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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by
the American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented
because their papers would be distributed among several
journals or not published at all. Papers are reviewed critically
according to ACS editorial standards and receive the careful
attention and processing characteristic of ACS publications.
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the
integrity of the symposia on which they are based; however,
verbatim reproductions of previously published papers are
not accepted. Papers may include reports of research as well
as reviews, because symposia may embrace both types of
presentation.

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.fw001

ABOUT THE EDITORS

MURRAE ]J. BOWDEN obtained his Ph.D. from
the University of Queensland, Australia, in
1969, and after a 2-year postdoctoral appoint-
ment at the University of Manchester, Eng-
land, he joined Bell Telephone Laboratories in
the United States as a Member of Technical
Staff in October 1971. In 1979, he was pro-
moted to Supervisor of the Radiation Sensitive
Materials and Applications group within the
Organic Materials Chemical Engineering De-
partment. With the divestiture of AT&T at the
beginning of 1984, he joined Bell Communi-

' cations Research where he is currently Divi-
sion Manager of the Chemistry and Materials Science Research Division.
His research interests have been primarily in the effects of high-energy
radiation on polymeric materials, particularly in the application to high-
resolution lithography for microcircuit manufacture. He is author or coauthor
of over 80 technical publications and holds 8 patents. He is a member of
the American Chemical Society and was a past president of the ACS Division
of Polymeric Materials: Science and Engineering.

S. RICHARD TURNER received his Ph.D. in or-
ganic—polymer chemistry from the University
of Florida in 1971 and did a year of postdoctoral
work at the Institute of Macromolecular Chem-
| istry in Darmstadt, Federal Republic of Ger-
many. Before joining the Kodak Research
Laboratories in 1980, he worked in the Xerox
Research Laboratories in Webster, New York,
and the Exxon Corporate Research Laborato-
ries in Linden, New Jersey. He is currently a
Research Associate in the Polymer Science
Laboratories at Kodak. His research interests
include synthesis and properties of photoactive
polymers, ion-containing polymers, and water-soluble polymers. He has over
80 publications and patents in these areas. He is a member of the executive
committee of the Division of Polymeric Materials: Science and Engineering
of the American Chemical Society, where he currently serves as Program

Chairman.
vii

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.pr001

PREFACE

THE SCIENCE AND TECHNOLOGY of polymers have had a profound influ-
ence on the quality of life in the 20th century. Indeed, the utility of polymeric
materials was widely appreciated long before scientists understood the mo-
lecular basis of this class of materials. Early telephone handsets, for example,
were made from a condensation polymer of formaldehyde and phenol, but
it was many years later before the macromolecular concept of a polymer
molecule was proposed, much less accepted.

Many of the polymers in use at the beginning of the 1930s, such as
rubber, proteins, nucleic acids, and polysaccharides (e.g., starch and cel-
lulose), were of natural origin. These materials were used as construction
materials, adhesives, and molded products. But the pioneering work of
Staudinger, Mark, Carrothers, and others in the 1920s and 1930s had already
laid the foundations for the tremendous revolution that would launch the
world into the “plastic age”. By establishing the molecular principles gov-
erning the formation and properties of polymers (or macromolecules, as they
are often called), these early workers paved the way for the innovative
onslaught and rich variety of synthetic polymers that have characterized the
last 50 years.

The ease of manufacture and fabrication, wide range of physical and
chemical properties, and low raw-material cost have made polymers ubiq-
uitous in everyday life, allowing us to replace, in many instances, costly
natural materials with cheap, attractive, and often vastly superior “plastic”
alternatives with enormous impact on the quality and reliability of the prod-
uct involved. A good example is the revolution in the telecommunications
industry brought about by the introduction of polymeric materials. Appli-
cations have ranged from replacement of lead as a sheath in electric cable
to meeting the stringent requirements for dielectrics in transoceanic com-
munication. Where wires were once insulated with paper pulp and cotton
serving, synthetic polymers such as poly(ethylene) and poly(vinyl chloride),
which are markedly cheaper and vastly superior in performance, are now
used.

