence of a catalytic amount of strong acid. In terms of
resist imaging, these properties would be exploited as shown in
Figure 2.

These expectations were confirmed fully in a model study invol-
ving the acidolysis of bis(4-nitrophenyl)-2-cyclohexen-1,4-ylene
dicarbonate. This bis-allylic carbonate is expected to undergo a
clean acidolytic cleavage to benzene, p-nitrophenol and carbon
dioxide. Indeed when a sample of this model compound is treated with
a catalytic amount of a strong non-nucleophilic acid such as trifluo-
romethanesulfonic acid, the decomposition proceeds as expected. This
is most readily monitored by performing the acidolysis within an NMR
tube on a solution of the dicarbonate as is shown quite graphically
in Figure 3. Extension of this finding to a resist material is
carried out readily as follows. A thin film of an active poly-
carbonate such as I containing a small amount of a radiation sensi-
tive acid precursor such as a triphenylsulfonium salt is cast on an



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch012

12. FRECHET ET AL.  Acid-Catalyzed Thermolytic Depolymerization 141

W
L w0 R

LATENT IMAGE POSITIVE IMAGE
FIGURE 1. Thermal development of a latent resist image

resist

substrate -

CH
ik

<|:—o—<;—o—cuz CH~ o-c-)»— I
l [ e g
--{-o-fu—@—fu-o-ﬁ—ar 11

CH, CH, O

—&o—@—o—c—o-cm—@—'cm—o-ﬁk— 111
o o
HOCHz—@-CHZOH +2 oan—@-o-lcl—cc
)

ozn-@—o— ﬁ—O—CHz—@—CHz—O-ﬁ—O—@—NOZ
0 0

18-Crown-6 | ., —<=_:>—OH
K2CO3
+ﬁ-0—©—0-ﬁ-°-CHz—@-CHr°+n
0 o

SCHEME I. Phase transfer catalysis in the preparation of
polycarbonate IIT.



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch012

142 POLYMERS FOR HIGH TECHNOLOGY

—(—ﬁ—O—@—O—(I:I—O—CHZ—@—CHZ—O-)-n
o 0
lA

Ho-cnz—@cnzon @ + 2nco,

SCHEME II. Thermolytic depolymerization of Polymer III.

Il ]
+0440-C-0-R-0-C + 5"

1hv Expose
W
(0] o} Mask
l Il
+0H-0-C-0-R-0-C— +H".... |

Latent image

lHeot
1A
n >\—-\< +2nC0, + n HO-R-OH L1

Self - development

FIGURE 2. Imaging of a two-component resist material containing a
tertiary polycarbonate and an onium salt.



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch012

12. FRECHETET AL.  Acid-Catalyzed Thermolytic Depolymerization 143

(©

8

T

&

© uo,—©— ocoo—@—ocoo—@—no,

(B) Y

(&)

6 4 2

't
T

FIGURE 3.

+ 4

1H—NMR monitoring of the acidolysis of bis(4-nitro-
phenyl)2-cyclohexen-1,4-ylene dicarbonate. Spectrum
A: starting dicarbonate in CDCl,. Spectrum B: taken
immediately after addition of a éatalytic amount of
CF,S0,H. Spectrum C: taken after 10 min. at RT and

af%er?’ DZO exchange.



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch012

144 POLYMERS FOR HIGH TECHNOLOGY

appropriate substrate. Selective exposure of portions of the film to
an appropriate source of radiation causes the liberation of acid in
the polycarbonate matrix with formation of a latent image. Exami-
nation of the exposed film of polycarbonate at this stage by Fourier-
transform infrared spectroscopy suggests that no transformation other
than that affecting the radiation sensitive catalyst has occurred.
Full development of the image is then achieved by 1low temperature
thermolysis, a process which does not affect the areas of the image
where no acid has been produced. Though dry development should
result, some of the products which are formed in the decompostion of
the various polycarbonates may have a low volatility and thus it may
be convenient to remove them under vacuo or through the use of a
solvent which does not affect the unexposed polycarbonate.

Since a large number of polycarbonates possessing the desired
structural features can be prepared from a variety of diols, it is
useful to develop simple methods to predict their behavior as resist
materials. To this effect, we have devised spectroscopic methods to
follow the degradation of the polycarbonates under a variety of
thermolysis or acidolysis conditions. For example, the thermolysis
of the solid polymers can be followed conveniently by gas-chromato-
graphy-mass spectrometry. The thermolysis is a very clean reaction
which proceeds as shown in Scheme III without side-product formation.
Figure 4 shows the gas chromatographic trace obtained when polymer II
is subjected to thermolysis near 250°; the products analyzed by the
mass spectrometer have the expected structures as shown in Figure 4.

Though the polymers are meant to be used as thin film coatings,
some useful information can be deduced from the monitoring of their
acidolysis in solution within the confines of an NMR tube as was
shown above for a model compound (Figure 3). For example, polycar-
bonate IV dissolved in deuterated chloroform undergoes acidolysis
with loss of carbon dioxide upon addition of a catalytic amount of
trifluoromethanesulfonic acid. The NMR spectrum of the polymer shows
drastic changes with formation of a large amount of benzene and
liberation of other phenolic moieties derived from bisphenol A. The
thermolysis reaction can be accelerated considerably by slight
heating after addition of the acid.

Resist Imaging Experiments

Imaging experiments can be done through irradiation either with a UV
source such as a Perkin-Elmer 500 aligner at 254 nm or with an
electron-beam. Typically, exposure is followed by a brief baking
period at 50-70°C depending on the exposure dose and the exact
structure of the resist material. The potential of the system is
exploited fully in the production of positive images though it may be
also possible to produce negative images with certain structures.
Figure 5 shows scanning electron micrographs of positive tone images
obtained with a typical polycarbonate resist system. We are
currently exploring more fully the properties of these systems as
well as of novel radiation-sensitive compositions based on different
families of polymers.
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Experimental

Synthesis of the bis-p-nitrophenylcarbonate of 1,4-benzene-dimethanol
A solution of 14.1 g (70 mmoles) of p—n1tropheny1chloroformate in 40
mL of dry dichloromethane is added over a period of one hour to a
solution of 4.80 g (35 mmoles) of 1,4-benzenedimethanol in 5.53 g (70
mmoles) of dry pyridine and 60 mL of dry dichloromethane. After
stirring at room temperature overnight, enough dichloromethane is
added to the reaction mixture to bring the white compound formed into
solution. The organic phase is then washed successively with
distilled water, a 5% solution of hydrochloric acid and once more
with distilled water. After drying the organic phase over anhydrous
magnesium sulfate and removal of the solvent on rotatory evaporator,
a white solid is recovered. Recrystallization from dichloromethane
affords 9.11 g (56% yield) of pure product which is shown to be the
esired compound by spectroscopic and elemental analysis.
-NMR: 5.32(s, 4H, CH 2)3 7.53(s, 4H, CH, benzenedimethanol);

1340(d 4H, CH n1trophenol), 8.30(d, 4H CH nitrophenol).

NMR: 70.35(CH,); 121.72(CH, n1trophenol C #2); 125.32(CH,
n1trophenol), 128, 88(CH benzenedimethanol); 135.08(C,
benzenedimethanol); 145.43(C, nitrophenol); 155.40(C, nitrophenol);
152.40(C=0).

IR: 1767(C = 0); 1617 and 1494(C = C); 1521 and 1345(NO, stretch);
1458(CH2 scissoring); 1253,1215 and 1167(C-0-C); 863(= C—H out—of-
plane bending, aromatic).

MS: absent(M+); 286(VS, loss of CO, and nitrophenyl radical); 242(W,
loss of 2C0, and nitrophenyl radica%); 139(W, nitrophenol); 104(s,
loss of 2C0, and 2 nitrophenyl radicals).

Analysis (C,H,N); calc: 56.42; 3.44; 5.98. Found: 56.29; 3.70, 5.84.

Reaction of the bis-p-nitrophenylcarbonate of 1,4-benzenedimethanol
with 2—cyclohexen-1 4-diol A mixture is prepared under argon
atmosphere, consisting of 1.1348 g (9.954 mmoles) of the diol, 4.6623
g (9.954 mmoles) of the bis-p-nitrophenyl carbonate 0.630 g of 18-
crown-6, 7.0 g of potassium carbonate and 15 mL of dry
d1chloromethane. The reaction mixture is stirred and refluxed for 90
hours, after which time it is worked-up by the usual method. Three
precipitations into 1.5 liter of methanol are necessary to obtain
2.760 g (91% yield) of the pure white polymer. The cis:trans ratio
?f the cyclohexenediol units in polymer III is shown to be 35:65 by
-NMR reflecting the mixture used initially.

?nalysis (C,H); calc.: 63.12, 5.30. Found: 63.36; 5.49.

H-NMR: 7.36 (s,4H,CH aromatlc), 5.96 (m,2H,CH alkene), 5.14
(m,6H,CH-0 and CH, benzenedimethanol); 2.15 (m,l 3H,CH,~CHg, trans
1somer), 1.92 (m, f 4H,CHy,cis isomer), 1.76 (m,1.3H,CH —CHa, trans
1§omer)

-NMR: 154,51 (C = 0); 135.47 (s,C aromatic); 129.97 (d,CH alkene);
128.51 (d,CH aromatic); 71.09 (d,CH alicyclic); 69.14
(t,CH,,benzenedimethanol);  25.25 (t, CH, alicyclic,trans isomer);
24,57 (t,CH a11cyc11c, cis isomer)
£g; 1742 (8 ); 1452 (CHy scissoring); 1244, 1196 and 1079 (C-0-C);
(= C-H out—of—plane bending, cis 1,2-disubst.)
DSC: Tg = 65°C; 3 endotherms at 73 87 and 123°C
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MW; Osmometry: Mn = 17,600
GPC: Mn = 7,900, Mw = 15,000, D = 1.9
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Chapter 13

Sensitivity of Polymer Blends
to Synchrotron Radiation

J. A. Jubinsky/, R. J. Groele/, F. Rodriguez/, Y. M. N. Namasté?,
and S. K. Obendorf?

ISchool of Chemical Engineering, Olin Hall, Cornell University, Ithaca, NY 14853
2Department of Textiles and Apparel, Martha Van Rensselaer Hall, Cornell University,
Ithaca, NY 14853

The sensitivity of poly(methyl methacry-
late), PMMA, to x-rays is enhanced by the
addition of poly(epichlorohydrin). The two
polymers are miscible as shown by thermal
analysis and by optical clarity of blends.
Films of PMMA with 20 to 30% poly(epi-
chlorohydrin) require only 1/2 to 1/4 the
exposure to produce patterns compared to
PMMA alone. Thinning-exposure curves also
suggest a sensitivity increase of 3 or 4
times. Contrast suffers somewhat, but
patterns are producible when a nitride-
supported gold mask is used.