The major use of polymers has been as replacements for naturally oc-
curring materials. Synthetic fibers such as nylon and polyester have sub-
stantially replaced natural textiles; synthetic rubber is vastly superior to
natural rubber, and the wide variety of engineering polymers (both ther-
mosets and thermoplastics) have replaced traditional, naturally occurring
materials such as metals and cellulosic compounds in many applications.

xiii
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Polymers have also found widespread use in the electronics industry,
where they have been traditionally used as insulating materials. In recent
years, however, polymers have been used increasingly in many other areas
of electronics. They have been used as electromechanical transducers, as
lithographic resists and intermetal dielectrics in the fabrication of integrated
circuits, and as passivation and insulating materials in electronics packaging.
These examples are representative of what might be called passive appli-
cations, in the sense that the polymer does not play an active role in the
performance of the device. But active applications, in which the device
performance depends on active participation of the polymer, are increasing.
Active applications include electrically conductive and photoconductive pol-
ymers and polymers for nonlinear optics and molecular electronics. These
areas constitute the research frontier of polymer science. While it is unlikely
that some new polymer will be introduced with the cost advantage and
impact of poly(ethylene) or nylon, advances will be made in specialty ap-
plications of polymers, where the unique properties of polymers are central
to the overall success of the new technology.

Recognition of the worldwide activity on the exciting research frontier
of polymer science spawned the symposium upon which this book is based,
and provided the catalyst to publish the plenary lectures from that meeting.
The contributed papers from the plenary sessions were published as ACS
Symposium Series No. 346, Polymers for High Technology: Electronics and
Photonics.

We appreciate the many hours expended by the authors in writing their
respective chapters. Their efforts are reflected in the high quality of this
book, which represents a unique compilation of the various applications of
polymers in electronics and photonics. We acknowledge the Division of
Polymeric Materials: Science and Engineering for sponsoring the symposium
upon which this book is based. We thank Lois Damick of Bell Communi-
cations Research for handling many of the administrative details associated
with the book. Special thanks are due to Robin Giroux, Keith Belton, and
the staff of the Books Department of the American Chemical Society for
their patience, effort, and editorial assistance in assembling the book.

MURRAE ]J. BOWDEN

Bell Communications Research
Corporate Research Laboratories
Red Bank, NJ 07701-7020

S. RICHARD TURNER

Navesink Research and Engineering Center
Eastman Kodak Company

Rochester, NY 14650
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Polymers for Electronic and
Photonic Applications

Murrae J. Bowden

Bell Communications Research, 331 Newman Springs Road, Red Bank, NJ
00701

The application of polymers to selected areas of electronics and pho-
tonics is reviewed. These areas include microlithography, packaging,
conducting polymers, molecular electronics, optical fiber coatings,
integrated optics, nonlinear optics, and optical recording. This chap-
ter provides an overview of the various technologies and highlights
the advantages offered by the unique properties of polymers in meet-
ing the material requirements of each technology.

P OLYMERS ARE INCREASINGLY BEING USED in a wide variety of applications
in electronics and photonics, most of which use polymers in their traditional
role as engineering materials (e.g., circuit boards, molded products, wire
and cable insulation, encapsulants, and adhesives). In addition, many other
unique applications require material properties that only polymers can pro-
vide. Examples include resist materials for the lithographic fabrication of
integrated circuits (IC) and polymers for optical recording. These types of
applications may be considered “passive” in the sense that the polymer does
not play an active role in the operation of the device or circuit. Rather, it
serves some other function such as mechanical support, electrical insulation,
or in the case of resists, some intermediate function in the fabrication of the
device.

Technology is reaching a point, however, where the unique properties
of polymers make them suitable not only for these so-called passive appli-
cations, but also for “active” applications, wherein the polymer plays an
active role in the functioning of the device. Examples of such applications
include nonlinear optics, molecular electronics, and conductors: electronic

0065-2393/88/0218—-0001$16.95/0
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2 ELECTRONIC & PHOTONIC APPLICATIONS OF POLYMERS

(conducting polymers) and photonic (waveguides). In this chapter, various
applications of polymers in electronics and photonics will be briefly reviewed
with emphasis on the subject areas just mentioned. Brief descriptions of the
various technologies are included so that the advantages of polymers might
be better appreciated in terms of matching their unique properties to the
requirements of the technology. This chapter is intended to provide sufficient
background to put the rest of the book in perspective. A more detailed
treatment of the various topics can be found in subsequent chapters.

1.1 Polymers for Electronic Applications

The modern electronics era began at Bell Telephone Laboratories in 1948
with the invention of the solid-state transistor, which replaced the large
thermionic vacuum tube, the mainstay of the electronics industry for the
previous 40 years. Transistors were smaller and much more robust than their
vacuum tube counterparts and required much less power to operate. Elec-
tronic circuits of the 1950s and early 1960s were assembled from discrete
transistors, diodes, and resistors, for example, but rapid advances in circuit
complexity and density, driven by developments in computer technology,
soon led to an impasse, namely, how to approach the problem of intercon-
necting hundreds, perhaps thousands, (some visionaries would have said
millions) of discrete devices into a complex circuit.

This Herculean problem was solved in 1960 with the invention of the
IC, which ushered in the microelectronics revolution whose impact we con-
tinue to experience. This technology allowed individual solid-state compo-
nents to be fabricated on a single wafer of crystalline silicon—the chip—by
a mass production technique and interconnected via a network of conductors
on the surface of the chip. The first ICs contained only a few transistors on
a chip, whereas the number of components integrated into a single circuit
today number in the hundreds of thousands, even millions. Along with this
revolution have come many opportunities for innovative materials technol-
ogy. Polymers possess unique properties that have enabled them to meet
many of the materials requirements of microelectronics engineering. Some
of these applications in microelectronics will be discussed in the following
section. Later sections will briefly review conducting polymers and also
molecular electronics, which is believed by many to represent the next
revolution in electronics.

1.1.1 From Silicon to Circuit Board

The modern-day circuit board is testimony to the pervasive intrusion of
polymers into the electronics industry. As seen in Figure 1.1, a typical
mounted circuit board contains a large number of packaged devices, prin-
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4 ELECTRONIC & PHOTONIC APPLICATIONS OF POLYMERS

cipally ICs, which are soldered into a plastic laminated circuit board and
interconnected, typically on both sides of the board, with printed wiring.
The board itself may contain up to six layers of interconnection with line
widths of 6 mils. To appreciate the role played by polymers in constructing
and assembling such a circuit board, it will be instructive to start at the
beginning (i.e., with the fabrication of the individual IC itself) and follow
the various applications of polymers in the evolution from silicon to circuit

board.

1.1.1.1 RESIST MATERIALS

All silicon integrated circuits (SICs) begin life as a silicon wafer, which has
been cut from a silicon ingot and polished on one side to provide a smooth
surface upon which thousands, even millions, of circuit elements such as
transistors, diodes, and resistors will be fabricated and interconnected to
yield a set of complete circuits. Circuit fabrication requires the selective
diffusion of tiny amounts of impurities into specific regions of the silicon
substrate to produce the desired electrical characteristics of the circuit. These
regions are defined by lithographic processes that consist of two steps:

1. delineation of the desired circuit pattern in a resist layer (usu-
ally a polymeric film that is spin-coated onto the substrate),
and :

2. transfer of that pattern via processes such as etching into the
underlaying substrate. The “substrate” in this case is an oxi-
dized silicon wafer with an oxide thickness typically 0.1-0.5
pm.