When the resolving power of photolithography is to be
exceeded, the two technologies that are most often called
upon are electron-beam and x-ray lithography. For
purposes of discussion, the lower limit of features made
by optical (deep UV) methods may be placed at about 0.5
um. Electron beams currently can be used to produce
features from 1.0 to 0.25 um. Since backscattering is
not a problem with x-rays, the minimum dimensions
obtainable with x-rays in thick films may well be smaller
than those obtained with electron beams. Moreover, x-ray
lithography is efficient for large volume production of
chips. Electron-beam technology has been widely used for
some time in mask-making and for customized, low-volume
chip production, so a considerable body of information
has been acumulated on the response of polymers to 20- to
50-keV electrons. A similar body of information does not
exist on the response to x-rays. There are currently
three types of x-ray sources available to researchers:
anodic, in which high-energy electrons act on a metal
target; plasma, in which IR or UV laser radiation acts on
a metal target; and synchrotron, in which a beamline is
attached to a high-energy electron storage ring. Anodic
sources are the least expensive type, but they are from
100 to 10,000 times less intense than the other sources.

0097-6156/87/0346-0149$06.00/0
© 1987 American Chemical Society



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch013

150 POLYMERS FOR HIGH TECHNOLOGY

As source strength is increased and exposure times
reduced, sensitivity is a less urgent matter. When the
response of a given resist to x-rays is being measured,
the wavelength of the radiation has to be taken into
account also. While synchrotron radiation is intense,
the energy distribution may not be concentrated in the
regions corresponding to efficient absorption by the
atoms making up the resist.

Several reports have been published on x-ray resists
in recent years. Haelbich et al. (l) compared the per-
formance of PMMA using synchrotron radiation with that
using e-beam radiation. Yaakobi (4) et al. used a laser-
-ion x-ray source. The general topic of x-ray resists
has been reviewed by Lane (3) and Taylor (4). A very
optimistic view of the future for synchrotron-based
lithography was taken by Wilson (5). More guarded pre-
dictions of eventual application of x-rays have been made
by Broers (6) and Heuberger (7).

Poly(methylmethacrylate), (PMMA), is one resist
which is especially favored by researchers due to its
high resolution and contrast. Linewidths as small as 100
A have been proguced with an extremely high dose of
x-rays (10 J/cm®) using PMMA. Howevgr, even PMMA's
normal sensitivity of 600-1000 mJ/cm” is too slow for
commercial use. There have been many attempts to improve
the sensitivity of PMMA to electron beam irradiation
mainly by copolymerization (8). 1In the current paper, we
describe an alternative approach whereby a sensitive
polymer is physically blended with PMMA to increase its
sensitivity and yet maintain the good film qualities
associated with PMMA as a positive x-ray resist.

Poly(epichlorohydrin), CO rubber* (Hydrin), was
chosen for various reasons. The one reason was that CO
has been shown to be miscible with PMMA by Anderson based
upon differential scanning calorimetry (DSC) which showed
only one glass transition temperature (T_ ) for the blend
(9). sSince T_ is very sensitive to the disruption of the
local structufe that results when two polymers are mixed,
the existence of a single glass transition temperature is
a good indicator of miscibility (10).

Recently, the miscibility of CO rubber with PMMA
over the entire range of concentrations and molecular
weights has been confirmed (11). There is a broadening
of the glass transition which reaches a maximum at about
30% PMMA. However, even at that concentration, the poly-
mers are truly miscible. Studies of compatibility of CO
rubber and some copolymers have been reported with other
methacrylate polymers and also with acrylate polymers
over a wide variety of conditions (11, 12). Another
reason for blending with CO is that CO contains chlorine
which tends to enhance x-ray absorption, especially near
the absorption edge of 4.4 %. It was hoped that the in-
rrease in absorption would produce more secondary

*ASTM abbreviation for this polymer.
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electrons which would, in turn, lead to increased scis-
sioning of PMMA.

Our exploratory work indicated that CO degrades
rapidly on gamma radiation. Taylor et al. (13), using a
very high molecular weight CO, has reported that CO
crosslinks appreciably when exposed to Pd x-rays. In
the present work no decrease in solubilitb“has been ob-
served and only a very slight broadening of the molecular
weight distribution has been seen even while the number
average molecular weight decreased markedly.

Experimental Procedure

CO rubber (Hydrin 100) was obtained from the B.F.
Goodrich Chemical Company. Based upon gel permeation
chromatography (GPC) using tetrahydrofuran (THF) as a
carrier solvent, the CO has a polystyrene equiva}ent
number average molecular weight (Mn) of 303 x 103 and a
weight average molecular weight (M & of 598 x 10°. The
glass transition temperature is -28°%¢ 59). The PMMA u§ed
was Rohm and Haas A-100 (M_ = 113 x 10, M_ = 213 x 107).
Some additgonal blends were made using puM¥ from KTI (Mn
= 360 x 107, M_ = 950 x 107).

Three mixfures of CO-PMMA were blended together for
analysis of lithographic performance. Compositions of
20, 33, and 50% CO by weight were blended by dissolution
in THF to form a 13% (total solids) solution. Cyclo-
hexanone was added to the blend to form a 7% solution to
impart proper viscosity and volatilitg3for casting films.
In the case of PMMA with M_ = 950 x 10°, CO was dissolved
in hot chlorobenzene and tHen mixed with PMMA (also in
chlorobenzene). Solvent choice was a matter of
convenience.

The films were spun at 1250 RPM for 1 minute onto
thtse—inch silicon wafers. The wafers were baked at
150°C for 1 hour in a convection oven. Film thicknesses
ranged from 0.8 to 1.3 pm. Pure PMMA films were also
prepared using the same casting solvent mixture and
baking conditions.

Gel permeation chromatography was used to determine
polymer molecular weights. The model used was a Waters
Associates 201 HPLC w%th 44p8tyrage§ §olumns (nominal
pore sizes of 500, 10, 10", and 10 ). THF was used as
the carrier solvent. The molecular weights were reported
as polystyrene equivalents with the exception of PMMA for
which a PMMA calibration standard was used. Glass transi-
tion temperatures (T_) were measured using a Perkin Elmer
Differential 8cannin3 Calorimeter (DSC) model DSC-2C.

The x-ray exposures were carried out using synchro-
tron radiation delivered by the National Synchrotron
Light Source at Brookhaven National Laboratories. The
beamline was built by IBM and has been described else-
where (14, 15). 1In summary, the storage ring operates
with electron energies at 750 MeV and a magnetic radius
of 1.91 m. The current in the ring, which degrades with
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time, ranges between 75 and 250 mA. The actual power
through the beryllium window,and incident on the wafer
ranged from 2.3 to 7.5 mW/cm” in the present work.
Samples were exposed to synchrotron radiation through a
gold-on-boron nitride mask and then developed using
various mixtures of isopropyl alcohol (IPA) and methyl
isobutyl ketone (MIBK). Development was conducted under
stirred conditions using a constant temperature bath at
23°C and was terminated by blow drying with Freon gas.
Film thicknesses were measured using a Tencor Alpha Step.

Electron beam exposures were performed using a
modified RCA model EMV-3 transmission electron micro-
scope. The aperture was opened to allow the beam to
spread over the entire 3-inch wafer giving a uniform
exposure. The accelerating voltage was 50 keV, and the
dose was measured using a faraday cup (9).

Gamma irradiation was carried out at Cornell’s Ward
Reactor Laboratory. EBlk polymer samples were irradiated
under nitrogen using CO source at a dose rate of about
0.5 Mrad/hour.

Laser interferometry was used to study the dissolu-
tion rates of selected films (16, 17). A 632.8 nm wave-
length beam of unpolarized light from a 2 mW He-Ne laser
was directed on a submerged wafer that had been coated
with a poéymer film. The angle of incidence was approxi-
mately 10°. Reflected light from the polymer-solvent and
polymer-substrate interfaces was directed toward a photo-
cell which was coupled to a chart recorder. As the
polymer solvent interface began to recede due to
dissolution, constructive and destructive interference
from the interface took place, and a sinusoidal output
was recorded. By measuring the period of the sinusoidal
curve, the dissolution rate was determined (16, 17).

Results and Discussion

Lithographic performance of the CO-PMMA blends was eval-
uated by measuring the thickness of resist remaining for
various doses using arbitrarily chosen development times.
Contrast curves are shown for a 33% CO blend and for PMMA
in Figure 1. From the contrast curves, thinning curves
were constructed by plotting the unexposed normalized
thickness remaining versus the dose required for complete
development (Figure 2). For low x-ray doses the 33% CO
blend exhibited much less thinning than PMMA.

There is a trend toward increasing sensitivity as
the percentage of CO is increased (Figure 2). For
example, for 20% thinning, the dose required to com-
pletely develop the 33 and 50% CO blends are 2 and 3
times less, respectively, than that needed for PMMA.
However, in the high dose regime where the allowable
percentage of thinning was reduced, the difference in
sensitivity narrowed. Unfortunately, the enhanced sensi-
tivity of the CO blends occured at the expense of con-
trast which was reduced by 25 to 40% when blending. No
trend with respect to contrast among the CO blends was
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Figure 1. Contrast curves for x-ray, flood-exposed
films developed one minute in indicated mixtures of
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noticed. The 33% blend appeared to have the best con-
trast, but it was still significantly lower than that of
the PMMA.

The mechanism behind the increase in the sensitivity
of the blend appears to involve the scissioning and dis-
solution properties of CO. Adding CO to PMMA increases
the dissolution rate of the blend as compared to PMMA.
When the blend is exposed to radiation, the CO scissions
(faster than the PMMA) and its molecular weight is
decreased. The decrease in molecular weight of the CO is
apparently responsible for the increased dissolution rate
of the blends. This has been confirmed by comparing the
dissolution rates of unexposed CO-PMMA blends with two
different molecular weights of CO. A 33% (by weight) CO
blend containing CO with M_ = 86,000 dissolved 8 times
faster than a blend contailing CO with M_ = 303,000.
Thus, the increase in the dissolution rafe between the
exposed and unexposed regions of the blends appears to be
primarily due to the scissioning of the CO.

The original hypothesis that the CO enhances scis-
sioning by supplying secondary electrons has not been
supported by this experiment. From the data, it appears
that the enhancement of dissolution rate by scissioning
of CO may account totally for the increased sensitivity
of the blends. This point could be clarified by a
further experiment in which the molecular weight of the
PMMA in the blend is independently monitored upon
exposure.

At high doses, the ability of the CO to influence
the dissolution rate was diminished since its absolute
molecular weight changed less significantly. It appears
that the main mechanism for increasing dissolution at
higher doses is not the degradation of CO, but the scis-
sioning of PMMA. This accounts for the apparent simila-
rity in behavior of PMMA and the blends at high doses.
Thus, the increased sensitivity of the blends is realized
only in the "forced developing" regimes.

The relative response of CO/PMMA blends to various
forms of radiation can be compared. 1In the first place,
gamma radiation of bulk samples of CO or PMMA results in
values of G(s) = 5.1 scissions/100 eV for CO compared to
0.8 for PMMA (Figure 3). It is interesting that CO
undergoes scissioning with little crosslinking (G(x) =
0.5 at most). It is presumably the ether linkage in
combination with the substituted chain carbon which leads
to scission. Poly(ethylene oxide), in contrast,
crosslinks readily, even in dilute solution as long as
oxygen is excluded (18). Taylor (11) found that the
disubstituted homolog, poly(cis-1,2-dichloromethyl-
oxirane), was unequivocally a scissioning compound, but
that CO appeared to crosslink somewhat. As mentioned
earlier, this may have been due to the higher molecular
weight CO which he employed.