The primary definition of the circuit pattern in the resist is a two-stage
process consisting of the formation of a latent image by exposure to some
form of patterned radiation followed by development of that image to produce
a three-dimensional relief structure. In the case of photolithography or
X-ray lithography, the latent image is formed by exposure of the resist
through a mask that contains clear and opaque features outlining the circuit
pattern. The basic steps of the process are outlined in Figure 1.2. In electron
beam lithography, pattern information is stored digitally in a computer that
controls the beam blanking and deflection function. The wafer surface is
divided into a geometric array of pixels, and each pixel is either exposed
(beam on) or not exposed (beam off or blanked) as the beam is scanned across
the resist surface (Figure 1.3). In this way, the pattern is “written” in serial
fashion as opposed to a mask process, which “writes” in parallel. Of course,
the end result is the same, namely, formation of an exposed latent image in
the resist.

The next step in the process is the development of the latent image to
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/ SILICON DIOXIDE

SILICON / / PHOTORESIST

2 5 g
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‘ ‘ ‘ ‘ ‘ _~ PHOTOMASK
3 6

Figure 1.2. Basic steps of the photolithographic process: (1) oxidizing, (2) spin
coating, (3) exposing, (4) developing, (5) etching, and (6) stripping.

give a three-dimensional relief image of the mask pattern in the resist.
Exposure to actinic radiation causes chemical changes in the resist that enable
the exposed and unexposed areas to be differentiated through differences in
solubility or plasma etch resistance. Depending on the chemical nature of
the resist, the exposed areas may be rendered more soluble in the developer
than the unexposed areas, thereby producing a positive-tone image of the
mask. Conversely, the exposed areas may be rendered less soluble, pro-
ducing a negative-tone image. Either way, the result is a wafer with sections
of the substrate exposed and the remainder still covered with resist. The
remaining resist must now withstand the wide variety of chemicals used to
etch the exposed substrate. The resist must possess excellent adhesion to
prevent undercutting during etching (and developing) that would result in
loss of resolution and line width control. The end objective is a perfect three-
dimensional replication of the two-dimensional mask pattern in the wafer
surface.

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



ELECTRONIC & PHOTONIC APPLICATIONS OF POLYMERS

*§52904d 2unsodxa puv wayshs wpaq 104302)7 T 24n3tg

SNH3LLVd 30v4HNS
1SIS34 S3S0dX3
Wv3g NOY10313

“”HII w

--(0000
Wv3g \
NOHLDZTZI = S10dS Wvag
W3LSAS
NOILDT143a | 1NdNI
viva
7100 v
snoo4
SJINOH19313 AHOW3W
J0HLNOD _ HLIM
300419313 Wv3g anNv - H31NdNOD
ONILYD —> SH3LHIANOD V/a L9Ia
Wv3g
NND
NOH103713

TO0UD'8T20-886T-80/T2OT 0T :10p | 886T ‘T GOO 9k UOIEdIaNd

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch001

1. BowpEN  Polymers for Electronic and Photonic Applications 7

This brief overview of the lithographic process is sufficient to appreciate
the unique properties required of the resist:

® It must be capable of being uniformly deposited as a thin
(typically 0.5-2.0 pm) film across a wafer, which may be as
much as 8 in. (20.3 cm) in diameter.

® It must be sensitive to specific actinic radiation (UV light in
the case of photolithography) and must undergo a chemical
transformation that will enable exposed and unexposed areas
to be differentiated by an appropriate developing scheme such
as solvent or plasma development.

® It must adhere to a variety of substrates and withstand the
various etching environments encountered in IC processing.
These environments include high temperatures, exceedingly
corrosive etching chemicals such as strong acids, and reactive
plasmas.

Another very important requirement of the resist is resolution. Litho-
graphic tools are capable of imaging submicrometer features in the resist.
The resist must be able to “resolve” such features. In some cases, the resist
may even be expected to do more, such as compensate for the loss of mask
resolution that has been degraded in the aerial image because of fundamental
limitations associated with the physics of image generation. In projection
photolithography, for example, the aerial image of an object such as a mask
containing an equal line and space pattern corresponds to a sinusoidal pattern
of light intensity when operating at the diffraction limit of the projection
tool. Such a pattern is in marked contrast to the square-wave pattern of light
intensity that would correspond to perfect image transfer (I). (In electron
beam lithography, the “aerial” image quality is degraded by scattering pro-
cesses within the resist.) The net result of processes such as these is the
deposition of energy in regions of the resist not specified in the original
circuit (mask) layout. Ideally, one would like to use chemistry to transform
this sinusoidal aerial image into a square-wave latent image in the resist
(Figure 1.4).