The sensitivity of CO to electrons and x-rays was
characterized by comparing a blend with PMMA to PMMA
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alone. 1In a beam of 50 keV electrons, a blend with a CO
to PMMA ratio of 1:2 exhibits a slope about 2.9 times
that of PMMA in a plot of l/Mn versus dose (Figure 4).
The polydispersity, M _/M_, of the blend (shown on the
same plot) indicates hal the co degraded faster than the
PMMA. The polydispersity of neat PMMA remains between
1.9 and 2.3 under the same experimental conditions.

Synchrotron radiation yielded a similar pattern to
the e-beam result when the same blend and PMMA were
compared (Figure 5). The slope for the blend is about
2.7 times the slope for PMMA.

While chlorine might be expected to enhance the
sensitivity to x-rays more than either gamma radiation or
electrons, the present work does not demonstrate this
effect. The most probable reason is that the synchrotron
beam was operating under conditions where the intensity
was not high at the absorption edge for chlorine (4.4A).
The dissolution behavior of CO-PMMA blends was examined
for two molecular weights of PMMA (Table 1).

In each case, the dissolution rate was increased by
addition of CO. Two additional features can be noted.
The amplitude of the oscillations in reflected light
intensity appears to remain constant as the blends
dissolve. This would indicate that the undissolved
portion of the film is not undergoing swelling or
extraction to any noticeable extent. The second feature,
observable especially in the high molecular weight PMMA
blend, is an increased offset between the maximum
amplitude during dissolution and the reflection from the
bare wafer after dissolution is complete (Figure 6).
This offset has been interpreted as representing a
transition layer on the surface of the dissolving film
(19).

~  The increase in the offset means that the CO-PMMA
blend has a thicker surface layer. On the other hand,
the fact that the offset is only very slightly increased
by high molecular weight CO with the lower molecular
weights of PMMA means that the transition layer is
probably not due to entangled CO molecules remaining on
the surface.

Conclusions

The sensitivity of PMMA can be increased by adding CO in
a blend. The sensitivity of the blend in comparison to
the PMMA increased under forced developing conditions
(i.e. longer developing times for development of lower
doses). However, under severe conditions, the contrast
of the blends suffered greatly which would make it
difficult to form good lithographic patterns. At 15 to
20% thinning, the 33 and 50% CO by weight blends still
show a 2- to 3-fold increase in sensitivity over that of
PMMA. However, this occurred at the expense of a 25 to
40% reduction in contrast.



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch013

156

POLYMERS FOR HIGH TECHNOLOGY

140 Poly(epichlorohydrin)
/
L ]
100 ;
) ®
1/Mn | 2140
60F PMMA—C" 1 1/Mn
o’/A//O
xio®f © J20
20507 o {x10®
1@
O L 1 1 1 N O
0 10 20 30
Dose Mrad

Figure 3. Sensitivity to gamma radiation (Cobalt source).
® CO, G(s) = 5.1; o PMMA, G(S) = 0.8.

GOF
l/Mn r
a0t Bleni
8
~
x108 [ P
A
s 6
20¢ O PMMA  [M,/Mq
® <—0
\, //0/
/-0~ s
JLoTT o
0 10 20 30
Dose pC/cm2

Figure 4. Sensitivity to 50 keV electrons for(o )
PMMA and (e )CO:PMMA, 1:2. The slope for the blend
is 2.9 times that for PMMA.



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch013

13.

JUBINSKY ET AL.  Sensitivity of Polymer Blends to Synchrotron Radiation 157

80

Blend

60

1/Mn F

xl0” F

o]

60 1,200
Dose mJd/em2
Figure 5. Sensitivity to x-rays (flood exposure
through berylium window) for same materials as in
figure 4. The slope for the blend is 2.7 times that
for PMMA. Polydispersity for PMMA ranges from 1.9 to
2.3 at all doses.

Table 1. Dissolution in MIBK, 30°C

PMMA alone CO:PMMA, 1:4
M _of PMMA Diss. Rate  f** Diss. Rate f
360 x 10° 0.031 0.80 0.27 0.61
29 x 103 0.14 0.97 0.75 0.94

**Oscillation amplitude reduction factor (19), £ = (a -
b)/(a - b + 2s), where a and b are maximum and minimum
reflected light intensities during dissolution and s is
the offset (Figure 6).
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Figure 6. Dissolution rates measured by
interferometry using MIBK at 30°C for (a) high
molecular weight PMMA and (b) CO:PMMA, 1:4.
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Chapter 14

A New High-Sensitivity, Water-Developable
Negative Photoresist

Anders Hult/, Otto Skolling’, Sven Géthe2, and Ulla Mellstrém?

IDepartment of Polymer Technology, Royal Institute of Technology,
S-100 44 Stockholm, Sweden
2AB Wilh. Becker, Box 2041, S-195 92 Mirsta, Sweden

Polymers based on methylacrylamidoglycolate meth-
ylether (MAGME) have been synthesized and used as
negative tone photoresists. MAGME containing poly-
mers can undergo acid-catalyzed crosslinking by a
selfcondensation reaction. P-Toluene sulfonic acid,
a UV-deblockable sulfonic acid and a triphenylsulf-
onium salt have been used as catalysts. Acid-cata-
lyzed crosslinking is another example of chemical
amplification in photoresist sysems. These MAGME-
polymers exhibit high sensivity but a limited line-
width resolution. They are soluble in harmless sol-
vents like water and alcohols.

Much recent research has been focused on the development of
new generation resist materials which possess improved sensi-
tivity and enhanced resolution (1). An interesting approach to
improve sensitivity involves the phenomenon of chemical ampli-
fication (2). This strategy has been demonstrated successfully
for resist materials that undergo either acid catalyst hydroly-
sis (3) or polymerization (4). The key to these processes is
photogeneration of strong acids. This can be achieved either by
the use of onium salts (5) or latent UV-deblockable sulfonic
acids (6). Both catalysts also generate a substantial amount of
free radicals which may or may not interfere in the reaction.
This paper will discuss another approach to chemical amplifica-
tion, namely acid catalyzed self-condensation of acrylic poly-
mers. These materials, based on methyl acrylamidoglycolate
methylether, generate negative-tone images and consist of a
water (or alcohol) soluble polymer which can undergo acid
catalyzed crosslinking.

0097-6156/87/0346-0162$06.00/0
© 1987 American Chemical Society
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Experimental

Methyl acrylamidoglycolate methylether (MAGME) (American Cyan-
amid) was filtered while warm and recrystallized from xylene
(mp 70-73°C). All other monomers were freed from inhibitor on
an aluminium oxide column. p-Trimethylsilylstyrene was synth-
esized from p-chlorostyrene using a Grignard reaction and
chlorotrimethylsilane. Azobisisobutyronitrile (AIBN) was used
as free-radical initiator in all polymerizations and carbon
tetrabromide as chain-transfer agent. Polymerizations were
carried out at 60°C in a 50:50 mixture of toluene and butanol
under a nitrogen atmosphere. The reaction was carried out for
3,5 h and the formed polymer precipitated in cold diethylether.
It was then redissolved and repreciptated prior to further use.
once more IR spectra were recorded on a Perkin Elmer 1710
FTIR and NMR on a 200 MHz Bruker WP 200. FTIR was used to
determine the co-polymer composition.

p-Toluene sulfonic acid (I), a UV-deblockable sulfonic acid
(II) and triphenylsulfonium hexafluoroantimonate (III) were
used as acid catalysts in the crosslinking reactions (Figure
1). Films 20um thick were casted on glass plates from methyl-
ethylketone solutions; thin films (SIum) were spin-coated on
silicon wafers from a cyclohexanone solution of the polymer.
Irradiations were performed with an Oriel 82410 1000 W illum-
inator.

Results and Discussion

MAGME is a multifunctional acrylic monomer (Figure 2). It is
easily polymerized by a free-radical mechanism and can be co-
polymerized with several vinyl monomers (7). We have prepared a
variety of MAGME-containing polymers (Table 1) and studied
their ability to undergo acid-catalyzed crosslinking. Molecular
weight and molecular weight distribution was controlled by
addition of carbon tetrabromide which acts as a chain transfer
agent.

MAGME polymers can either be crosslinked in a selfcondensation
reaction or with a polyol (Scheme 1). The polyol can either be
blended or co-polymerized with MAGME. An example of such
monomer is 2-hydroxyethylmethacrylate. In this paper we will
only discuss selfcondensation of MAGME-polymers.

One of the most commonly used acid catalysts in organic reac-
tions is p-toluensulfonic acid (PTSA). This acid was used to
evaluate the possibility of selfcondensation of MAGME-polymers.
Thick (20 ym) films were coated on glass plates and cured in an
oven at different temperatures and curing times. Data in Table
2 show the time required at lowest possible curing temperature.
In the case of PTSA it was difficult to achieve curing at temp-
eratures below 120°C. This, and the fact that it took nearly
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TABLE 1
% CBry, Conver-

Polymer (w/w) sien % Mn Mw/Mn Tg C

MAGME 0.6 7 2.5 x 10" 1.93 78

MAGME-MMA

(26:74) 0.6 33 7.4 x 10" 2.00 80

MAGME-MMA

(48:52) 0.8 73 2.1 x 10" 2.06

MAGME-BA

(39:61) 0.6 24 4,9 x 10" 1.89

MAGME-EHA

(46:54) 0.6 34 3.3 x 10" 1.86

MAGME-STY 0.6 18 4.4 x 10" 1.66 97

MAGME-TMS1STY 0.6

(50:50) ) 35 2.0 x 10" 2.90 ~100

All copolymerizations were carried out with 50:50 mixtures of the
two co-monomers. MMA-methylmethacrylate, BA - n-butylacrylate, EHA
- ethylhexylacrylate, STY - styrene, TMSiSTY - p-trimethylsilyl-

styrene.

TABLE 2

Crosslinking via self-condensation of poly-MAGME and its co-

polymers
Film Cata- Conc. Irradi- Curing Curing
Polymer thick- lyst (w/w) ation temp time
ness (J) time (sec) ( C) (min)
MAGME 1 III 10 3 100 2
MAGME-
MMA
(48:52) 20 I 0.3 - 120 20
MAGME-
MMA
(2:98) 20 II1 5 4 100 5
MAGME-
MMA
(2:98) 20 II 5 1 100 5
MAGME-
BA
(39:61) 20 I 0.3 - 120 20
MAGME-
TMSiSTY
(50:50) 1 ITI 10 3 100 2
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0 0=COCH, 0=COCH, 0
[} +
2 C-NH-CH-0CH.y — N L C-NH-CH~N-C— + CHyOH + H'
CH30-CH
CoocH

0 0=COCH 0 0=COCH
1 3 Wt ' 3 R
C-Ne-CH-OCH;  + R-OH —Te L-C-HH-CH-OR +OOH0H + H

Scheme 1. R is another Polymer chain.