Polymers can be designed with a unique blend of properties to meet
most if not all of these requirements. Their macromolecular architecture
permits them to be deposited as uniform thin films by spin coating and also
provides for solubility differentiation by means of radiation-induced changes
in the molecular weight. Radiation-induced scission and cross-linking are
particularly important for those lithographic technologies such as electron
beam or X-ray lithography, where the exposing radiation has sufficient energy
to break carbon—carbon bonds. By incorporating groups that render the main
chain susceptible to cleavage upon exposure to radiation, the molecular
weight can be reduced, thereby making the exposed area soluble in solvents
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that do not dissolve the unexposed, larger molecules. For example, the
alternating copolymers of olefins and sulfur dioxide contain a relatively weak
carbon—sulfur bond in the main chain. When exposed to high-energy ra-
diation, this bond is preferentially broken, leading to a reduction in the
molecular weight and consequent positive resist action (2). Alternatively,
incorporation of cross-linking groups such as epoxy, vinyl, or halomethyl
groups into the polymer chain will have the opposite effect, causing the
polymer to become totally insoluble in all solvents. Many such chain-scis-
sioning and cross-linking polymers have been devised and their lithographic
properties reviewed in the literature. Reference 3 is an in-depth review of
resist materials for fine-line lithography before the year 1985. The more
recent literature is covered in Chapters 2 and 3 of this book.

In cases where the exposing radiation does not have sufficient energy
to rupture bonds directly (e.g., at the wavelengths encountered in traditional
photolithography), other differential solubility schemes have been devised
on the basis of polarity changes in the matrix resulting from polarity changes
of the sensitizer (e.g., novolac-based photoresists) or of the matrix itself. An
example of matrix polarity changes is the extensive work by Willson and co-
workers (4, 5) on acid-induced cleavage of protective groups substituted on
a suitable polymeric binder. In this case, the acid is generated from different
onium salts acting as sensitizers. Cleavage of tertiary butoxycarbonyloxy
groups, for example, substituted on the aromatic ring of polystyrene converts
the polymer from the hydrophobic poly(tert-butoxycarbonyloxystyrene)
(t-BOC) to the hydrophilic poly(hydroxystyrene). Either positive or negative
tone can be generated depending on the polarity of the developer. In cases
where the polymeric component functions purely as a binder, its chemical
composition depends on factors such as dissolution requirements and etch
resistance.

One limitation of solvent development is swelling of the remaining
resist. Swelling is particularly a problem with rubbery negative resists where
it limits resolution of the residual pattern to about 1.5 pm. The resolution
of negative resists may be improved by using glassy polymers, but in general,
resolution is not as high as that which can be obtained with positive resists.

Today, all submicrometer imaging in photolithography is done with
positive photoresists. These materials are two-component systems based on
diazonaphthoquinone-sensitized novolac resins. In this case, the dissolution
mechanism depends on a change of polarity of the irradiated matrix (see
Chapter 2) resulting from chemical changes in the sensitizer that render the
novolac binder soluble in aqueous base. Because the polarity of the unex-
posed resist is unchanged, resolution is not limited by swelling of the unex-
posed resist during development in aqueous base. Schemes have been
devised to reverse the tone of these resists, enabling negative-tone patterns
to be generated with resolution comparable to positive-tone patterns. This
approach also has an added advantage over the corresponding positive pro-
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10 ELECTRONIC & PHOTONIC APPLICATIONS OF POLYMERS

cess in that it permits better control of line widths over topographic features
on the wafer surface (see Chapter 2).