20 minutes to cure the films indicated that the system was not
very acid sensitive. However, when the catalyst was changed to
the onium salt and UV-irradiated, both the curing temperature
and time decreased. This was also true at very low doses (-~
10mJ/cm?) of UV radiation.

This increased sensitivity is believed due to the fact that the
onium salt produces a much stronger acid, in this case HSbFg.
Another contributing factor could be participation of free
radicals, formed during irradiation of the onium salt. To test
this hypothesis, experiments were performed with a latent UV-
deblockable sulfonic acid. This compound produces both PTSA and
free radicals when it is irradiated. Although the acid produced
was PTSA, the curing result was consistent with the result from
the onium salt experiment. These experiments indicates it is
the free radicals which are effective in crosslinking the
matrix. However, it may also just be a solubility effect, e.g.
catalysts II and III may be simply more soluble in the MAGME-
polymers than PTSA. Further experimentation is needed to deter-
mine whether it is a solubility effect or participation of free
radicals that explains the low sensitivity of PTSA. In the
experiments with pure PTSA, no increase in sensitivity was
observed when the PTSA concentration was increased above 0.3%
w/wW.

In order to evaluate the possible use of MAGME-polymers in
resist applications, crosslinking studies were conducted on
thin films (1 um ), spinn-coated on silicon wafers. Poly-MAGME
is water soluble and most of its co-polymers are soluble in
alcohols (Table 3) making the materials relatively attractive
to work with from a production point of view.
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TABLE 3

Solubility of poly-MAGME and its co-polymers

Solvent MAGME  MAGME/MMA MAGME/BA MAGME/EHA MAGME/STY
Water X - - - -
Methanol X X X (x)

Acetone X X X X X
Ethylacetate X X X X X
Chloroform (x) X X X X
Toluene X X X X
N-heptane X

x = soluble, (x) = poor solubility, - = unsoluble, = soluble in
isopropanol

One advantage with thin films is that the concentration of the
photosensitive component can be increased. In contrast to the
study with pure PTSA, sensitivity increased with increasing
catalyst concentration. As a result, curing time could be de-
creased to 2 minutes at 100°C. The lithographic behaviour of
the MAGME-polymers is similar to that of other photoresist
systems based on a crosslinking mechanism. Due to the fact that
the developer for the unexposed areas has a strong interaction
with the crosslinked polymer, swelling becomes a problem.
Figure 3 shows 2 u lines and 4 u spaces, which is probably
close to the ultimate resolution of this system.

Co-polymers with p-trimethylsilylstyrene were also synthesized.
This polymer showed a good resistance towards 0,-RIE. However,
resolution in this resist is also controlled by swelling pro-
blems in the initial developing step. The MAGME-polymers can
also be transformed to positive tone images. This is done by
exposing the wafer to a base after it has been irradiated but
before it has been thermally activated (Figure 4). The base (in
our experiments we used ammonium hydroxide) consumes the acid
and forms a latent catalyst image in the film, that can be
activated by a subsequent flood exposure.

Although, the resolution of MAGME-polymers is limited to about
2 uym, they have several properties that make them attractive
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Figure 3. Negative tone image made from poly-MAGME. Contact
ptinted at 254 nm, using catalyst III. The SEM shows 2 u lines

and 4 U spaces.

1. Coat

2. Expose

3. Treat with base

4. Flood-expose and heat

5. Develop

Figure 4.

Positive tone

process for MAGME-polymers.
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for applications like circuit board fabrication, where high
resolution is not required. The MAGME-polymers have high sensi-
tivity (- 10 mJ/cm2) and they are soluble in harmless solvents
which makes them attractive in a production environment.

Conclusion

Acid-catalyzed crosslinking is another example of chemical
amplification in photoresist systems. It can be achieved via
selfcondens-ation of MAGME-containing polymers. Crosslinking
studies with PTSA, onium salts and a latent UV-deblockable
sulfonic acid, indicate that free radicals participate in the
crosslinking reaction also. These MAGME-polymers exhibit high
sensitivity, but in common with most negative crosslinkable
resist materials, a limited resolution. They are soluble in
harmless solvents like water and alcohols.
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Chapter 15

Soluble Polysilanes in Photolithography

R. D. Miller/, D. Hofer!, J. Rabolt/, R. Sooriyakumaran’, C. G. Willson/, G. N. Fickes?,
J. E. Guillet3, and J. Moore?

IAlmaden Research Center, IBM, San Jose, CA 95120-6099
2Department of Chemistry, University of Nevada, Reno, NV 89557
3Department of Chemistry, University of Toronto, Toronto, Ontario M5S 1A1, Canada

The drive toward improved resolution in lithographic processes has
focused attention on dry processing techniques for the transfer of
patterns created in thin imaging layers into thick planarizing layers.
In this regard, silicon containing polymers have received
considerable attention due to their ready accessibility and excellent
O,-RIE resistance. High molecular weight polysilane derivatives
which contain only silicon in the polymer backbone have attracted
interest recently because of their curious electronic properties.
These materials are also radiation sensitive and polymer scissioning
is the predominate process. As expected, the polysilanes are
extremely resistant to O,-RIE etching. In this paper we also discuss
two multilayer applications for the production of high resolution
patterns.

Future lithographic concerns are focused on the issues of improved process sensitivity
and resolution. With regard to the latter, another feature has become apparent. As
the industry moves toward smaller and smaller lateral geometries, the aspect ratios of
the lithographic features necessarily increase due to minimum thickness requirements
for the adequate coverage of topography. As this aspect ratio increases, it becomes
increasingly difficult to maintain the desired geometries by classical wet development
processes. For this reason, there has been increasing attention focused on dry, gas
phase plasma processes which are intrinsically capable of highly anisotropic
development (1). In this regard, O,-RIE development seems ideally suited for
multilayer schemes (2) such as the bilayer process illustrated in Fig. 1. In thisexample,
a thick planarizing polymer layer is coated over the substrate with a thickness
adequate to cover any surface topography. A thin layer of an appropriate imaging
material is then coated over this material. This layer may be quite thin (it must be
thick enough to be pinhole free) and hence can be imaged with high resolution. The
imaged pattern is then processed by wet or dry development and transferred by
anisotropic O,-RIE into the planarizing polymer layer. By varying the plasma
conditions, a variety of lithographic profiles can be generated.

0097-6156/87/0346-0170$06.00/0
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Figure 1. A bilayer process for the production of high resolution images utilizing

0O,-RIE techniques for image transfer.



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch015

172 POLYMERS FOR HIGH TECHNOLOGY

This type of process places unique demands on the imaging layer. Not only must
it be sensitive to the exposing radiation, but it also must be resistant to the oxygen
plasma used for the image transfer. Since most organic materials are readily attacked
by the aggressive oxygen plasma (3), attention has focused on organometallic polymers
containing elements such as silicon, boron, titanium, tin, efc., which form nonvolatile,
refractory oxides (4). The rapid formation of a thin metal oxide layer creates a barrier
to subsequent oxygen etching. Since a large number of silicon containing polymers are
synthetically available and SiO, forms a formidable oxygen etch barrier, these
materials have been heavily investigated (5). In this regard, a relatively small amount
of silicon (8-10% by weight) in the resist seems adequate for the formation of a
suitable barrier layer (6).

In 1983 we began to study the chemistry and spectroscopy of substituted silane
polymers and their potential applications to lithography (7-9). It was anticipated that
materials of this type which contain only Si in the backbone would provide excellent
etch barriers due to their relatively high silicon content.

Historically, the early attempts to prepare simple substituted polysilane
derivatives produced only highly crystalline, intractable insoluble materials (10,11).
We were intrigued by more recent reports on the preparation of soluble homo and
copolymers (12-14) some of which appeared to undergo facile radiation induced
crosslinking (14). In our initial studies, a number of unsymmetrically substituted,
soluble high molecular weight polysilanes were produced by Wurtz coupling of the
respective dichlorosilanes using sodium dispersion in toluene (7). Subsequently, we
discovered that symmetrically substituted polysilanes containing long chain alkyl
substituents could be also produced in the same manner and were quite soluble.
Scheme I shows a representative sample of the soluble polysilane derivatives which

have been prepared.
R! R
I Na .
?IC'Q —_ ?I + 2 NaCl
R2 R2 [n
Aromatic
R! = methyl R2 = phenyl p-tert-butylpheny!
p-tolyl 2,4,5-trimethylphenyl
p-methoxyphenyl
Aliphatic
R1 = methyl R2 = n-propy! n-dodecy!
n-butyl cyclohexyl
n-hexy!l
R! = R2 = n-butyl n-octyl
n-penty! n-decy!
n-hexyl n-tetradecy!

n-heptyl

Scheme 1
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The physical properties of these materials varied considerably with the
substituents and have been described previously (7). The use of toluene as the
polymerization solvent often resulted in low yields of high polymer (5-10%)
particularly from more sterically hindered monomers (9). The effective
polymerization of monomers of this type was critically dependent on the solvent. In
this regard, initial studies on the polymerization of alkyl substituted dichlorosilanes
showed that significant improvements in yield could often be realized by the use of
solvent mixtures such as toluene-dimethoxyethane or toluene-diglyme (9). This
dramatic improvement in yield suggested initially that the utilization of cation
complexing solvents such as diglyme might be facilitating anionic propagation. More
recent solvent studies on the polymerization of di-n-hexyldichlorosilane (Table I) do
not seem to support this hypothesis. Examination of this data shows that as little as
5% diglyme by volume results in almost a six-fold increase in the crude polymer yield
versus the use of toluene alone (entry 3). This was also accompanied by an increase in
the high molecular weight portion of the bimodal polymer distribution. Attempts to
confirm that the increase in yield was a result of cation complexation were
unsuccessful, however, since the addition of the sodium cation complexing agent,
(i.e., 15 crown-5), resulted poorer yields of lower molecular weight material (entries
4 and 5). In addition, similar improvements in the yield and molecular weight
distribution were obtained by the addition of a noncomplexing cosolvent such as
n-heptane (entry 6). On the basis of this study, we feel that the results are best
described as a bulk solvent effect rather than by specific cation solvation. Similar
observations and conclusions have been recently reported by Zeigler and co-workers
(15).

Much of the scientific interest in polysilane derivatives arises from their very
curious electronic spectra (16). Even though the polymer backbone is comprised of
only silicon-silicon sigma bonds, all high molecular weight polysilane derivatives
absorb strongly in the UV. This transition has been described variously as a go* or o
Si(3d) transition (16). Recent theoretical studies, however, have failed to support the
significant involvement of silicon d orbitals in the excited state (17,18). The initial
spectroscopic studies on a variety of unsymmetrically substituted, atatic polysilane
derivatives both in solution and in the solid state resulted in the following conclusions
(7): 1-both the Ap,, and the eg;; are functions of the polymer molecular weight,
increasing rapidly at first but approaching limiting values. This feature allows the
direct comparison of high molecular weight samples with a variety of substituents;
2-simple alkyl substituted polysilanes absorb between 305-325 nm with red shifts
occurring for the bulkier substituents; 3-aryl substituents which are directly attached
to the silicon backbone cause a significant red shift to 335-350 nm which has been
attributed to interaction between the backbone o and o*orbitals with the substituent
w and 7* orbitals (19,20). In this regard, the oxidation potentials of polymer films of
the aryl substituted derivatives are also lower than those of alkyl substituted
derivatives by ~0.5-1.0 V (21).

It now appears that these initial conclusions, while qualitatively correct, were
somewhat oversimplified, and that the absorption spectra of polysilane derivatives can
be effected by other factors. For example, it was noticed that while solutions of
poly(di n-hexylsilane) (PDNHS) appeared quite normal (A, 316 nm), curious
spectral changes occurred in the solid state (see Fig. 2) (22). The spectra of films of
PDNHS which had been freshly baked to 100°C appeared quite similar to those
observed in solution although the solid state spectra were understandably somewhat
broader. However, upon standing at room temperature, the absorption at 316 nm
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Figure 2. The electronic absorption spectrum of poly(di n-hexylsilane).
(a) solution in cyclohexane, (b) a solid film (1) recorded after baking to 100°C
1 minute (2) after standing for 10 minutes at room temperature.
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decreased markedly and was replaced by a strong, long wavelength absorption around
375 nm. This behavior was completely thermally reversible and the long wavelength
absorption was destroyed upon heating. DSC analysis of the solid polymer showed a
strong, reversible, endothermic transition at 41°C. This behavior was not limited to
PDNHS, but was also observed in higher homologs such as the di n-heptyl, octyl, nonyl
and decyl derivatives (23). IR, Raman and solid state NMR studies confirmed that the
thermal transition at 41°C was due to crystallization of the hydrocarbon side chains
(23). It was also suggested that this process caused the polymer backbone to be locked
rigidly into a fixed conformation. IR, Raman and WA XD studies on stretch-oriented
films showed conclusively that the backbone of PDNHS below 41°C was locked into
a planar zig zag conformation and that this conformational change was associated with
the spectral red shift (24). Above 41°C side chain melting occurred allowing the
backbone to relax into a disordered, albeit still extended conformation with
considerable backbone mobility. It now seems that the spectral values previously
observed for unsymmetrical, atatic polysilanes are a result of conformational disorder
in the polymer backbone rather than an intrinsic property of the chromophore.

Ry
Si R1 = Csz-, n—C4H9—, iso —C4H9—,
(CHg)3C-, TMS-, n-CgH13-
n
Ry

Since aryl substituted polysilanes absorb at longer wavelengths than their alkyl
substituted counterparts, it was of interest to examine the spectral properties of
symmetrically substituted diaryl polysilanes containing long chain alkyl substituents.
The derivatives shown were synthesized in low yields (5-10%) by polymerization of
the respective silyl dichlorides. To our surprise, the UV spectra of these materials
were strongly red shifted to ~400 nm even in solution making them the most red
shifted examples yet reported (see Fig. 3 for a representative example) (25). The
electronic spectra of the substituted poly (diarylsilanes) were very similar both in
solution and in the solid state and varied only slightly with temperature (—40 to
140°C). The long wavelength absorption was quite unexpected and could not be
rationalized by simple electronic substituent effects. One possible, albeit tentative,
explanation is that the bulk of these substituents is such that the polymer is forced into
a planar zig zag conformation even in solution and this conformation is responsible for
the spectral shifts. It is now clear that the absorption spectra of polysilane derivatives
(see Table II) depend not only on the electronic nature of the substituents but also on
the conformation of the backbone.

The dependence of both the Ay,, and eg; g; of the polymer on molecular weight
suggests that any process which reduces the molecular weight will result in a bleaching
of the initial absorption. This behavior is important for many lithographic
applications (vide infra). In this regard, the irradiation of a 0.2 gm thick film of
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Table I. UV spectroscopic data for substituted polysilane derivatives.

Polysilane Solution
Ry
|

—Si— 305-325
|
Me/,,

R; = Alky! (branched or normal)

Ry

|
_Si— 313-320

R‘n

Ry = Alkyl (branched),
n—C4H9-. n'CsH”'

FIH
—Si— 335-350

[
Me

Ry = Aryl

?1
—Si— 315-320

|
Ry

n

R1 = Alkyl, Cg < Ry < Cqg (normal)

R4

—Si— 390-398

Ry

Ry = Alky! (branched or normal)

Amax (nm)
Solid

305-325

313-320

335-350

370-380

395-402
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poly(cyclohexyl methylsilane) confirms that bleaching occurs upon irradiation
(Fig. 4) (26). The reduction of molecular weight upon irradiation both in solution and
in the solid state was confirmed by GPC analysis of the irradiated samples. An
example of such an analysis performed on an irradiated film of poly(methyl
dodecylsilane) is shown in Fig. 5. A similar analysis of an irradiated film of
poly(methyl phenylsilane) also showed extensive molecular weight reduction,
although a high molecular weight tail remained in the irradiated samples suggesting
that concurrent crosslinking is occurring. All of the polysilanes investigated bleached
significantly upon irradiation albeit the rate was somewhat dependent on structure.
In this regard, polysilanes containing two large alkyl substituents seemed to bleach
more rapidly than their less sterically hindered alkyl substituted counterparts.

The quantum yields for scissioning (®,) and crosslinking (®,) were determined
for some representative polysilane derivatives both in solution and in the solid state
(8). In all cases polymer scission is the predominant process and the ®g values ranged
from ~0.2 to 1.0. For two cases, poly(methyl phenylsilane) and poly(cyclohexyl
methylsilane) which were also examined in the solid state, the quantum yields were
reduced by at least an order of magnitude from the solution values.

The photolysis of low molecular weight cyclic and acyclic silane derivatives has
been shown via trapping experiments to produce substituted silylenes and silyl radicals
(27,28). For this reason, the nature of the photochemical intermediates produced
upon photolysis of a number of substituted silane high polymers was probed by
irradiation in the presence of reagents such as triethylsilane, methanol and n-propanol
(29). These materials have been previously shown to be effective traps for both
silylenes and silyl radicals. In every case, disubstituted silylene adducts were isolated
as the major products in 55-70% yield. Concurrently, evidence for the presence of
silyl radicals was obtained by the isolation in lower yields of a variety of substituted
disilanes when the trapping reagent was triethylsilane. The longer, linear silane
derivatives were determined to be photolabile under the irradiation conditions
(254 nm) and undergo subsequent photodegradation to yield ultimately the Si, species
which inefficiently absorbs light at 254 nm. The evidence for the concurrent
production of both silylenes and silyl radicals from the photolysis of high molecular
weight polysilanes suggests that the mechanism of photodegradation (see Scheme II)
may be similar to that postulated for the lower molecular weight, acyclic silanes. It is
not known whether the silylenes are formed concurrent with or subsequent to radical
formation.

Scheme 11
Ry Ry Ry Ry Ry Ry
[ hv | | |
MAAAAAA ?i—?i—Si — Si- + Si: 4+ Si amaaanaan
Rz Ry Rp R, Ry R

Lithography

Polysilanes by virtue of their high silicon content should provide an excellent etch
barrier to O,-RIE conditions. In this regard, the silicon content of the materials that
we have examined ranged from 7-24%. We have studied in detail the etch resistance
of poly(methyl phenylsilane) under O,-RIE conditions and have compared it to a
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upon irradiation at 313 nm. (Reproduced with permission from Ref. 26.
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sample of hard baked AZ 1375]. The results of this experiment are shown in Fig. 6.
During the etch period it was estimated that ~200A of the polysilane layer were lost
which corresponds to an etch ratio versus the AZ 1375J of ~50-100/1. Experiments
using poly (cyclohexyl methylsilane) led to similar ratios. In the latter case, however,
the surface of the polysilane became so soft during the early stages of etching, that the
thickness could not be measured by mechanical means. This is presumably due to
incomplete oxidation of the surface possibly leading to intermediate siloxane type
polymers. Upon continued etching, the surface rehardened and thickness
measurements were again possible. ESCA studies of the oxidized surface on another
material, poly (di n-pentylsilane) showed a significant decrease in the C(1s) signal at
283.48 eV and a corresponding increase in the O(1s) signal. At the same time, there
was an increase in the binding energy of the Si(2s) electrons of almost 3 eV which is
consistent with the formation of an oxidized silicon species. Comparison of the
binding energy of the Si(2P) electrons in the oxidized material with data reported by
Raider et al. (30) suggested the formation of SiO, where x is estimated to be between
1.2-1.5.

Although we have utilized polysilanes in many lithographic configurations, at
this time we will discuss only bilevel image transfer applications such as depicted in
Fig. 1. For these applications, a thin layer (~2000A) of a polysilane was coated over
a thick planarizing polymer layer of a hard baked AZ type photoresist. The polysilane
was imaged and developed prior to image transfer by O,-RIE. We distinguish the
processes by the nature of the initial development process which can either be dry or
wet. In the former case, we have used the self developing characteristics of polysilanes
exposed to intense light sources to produce the initial image.

In 1983, we reported that poly(methyl phenylsilane) and poly(methyl
phenylsilane)-co-(dimethylsilane) produced self developed images upon irradiation
with an excimer laser source at 308 nm (31). The self development of certain alkyl
substituted polysilanes at 248 nm has also been reported by Zeigler and co-workers
(32). Our initial experiments were complicated by the inability to remove all of the
polysilane from the imaged area by irradiation. This residue subsequently formed an
etch resistant barrier which prevented the efficient transfer of the images. The initial
materials were known to have a significant crosslinking component upon irradiation
(8), and it was felt that this feature might be responsible for the failure to completely
remove the material at reasonable power levels. Since aryl substituted polysilanes
absorb much more strongly in the deep UV region than their alkyl counterparts, they
were highly desirable for DUV thin film imaging applications, if a material which could
be completely removed could be identified. In this regard, we felt that phenyl
substituted polysilane derivatives which contained a bulky para substituent with no
benzylic hydrogens might be less prone to crosslinking. For this reason, we prepared
and tested poly(p-t-butylphenyl methylsilane) (PTBPMS). This material was a tough,
brittle polymer with no observable glass transition below 150°C. TGA analysis
indicated that the polymer was stable to above 300°C in nitrogen. To assess its
tendency toward crosslinking, PTBPMS was subjected to 60Co y radiolysis. Plots of
1/Mn and 1/Mw of the irradiated samples versus the dose (eV/g) yielded straight lines
from which the G values for scission and crosslinking could be extracted (33). The
G(s) and G(x) values for this polymer were determined to be 0.14 and 0.004,
respectively. The high ratio of [G(s)/G(x) (~35)] confirmed that crosslinking was
minimal under conditions of the irradiation.