Many chemical modifications have been devised to improve resistance
to specific etchants. Multilevel resist processing schemes, for example, re-
quire materials that are highly resistant to dry processing environments such
as oxygen reactive ion etching (3). The resist chemist has responded to this
demand by incorporating an oxide-forming element such as silicon or tin in
the polymer structure. Silicon has been extensively used in this way because
of the availability of a wide variety of organosilicon monomers. In an oxygen
plasma, the silicon moiety in the polymer is converted to silicon dioxide at
the surface of the resist (Figure 1.5). Although only typically a few hundred
angstroms thick, the silicon dioxide essentially passivates the surface and
thus protects the underlying resist against further erosion. Much of the
research on resists over the past few years has been directed toward orga-
nosilicon resists, spurred by the growing importance of multilevel processing
schemes for fabricating devices with feature sizes less than 1.0 pm. Table
1.1 lists several of these resists that have been principally designed for deep-
UV (DUV) and electron beam lithography.

In the processes described so far, the resist is removed after etching,
baring the patterned oxide that serves as a mask during subsequent high-
temperature diffusion of dopants into the exposed silicon substrate. There
are examples, however, where the resist material is left behind to become

Si Si Si Si Patterned
Si si Si Si g Si  Resist

Planarizing Layer

Substrate

0, RIE
l 4 Si0y

Si

Figure 1.5. Surface passivation of silicon-containing resists in an oxygen
plasma
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an integral part of the IC (e.g., an inner layer dielectric in multilayered ICs).
Polyimides have been proposed for such applications (17). Polyimides exhibit
excellent dielectric and thermal properties (the transition glass temperature
(T, ~400 °C), are available with high purity, and may be patterned pho-
tolithographically, either directly or indirectly (e.g., to fabricate contact
holes). In indirect patterning, the polyimide is spin-coated on the substrate,
partially cured, and then overcoated with a conventional photoresist. The
photoresist is imaged in the usual way by exposing selected areas of polyimide
that are removed by development in a solvent such as hydrazine. The pho-
toresist is then stripped, and the remaining polyimide pattern fully cured
(imidized). This process has been simplified through the introduction of
photosensitive polyimides, which facilitate direct patterning of the film
(Scheme 1.1).

The microelectronics revolution is due, in part, to the advances in design
and operation of the lithographic hardware. But the high-resolution devices
that characterize this revolution would not have been possible were it not

R

(o)
Soluble 0 NH-< >-o< >—
Photoreactive -HNiID:‘:O
Precursor 0 R

lhw

R 0

Insoluble (o) NH< >'0'< >—
Photocross-linked -HN:;@::\O
Intermediate (o) R

R o
Do O™
La

Heat o o

Resistant —N:Q::N—< >—O< >—
Final o

Product o

o
[}
R=— OCH, CH, OCC(CH); =CH,

Scheme 1.1. Chemistry of photosensitive polyimides: exposure and cure.
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for the ingenuity of the synthetic polymer chemist and the versatility afforded
by macromolecular architecture.

1.1.1.2 ELECTRONICS PACKAGING

The IC is fabricated by a series of lithographic processes similar to that
described in the previous section. Each individual step constitutes a “level”
in the device, the final level being a metalization pattern to interconnect
the circuit elements that have been fabricated in the surface of the silicon
wafer. The completed wafer is then diced, a step that involves cutting the
wafer, typically with a diamond saw, to separate the individual IC chips.
The next step is to package the chips in some way, attach the devices along
with other components to the printed wiring board (PWB), and interconnect
them to produce the completed circuit board.

Polymers are playing an increasingly important role in the protection
and interconnection of the chips. SICs are exceedingly fragile, and any
number of environmental factors can cause the device to fail unless the chip
is protected in some way. Thus, the IC should be shielded from mechanical
damage, humidity, corrosion, and other detrimental environmental effects.
One approach is to hermetically seal the chip in some kind of inert package.
Indeed, hermetically sealed ceramic-based packages, for example, are very’
reliable. They are, however, extremely costly, and given the billions of ICs
produced worldwide, there is clear incentive to develop a low-cost package,
which is where polymers again come to the forefront.