The ablation rate of PTBPMS as a function of laser fluence was examined using
a quartz crystal microbalance in a thermostated head which allowed the in situ
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monitoring of material loss as a function of dose (34). The optical density of this film
was ~4-5 initially. Figure 7 shows that there is a threshold for ablation around
45 mJ/cm? — pulse. Below this critical fluence, there is actually a slight weight gain
possibly due to the reaction of oxygen with reactive but nonvolatile fragments. Above
the critical laser fluence, the rate of weight loss increased nonlinearly with the laser
pulse energy as expected. Interestingly, a thick film of another material, poly
(di n-pentylsilane), which had a much lower optical density at 248 nm (OD ~1.2) was
not significantly ablated even at fluences of 75 mJ/cm? — pulse. However, when
PDNPS was irradiated at 308 nm (which is near the absorption maximum at 313 nm),
this material was readily removed at fluences above a 45 mJ/cm?2 — pulse threshold.
This suggests that the energy deposited/unit volume is important for the removal of
material which is consistent with a photothermal process. The rate removal of PTBMS
at constant fluence is very similar in nitrogen or air and is slightly faster in pure O,.
It is, however, considerably faster in vacuum as would be expected for a process where
small fragments are explosively ejected from the surface. PTBPMS can be used for the
production of high resolution images as shown in Fig. 8 (33). In this case, the 20004
thick polysilane layer was imaged with 550 mJ/cm? total exposure dose (248 nm).
At this point, the pattern was clean and required no HF dip before transfer of the
pattern using O,-RIE. Using this all dry technique, submicron resolution was easily
achieved.

Polysilanes can also be used in conventional bilayer processes where the imaging
layer is wet developed prior to O,-RIE image transfer (9,35). To demonstrate this
principle, a thin film of an appropriate polysilane such as poly(cyclohexyl
methylsilane) was spin coated over a thick planarizing layer of a hard baked AZ type
resist. The resist was imaged in a PE-500 Microalign 1:1 projection printer using mid
UV optics (100 mJ/cm 2) and developed with isopropanol. The images were then
transferred by O,-RIE. Figure 9 shows submicron images with vertical wall profiles
which were generated by this process. Etch parameters can be adjusted to vary the
wall profiles as needed and Fig. 10 shows a sample which was deliberately overetched
to produce an undercut profile suitable for metal liftoff processes. The use of other
more sensitive polysilane derivatives such as poly (di n-pentylsilane) as the imaging
layer allows the patterns to be developed at doses as low as 25-50 mJ/cm?2.

The use of dialkyl polysilanes derivatives such as poly(di n-hexylsilane)
(PDNHS) which absorb around 375 nm in the solid state should permit imaging using
a 365 nm source similar to that utilized in current I-line step and repeat tools. For this
reason, a thin layer of PDNHS (2000/1) was coated over a planarizing layer of a hard
baked AZ photoresist and exposed at 365 nm in a contact mode (150 mJ/cm2).
Subsequent development and O,-RIE image transfer produced the images shown in
Fig. 11. Prior to and during the exposure, it is important that the wafer be maintained
below the transition temperature of PDNHS (~41°C) or the absorption at long
wavelength will be destroyed as the backbone becomes disordered. This experiment
demonstrates that polysilanes can also be utilized as effective photoresists for long
wavelength exposures.

We have also demonstrated other lithographic uses for polysilanes as
nonimageable O,-RIE barrier layers (9), as short wavelength contrast enhancing
materials (26) and more recently as sensitive, positive e-beam resists (36).

In summary, substituted silane high polymers are a new class of scientifically
interesting radiation sensitive polymers with demonstrated potential as O,-RIE
resistant lithographic materials.
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Figure 8. Self developed submicron images produced in a film of
poly(p-t-butylphenyl methylsilane) by irradiation at 248 nm (55 mJ /cm2-pulse,
550 mJ total dose). The images were transferred into 2.0 um of a hard baked AZ
photoresist by O,-RIE.
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Figure 9. 0.75 um features generated in a bilayer of 0.2 um of
poly(cyclohexyl methylsilane) coated over 2.0 pm of a hard baked AZ
photoresist using mid UV projection lithography, 100 mJ/ cm?.

Image transfer was accomplished using O, -RIE. (Reproduced

with permission from Ref. 35. Copyright’1984 The International Society for
Optical Engineering.)
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Figure 10. An overetched profile suitable for metal liftoff produced in a
bilayer of 0.2 um of poly(cyclohexyl methylsilane) imaged at 313 nm over
2.0 um of a hard baked AZ photoresist. (Reproduced with permission from
Ref. 35. Copyright 1984 The International Society for Optical Engineering.)

10ym249kV 220E3 9009-16 B16726C

Figure 11. Images contacted printed in a bilayer of 0.2 um PDNHS over 2.0 um
of a hard baked AZ photoresist, 150 mJ/cm2, 365 nm; images were transferred
by O,-RIE.

185



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch015

186

POLYMERS FOR HIGH TECHNOLOGY

Acknowledgments

The authors acknowledge the assistance of C. Cole and R. Siemens for the GPC and
thermal analyses, respectively. R. D. Miller also gratefully acknowledges the partial
financial support of the Office of Naval Research.

References

1. Introduction to Microlithography, Thompson, L. F.; Willson, C. G,
Bowden, M. J. eds., ACS Symposium Series, No. 219, American Chemical
Society, Washington, D.C. (1983), Chap. 5.

2. Lin, B.J. ibid. (1983), Chap. 6.

3. Taylor, G. N.; Wolf, T. M. Polym. Eng. Sci. 1980, 20, 1087.

4. Taylor, G. N.; Wolf, T. M.; Stillwagen, L. E. Solid State Technol. 1984, 27, 145.

5. Reichmanis, E.; Smolinsky, G.; Wilkins, Jr., C. W. Solid State Technol. 1985,
28(8), 130, and references cited therein.

6. MacDonald, S. A.; Ito, H.; Willson, C. G. Microelectronic Engineering 1983,
1(4), 269.

7. Trefonas III, P. T.; Djurovich, P. I.; Zhang, X.-H.; West, R.; Miller, R. D.;
Hofer, D. J. Polym. Sci., Polym. Lett. Ed. 1983, 21, 819.

8. Trefonas III, P. T.; West, R.: Miller, R. D.; Hofer, D.; ]. Polym. Sci., Polym. Lett.
Ed. 1983, 21, 823.

9. Miller, R. D.; McKean, D. R.; Hofer, D.; Willson, C. G.; West, R.;
Trefonas III, P. T. in Materials for Microlithography, Thompson, L. F.;
Willson, C. G.; Fréchet, J. M. J. eds., ACS Symposium Series No. 266,
American Chemical Society, Washington, D.C., 1984, Chap. 3.

10. Kipping, F. S. J. Chem. Soc. 1924, 125, 2291.

11.  Burkhard, C. S. J. Am. Chem. Soc. 1949, 71, 963.

12.  Trujillo, R. E. J. Organomet. Chem. 1980, 198, C27.

13. Wesson, J. P.; Williams, T. C. J. Polym. Sci., Polym. Chem. Ed. 1980, 180, 959.

14. West, R.; David, L. D.; Djurovich, P. I.; Stearley, K. L.; Srinivasin, K. S. V.;
Yu, H. J. J. Am. Chem. Soc. 1981, 103, 7352.

15. Zeigler,J. M. Polym. Preprints 1986, 27, 109.

16. Pitt, C. G.; in Homoatomic Rings, Chains and Macromolecules of the Main
Group Elements Rheingold, A. L.; ed., Elsevier Publishers., New York, 1977,
and references cited therein.

17. Bigelow, R. W.; McGrane, K. M. ]. Polym. Sci. Part B: Polym. Phys. 1986, 24,
1233.

18. Bigelow, R. W. Chem. Phys. Lett. 1986, 126, 63.

19. Pitt, C. F.; Carey, R. N.; Loren Jr., E. C. J. Am. Chem. Soc. 1972, 94, 3806.

20. Pitt, C. G.; Bursey, M. M.; Rogerson, P. F. J. Am. Chem. Soc. 1970, 92, 519.

21. Diaz, A. F.; Miller, R. D. ]. Electrochem. Soc. 1985, 132, 834.

22. Miller, R. D.; Hober, D.; Rabolt, I.; Fickes, G. N. J. Am. Chem. Soc. 1985, 107,
2172.

23. Rabolt, J. F.; Hofer, D.; Miller, R. D.; Fickes, G. N. Macromol. 1986, 19,611.

24. Kuzmany, H.; Rabolt, J. F.; Farmer, B. L.; Miller, R. D. J. Chem. Phys. 1986,
85,7413.

25. Miller, R. D.; Sooriyakumaran, R. J. Polym. Sci., Polym. Lett. Ed. (in press).

26. Hofer, D. C.; Miller, R. D.; Willson, C. G.; Neureuther, A. R. Proc. SPIE 1984,
469, 108.

27. Ishikawa, M.; Kumada, M. Adv. Organomet. Chem. 1981, 19, 51, and

references cited therein.



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch015

15. MILLER ET AL.  Soluble Polysilanes in Photolithography 187

28.
29.
30.
31.
32.
33.

34,

35.
36.

Ishikawa, M.; Takaoka, T.; Kumada, M. J. Organomet. Chem. 1972, 42,333.
Trefonas III, P.; West, R.; Miller, R. D. J. Am. Chem. Soc. 1985, 107, 2737.
Raider, S.; Flitsch, R. 1. Electrochem. Soc. 1976, 123, 1754.

Hofer, D. C.; Jain, K.; Miller, R. D. IBM Tech. Disc. Bull. 1984, 26, 5683.
Zeigler, J. M.; Harrah, L. A.; Johnson, A. W. Proc. SPIE 1985, 539, 166.
Schanabel, W.; Kuvi, J. Aspects of Degradation and Stabilization of Polymers
Jellinek, H. H. G.; ed., Elsevier Publishers, New York, 1978, Chap. 4.

Miller, R. D.; Hofer, D.; Fickes, G. N.; Willson, C. G. Marinero, E.;
Trefonas III, P.; West, R. Polym. Eng. Sci. 1986, 26, 1129.

Hofer, D. C.; Miller, R. D.; Willson, C. G. Proc. SPIE 1984, 469, 16.

R. D. Miller, presented at the Regional Technical Conference on Photopolymers:
Principles - Processes and Materials, Ellenville, New York, 1985.

RECEIVED April 8, 1987



Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch016

Chapter 16

Evaluation of Water-Soluble Diazonium Salts
as Contrast-Enhancement Materials
Using a g-Line Stepper

S.-I. Uchino/, T. Ueno/, T. Iwayanagi/, H. Morishita/, S. Nonogaki/, S.-1. Shirai?,
and N. Moriuchi?

ICentral Research Laboratory, Hitachi, Ltd., Kokubunji, Tokyo 185, Japan
2Hitachi Device Development Center, Ohme, Tokyo 198, Japan

Water soluble aromatic diazonium salts have been evaluatec as
photobleachable dyes for contrast enhancement lithography using a
g-line stepper. The diazonium salts used in this experiment are
zinc chloride salts of U-diazo-2-ethoxy- N,N-dimethylaniline
chloride U4-diazo-2,5-diisopropoxy- morpholino-benzene chloride and
4-diazo-2,5-dimethyl- N,N-dimethylaniline chloride.

An aqueous solution of diazonium salt and polyvinyl pyrrolidone
is used as a contrast enhancement material. An improved resist
profile is obtained with this CEL material when a g-line stepper is
used. Resist contrast is discussed in terms of such optical
characteristics as the quantum yield of bleaching and the molar
absorption coefficient for the materials.

The thermal stability of diazonium salts in an aqueous solution
is also examined.

1. Introduction

In recent years, rapid progress has been made in lithographic
technology along with a concomitant reduction in the minimum feature
size. The object of microphotolithography is to form high
resolution resist patterns. Various techniques have been evaluated
for improving the resolution of photoresist.

Griffing and West introduced the concept of contrast
enhancement 1lithography (CEL) which improves the contrast of the
resist process (1,2,3). The CEL process involves coating a CEL
layer containing photobleachable dye on a conventional resist. A
CEL layer is opaque before exposure but becomes transparent during
exposure. When the areal image of a mask is incident on such a
layer, the regions of the layer that are exposed to the highest
intensity bleach through first, while those parts of the layer that
receive the lowest intensity bleach through at a later time(1).
Therefore, the degraded optical image caused by the lens system of
the exposure apppratus can be improved by passing the exposure light
through the CEL layer.

The contrast enhancement materials reported so far can be
classified into three categories, namely nitrones(1,2,3),
polysilanes(4), and a diazonium salt(5). However, the use of
nitrone and polysilane in the CEL process presents a problem,
because organic solvents are required in the film forming and

0097-6156/87/0346-0188%$06.00/0
© 1987 American Chemical Society
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removal processes. The use of such toxic solvents is not desirable
in the production environment. Although the use of a diazonium salt
as a CEL dye has been reported by Halle(5), the performance was not
satisfactory because of its 1low optical density at exposure
wavelength.

This paper reports on water soluble diazonium salts which offer
good optical characteristics for the CEL process.

2. Experimental
2.1 CEL Materials

The diazonium salts used in the experiment are listed in
Table 1. Two of them, D2 and D4, were synthesized through
N,N-dimethylation, nitrosation, reduction, and diazotization of
p-xylidine and o-phenetidine, respectively. The details of
synthesis for DU are described here.

A solution of o-phenetidine (137g) in water (250g) was mixed
with dimethyl sulfate (265g) at 5°C. After the solution was made
alkaline by addition of a 30% aqueous sodium hydroxide solution, the
reaction mixture was extracted with ether. The extract was
distilled to yield N,N-dimethylamino compound, b.p.110°b/18mmHg.

N,N-dimethylamino compound (133g) in acetic acid (242g) and
water (300g) was mixed with a 30% aqueous sodium nitrate
solution (280g) at 5°C. The precipitated nitroso compound was
filtered out and washed with cold water.

To a stirred mixture of the nitroso compound (40g),
methanol (200ml), and palladium carbon (0.1g) was added a 30%
aqueous sodium borohydride solution under nitrogen bubbling. The
reaction mixture was stired untill it became colorless. After the
solvent and palladiun were removed, the reaction mixture was
extracted with ether and distilled to give amino compound,
b.p.105°C/ 1mmHg .

A mixture of amino compound (32g) and concentrated hydrochloric
acid (58.5g) was cooled to below 0°C with crushed ice (40g) while a
30% aqueous sodium nitrate (45g) was slowly added. A 50% aqueous
zinc chloride solution (54g) was added to the solution and the
solution was kept below 10°C for 15 minutes. The precipitated DU
was filtered off and the solid was dissolved in a 1% aqueous
hydrochloric acid solution and mixed with a 50% aqueous zinc
chloride solution (10g). The recrystallized D4 was filtered off and
washed with ether and dried under a vacuum. D2 was also synthesized
in the same manner.

2.2 Evaluation of CEL performance using diazonium salts

CEL solutions were obtained by dissolving poly(N-vinyl
pyrrolidone) and a diazonium salt (D2, D3 or Di4) in aqueous acetic
acid. The solutions were spin-coated on a conventional photoresist
layer formed on a silicon wafer. CEL layers on quartz substrate
were used for optical transmittance measurements.

Exposure was carried out with a Hitachi RA 501 g-line reduction
aligner. UV absorption spectra were measured on a Hitachi 340
spectrophotometer and infrared spectrophotometer.

The exposure characteristic curves were obtained by plotting
normalized film thickness versus the logarithm of exposure time.
The improvement in resist contrast was evaluated by comparing the
y-value (slope of the exposure characteristic curve) for
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conventional photoresist with that of the same system having a CEL
layer on top of the photoresist.

After exposure, the CEL layer was removed using a water rinse.
OFPR800 (Tokyo Ohka Co.) was used as the positive photoresist and
developed with a 2.38% aqueous solution of tetramethylammonium
hydroxide.

3. Results and discussion
3.1 Diazonium salts and binder polymers

Photobleachable dyes for water soluble CEL layers are required
to have the following properties: (1) a strong absorption at the
wavelength of the g-line stepper (436 nm), (2) a high solubility in
water, (3) a high thermal stability in the aqueous solution and in
the film.

Three diazonium salts, 4-diazo-2,5-dimethyl-
N,N-dimethylaniline chloride zine chloride (D2),
4-diazo-2,5-diisopropoxy- morpholino-benzene chloride zine

chloride (D3), and U4-diazo-2-ethoxy- N,N-dimethylaniline chloride
zinc chloride (D4) which met the above requirements, were selected
as the photobleachable materials.

The solubility of these compounds in water is dramatically
improved by adding acetic acid. Since conventional novolak
photoresist is insoluble in a mixture of acetic acid and water, the
CEL layer can be coated without the need for a barrier layers. In
addition, the CEL layer can be easily removed after exposure by
rinsing it in water

It is neccessary that the binder polymers (1) be compatible
with diazonium salts, (2) be wuniform in film thickness when the
layer is coated on the photoresist film, (3) show a high gas
permeability to allow nitrogen photogenerated during the exposure of
diazonaphtoquinone resist to diffuse. Many water soluble polymers
were examined, and it has been found that poly(N-vinyl pyrrolidone)
and its copolymers satisfy the above requirements.

The UV absorption spectra of the CEL 1layers which consist of
these diazonium salts (D2, D3, and D4) and poly(N-vinyl pyrrolidone)
are shown in Fig.1.

3.2 Bleaching reaction of diazonium salts

The UV transmittance of the DU-CEL layer increases with
exposure time as shown in Fig.2. This increase in transmittance is
caused by the decomposition of diazonium salt. The photochemical
reaction of diazonium salts has been thoroughly investigated(6).
The main reaction of diazonium salts in the solid phase can be
described by the following fromula;

ROt s R-OFCl + N

Infrared spectra of the unbleached DU-CEL layer and the
completely bleached layer are shown in Fig.3. The sharp absorption
band at 2150 ar! which is assigned to N-N stretching vibration
completely disappears after exposure (Fig.3). The broad bands at
3450 cmrland 3000 cmyare due to water and a dimethylamino group,
respectively.

Similar infrared spectra were observed for both the D2- and
D3-CEL layers.
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Table 1 Diazonium salts evaluated as CEL dyes

SuUB. % 4
NAME Ry Rz R3 Amax (nm) € (x10 )
D1 -N(CHj), -H -H 380 3.6
D2 'N(CH3)2 'CH3 'CH3 394 3.1

7\
D3 -\_9 FOCH(CH;),[-OCH(CHy,| 404 2.7
D4 -N(CH,), | -OCH,CH,4 -H 409 3.1
R3
GENERAL
FORMULA R‘©N2C' n ZnCl,
R;
* molar absorption coefficient in water
at Amax
1.0 T T
i-line \\q‘-line D2 —
: [\l e
& W D4 —-—
2 &
'@0.5- :\\
"
o\
/’ \
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Fig.1 UV absorption spectra of the CEL 1layers containing
diazonium salts. Absorbance is normalized at the maximum

absorbance of the CEL layer.
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3.3 Thermal stability of diazonium salt

It is well known that most of the diazonium compounds are
thermally unstable and easily decompose in an aqueous solution.
Therefore, the thermal stability of diazonium salts in an aqueous
solution and in a film was evaluated by a kinetic analysis of the
thermal decomposition and differential scanning calorimetry (DSC)
analysis.

The thermal decomposition of diazonium salts in an aqueous
solution is a first order reaction as shown in Fig.4. Arrhenius
plots of diazonium salts in an aqueous solution are shown in Fig.S5.
The relationship between the decomposition temperature (Td) obtained
from DSC curves and the decomposition rate constant (k) of the
diazonium salts at 5% are shown in Fig.6. A good linear
relationship is observed between Td and 1n k for both the aqueous
solution and the film from this figure. These linear relationships
make it possible to predict the stability of diazonium salts in an
aqueous solution and in film from the decomposition temperature Td
in the solid state.

For example, Td for D2 is the highest in the three diazonium
salts suitable for g-line exposure. The decomposition rate constant
of an _Q2queous solution of D2 at 56C can be estimated to be
2.3x10°% (hr'") from the 1linear relationship in Fig.6. This value
means that 5% of the D2 in an aqueous solution will decompose after
storage for 6 months at 5°C.

3.4 Bleaching characteristics
The bleaching curves of the CEL layers are shown in Fig.7. Two

parameters which express the optical efficiency of the CEL layers
can be derived from the bleaching curves. One is the Tw/To ratio
where T, represents the initial transmittace of the CEL layer and T
represents the transmittance of the completely bleached CEL layer.
High contrast enhancement is provided by a high T/T ratio(1).
Since the three diazonium salts have a large Tw/To ratio, a good
improvement in resist contrast can be expected.

The other parameter . relates to bleaching speed which is a
function of molar absorption coefficient(¢) and bleaching quantum
yield(¢). This parameter will be discussed in section 3.6.

3.5 Contrast and resist profiles

The performance of the CEL layer can be evaluated from the
exposure characteristic curves for the conventional
photoresist (OFPR800) and the CEL/OFPR800 layer systems shown in
Fig.8. The CEL layer thicknesses used in these experiments were 0.8
um for D2, 1.0 um for D3, and 0.5 um for D4. A 1.0 um thick OFPR800
layer was used as the imaging layer.

The contast ratio is defined as Ycg /Y where v represents the
contrast of OFPR800 without a CEL layer and YcgL stands for the
contrast of OFPR800 with the CEL layer. The contrast ratios for the
three diazonium salt-CEL systems were 1.74 for D2, 2.62 for D3, and
2.52 for D4 (Fig.8). A good improvement in the resist image is
expected from these contrast ratios.

Scanning electron microphotographs of a 1.0 um line/space
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Fig.4 First order kinetics for the decomposition of the diazonium
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Fig.6 Relationship between decomposition rate and temperature in
solid state for the diazonium salts.
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resist pattern printed with and without a DY-CEL layer are shown in
Fig.9. The photographs show that the residual film thickness and
wall profiles of the resist are improved with the diazonium salt-CEL
system.

3.6 CEL curve

According to Griffing and West, the main requirements for CEL
materials are as follows(1): (1) the molar absorption coefficient
for the photobleachable dye must be as high as possible, (2) the
To/B ratio must be as large as possible, and (3) the quantum yield
of the bleaching reaction must be as high as possible.

These requirments were examined from the viewpoint of the
relationship between the resist contrast and such optical properties
of the photobleachable dyes as the quantum yield and the molar
absorption coefficient.

It was found that the contrast ratio (YcgL/y) can be expressed
by using two parameters P and a. Parameter P is given by¢¢1I. t.,
where ¢ is the molar absorption coefficient, ¢ is the quantum yield
of the bleachable material, and Ioto 1is the sensitivity of the
photoresist. Parameter a is given by T/To-1, which represents thé
transmittance ratio of the bleached layer to the unbleached one.
Similar parameters have been reported by Diamand and Sheats. (7)

The values of parameters P and a can be obtained from the
bleaching curves (Fig.7) and the resist sensitivity. The
relationship between the contrast ratio and the two parameters (P
and a) is shown in Fig.10. This curve is referred to as the CEL
curve. It can be seen from this curve that the contrast increases
with increasing ga-values, and there is an optimum P-value which
maximizes the contrast.

Contrast ratios can be calculated from the bleaching
curve (Fig.7) and the sensitivity of the photoresist, while the,
observed contrast ratios can be directry obtained from the exposure
characteristic curves shown in Fig.8. The calculated contrast
ratios were compared with the observed ratios in the CEL curve. The
calculated values are in fair agreement with the observed values.
The CEL curve is thus thought to be a useful tool for designing CEL
dyes because it can predict the performance of the dyes used for CEL
materials.

A detailed discussion of this curve will be reported in a
subsequent paper.

4. Conclusion

Three kinds of water soluble diazonium salts were evaluated as
photobleachable dyes for the enhancement of contrast in
photolithography. CEL layers formed from these deazonium salts and
polyvinyl pyrrolidone have good optical characteristics and they can
improve the ability of the conventional photoresist.

A more thermally stable diazonium salt or method of stabilizing
the aqueous solution is needed for the diazonium salt-CEL layers in
practical use.

A CEL curve was presented which can express the relationship
between resist contrast and optical properties such as molar
absorption coefficient and quantum yield. This curve is thought to
be a useful tool for designing CEL materials.
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Chapter 17
Thermally Stable, Deep-UV Resist Materials
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A new, thermally stable resist based on styrene copolymers with
various photochemical acid generators is described. The title
copolymers were prepared either by polymer modification or by
copolymerization from monomers. Exposure of a resist
formulated from the protected copolymers and a photoacid
generator followed by baking results in efficient deprotection to
produce the free phenolic copolymer in the exposed areas. The
resulting latent image can be developed in either positive or
negative tone upon proper choice of developer. The resulting
relief images exhibit no detectable change in size or shape after
extended heating at 200°C.

The increasing complexity and sophistication involved in integrated circuit
manufacturing places rigorous performance demands on the polymeric resist materials
used to delineate the circuit patterns. These demands have led to the development of
new resist chemistry that allows improved resolution because of sensitivity to short
wave length, deep UV light while at the same time providing greatly improved
sensitivity. These new materials derive their sensitivity from a process that the
authors term chemical amplification. One example of such a system is based on
poly(p-t-butyloxycarbonyloxy)styrene (t-BOC styrene) (1).

The resist community has also continued attempts to improve more traditional
systems. Resistance to deformation due to flow during high temperature processing
is a property that is deficient in most currently available photoresists. The best of the
widely used diazoquinone-novolac materials, for example undergo deformation at
approximately 150°C (2-3-4). This deficiency in thermal stability is primarily due to
the relatively low Tg of the novolac matrix resin. The Tg of these materials ranges
between 70 and 120°C depending on structure and molecular weight (5). Image
profiles that are stable to 200°C are desired for several processes used in
semiconductor manufacturing. Several post exposure treatment schemes that improve
the thermal stability of the novolac based resists have been proposed (6-7) but all of
these schemes involve increased process complexity and higher cost.

Recently, a new family of high Tg, base soluble, phenolic copolymers based on
N-(p-hydroxyphenyl)maleimide was reported (8). These copolymers were found to

0097-6156/87/0346-0200$06.00/0
© 1987 American Chemical Society
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serve as replacements for novolac in diazoquinone based resists. Such formulations
yield images that exhibit remarkable thermal resistance. The materials show no
deformation upon exposure to 200°C after patterning. In this report, we describe a
new, thermally stable, deep UV resist that combines the thermal stability of the new,
high Tg, phenolic copolymers with the high sensitivity of the chemical amplification
deprotection concept. This is accomplished by blocking the phenolic group of the high
Tg, N-(p-hydroxyphenyl)maleimide polymers and copolymers with the
t-butyloxycarbonyl (t-BOC) protecting group. When these materials are imagewise
exposed in the presence of photoacid generating compounds such as sufonjum salts,
and then baked, the phenolic groups are deprotected via a thermolysis reaction that is
acid catalyzed in a fashion analogous to the key process responsible for the function
of t-BOC styrene (1-9). High resolution images have been obtained in either positive
or negative tone depending on the developer. The resulting images exhibit no
deformation upon heating to 200°C. A recent report has described a similar approach
based on t-BOC protection of an unsubstituted maleimide copolymer (10).

Experimental

Instruments. Infrared spectra were obtained with an IBM IR/32 FTIR Spectrometer.
NMR spectra were recorded on Varian EM390 and Brucker WP200 NMR
Spectrometers in deuteriochloroform except as indicated. UV spectra were recorded
on a Hewlett Packard Model 8450A UV/VIS Spectrometer using thin films cast on
quartz plates. Mass spectra were obtained with a Hewlett-Packard 5995A GC/Mass
Spectrometer. Gel permeation chromatogrames were obtained on a Waters Model
150°C GPC equippped with p-styragel columns using THF and polystyrene
calibration. Thermal analyses were carried out with a DuPont 951 and 1090 Thermal
Analyzer at a heating rate of 10°C/min for DSC and 5°C/min for TGA measurement.
Thermal analysis was carried out under inert atmosphere.

Preparation of N-(p-t-butyloxycarbonyloxyphenyl)maleimide I. The t-BOC monomer
I was prepared by a reaction of p-t-butyloxycarbonyloxyaniline (11) with maleic
anhydride according to the procedure of S. R. Turner (8). The detailed preparation
method will be published elsewhere (12).

Copolymerization of I with styrene. A glass ampoule was charged with 1.45g (Sm mol)
of I,0.53g (5m mol) of styrene, and 33 mg of AIBN (2 mol %) dissolved in 2.0 ml of
dioxane. The ampoule was sealed under vacuum after a freeze-thaw cycle and the
copolymerization was carried out at 58°C for 3 hours. The jelly-like polymer mixture
was dissolved in NMP and the polymer was isolated by precipitation into methanol.
After drying in vacuo, 1.76g (89%) of a white fibrous polymer were collected. The
polystyrene equivalent molecular weight (Mw) is 1.3x 106 by GPC.

t-Butyloxycarbonylation of poly(styrene-co-N-(p-hydroxyphenyl)maleimide). The
synthesis of the starting copolymer has been previously described (8). The t-BOC
protecting groups were introduced on the precursor polymers, two different molecular
weights, using di-t-butyl dicarbonate (9-11-12). A solution of 5.87g of the copolymer
(Mw = 16,100) in 70 ml of THF was cooled in ice water and 2.24g (20m mol) of
potassium t-butoxide were added under nitrogen atmosphere. The pink solution was
stirred for 20 min. at room temperature then 4.80g (22m mol) of di-t-butyldicarbonate
were added and the cooled polymer mixture was stirred for 4 hours at room
temperature. The t-BOC protected polymer was obtained by precipitating into water.
Filtration and drying under vacuum afforded 6.35g (81% yield) of t-BOC-protected




Publication Date: August 26, 1987 | doi: 10.1021/bk-1987-0346.ch017

202 POLYMERS FOR HIGH TECHNOLOGY

polyraer. NMR, IR and UV were consistent with the proposed structure and identical
to the copolymer prepared by direct copolymerization of the monomer.

Results and Discussion

The t-BOC protected copolymers were prepared both by copolymerization of the
t-BOC protected hydroxyphenylmaleimide monomer with styrene and by modification
of preformed phenolic copolymers of various molecular weights as shown in Scheme
L. In both cases the copolymer compositions were found to be 1:1 based on NMR
results and elemental analyses. The NMR and IR spectra obtained from copolymers
from both routes were identical. The 13C and 1H NMR spectra of the modified
polymer are shown in Figures 1 and 2. These data substantiate the completeness of the
protection reaction of the preformed phenolic copolymer. The copolymers are
presumed to be predominately alternating since these comonomers represent an
example of the classic general alternating copolymerization case of an electron rich
comonomer (styrene) and an electron poor comonomer (N-substituted maleimide)
(13).

DSC analysis (Figure 3) of the copolymers shows a large, sharp endotherm at
152°C during the first heat. This endotherm and the concomitant mass loss are
associated with the threshold like thermolysis of the t-BOC protecting group. A
second heating of the sample shows a Tg at 235°C. The original substrate phenolic
copolymers have been shown in a previous study to have high Tg’s of similar values
(§)_.° The deprotected polymer undergoes thermal degradation beginning at about
300°C.

Thermal gravimetric analysis of the t-BOC protected copolymers shows a
precipitous loss of 25% of the sample mass between 150 and 180°C then a plateau
followed by slow decomposition above 300°C (Figure 4). These results mirror the
DSC results. The first weight loss agrees well with that calculated for loss of CO, and
isobutene (25.4%) and occurs coincident with loss of the 1755 cm-! carbonate
absorbance in the infrared and the appearance of the broad phenolic OH absorbance
(Figure 5).

The thermolytic deprotection reaction is extremely clean. The infrared spectrum
of the deprotected polymer is identical to that of the phenolic precursor as is the
ultraviolet spectrum. The molecular weight of the phenolic copolymer precursor is
unchanged by the t-BOC protection reaction/thermolysis cycle based on GPC data.

The t-BOC protected copolymers have good solubility in common organic
solvents such as acetone, THF, chloroform and DMF but are insoluble in water,
aqueous base and methanol. The deprotected, phenolic copolymers (or precursor
phenolic copolymers) are very soluble in aqueous base, dioxane, THF, acetone and
DMF and are insoluble in water and solvents of lower polarity such as chlorobenzene
and toluene. Clearly the presence or absence of the t-BOC protecting group has a large
effect on the solubility of the copolymer.

Imaging studies were done on copolymers prepared by the polymer modification
route because of the availability of the precursor polymers of various molecular
weights. The protected copolymers were compounded with triphenylsulfonium
hexafluoroantimonate (13% w/w) in cyclohexanone. One micron thick films were
spin coated on NaCl plates, baked at 140°C for 5 minutes to expel solvent and then
subjected to infrared spectroscopic analysis before and after exposure. Exposure to
18 mJ/cm?2 at 254 nm caused no change in the infrared spectrum. However, when the
film<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>