Figure 1.6 shows a hypothetical IC packaging structure that makes wide
use of polymers in a number of components. First, the chip is bonded to
the base of the chip carrier or lead frame by means of an adhesive that may
also be required to provide electrical conductivity and heat dissipation.
Polymeric adhesives offer very large materials cost savings over gold eutectic
bonding. The adhesive may be applied to the bonding pad by dispensing
directly, transfer printing, or screen printing. Screen printing is particularly
suited to hybrid circuit assembly, where many chips may need to be attached
to a ceramic substrate. The chips are then put in place and the assembly is
cured at elevated temperature, typically 150 °C.

Many factors must be taken into consideration in designing an adhesive.
The requirements include low level of ionic impurities, no voids under the
chip caused by evaporation of solvent or other volatiles, no resin bleed during
cure, and thermal expansion properties that match those of the substrate
and chip. A significant mismatch in the thermal expansion coefficient can
lead to development of thermal stresses that can result in cracking or dis-
tortion of the chip. This problem is becoming more and more important as
die sizes continue to increase.

Epoxy resins are almost exclusively used for such chip-attach purposes;
polyimides are used to a lesser extent. Polyimides provide excellent pro-
tection in accelerated humidity tests, but it is difficult to obtain void-free
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bonds between the substrate and chip. Polyimides also tend to be more
rigid and brittle than epoxy resins, and this characteristic causes lifting and
cracking of the chip as the size of the chip increases. Epoxy resins, on the
other hand, provide better bond strengths, are tougher, and possess greater
elongation under stress. They are easier and faster to process than the po-
lyimides; they provide one-step cures with no evolution of volatile products.
The overall cost of materials and processing is also lower. In the case of
conductive adhesives, metallic fillers such as silver or gold are mixed with
the adhesive; for those applications where conductivity is not required, SiO,
is the filler of choice.

Once the chip has been attached to the bonding pad of the lead-frame
or ceramic substrate, it must be connected electrically to the individual leads
or conductor paths on the substrate, respectively. Such connections are often
made by using thin gold wires in a process known as wire bonding. As shown
in the hypothetical package in Figure 1.6, the chip is bonded face-up, and
the gold wires connect the bonding pads at the edges of the IC to the
individual leads on the frame. In other processes, notably flip-chip bonding
or beam-lead bonding, the chip is attached face-down to the substrate
through solder bumps on the periphery of the chip, or via beam leads, which
extend from the edges of the chip. Both processes leave a gap between the
active chip surface and the substrate.

The chip must now be protected in some way from the wide variety of
environmental factors encountered during both subsequent assembly and
real-life operation that could cause the chip to fail. These environmental
conditions may include:

® thermal shock (e.g., during soldering, which subjects the de-
vice to temperature differentials of several hundred degrees),

® moisture (board cleaning and humid environments),

® chemicals and salts (fluxes, board-cleaning solutions, industrial
fumes, and sea air),

® mechanical shock (test and assembly, handling, and careless
use), and

® extended thermal cycling (e.g., if the chip heats up during
operation).

Although the surface of most IC chips has been passivated with a layer
of inorganic dielectric material such as silicon dioxide or silicon nitride
(polyimides have also been used as final passivating layers), the protection
provided by such layers is not sufficient to ensure reliable operation through-
out the lifetime of the device. The three basic methods of protection are

1. incorporation into a preformed metal, glass, plastic, or ceramic
package;
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2. embedment of the device in a hard plastic (epoxy, silicone-
epoxy, or other thermosetting resin) by transfer or injection
molding; and

3. the application of flowable materials (barrier coatings) to the
assembly.

Which technique to use generally depends on the desired reliability
during end-use operation. Certain military applications, for example, will
demand expensive hermetically sealed packages, whereas an inexpensive
calculator may make do with a simple “glob” of encapsulant on top of the
chip.

Barrier coatings are often applied prior to total encapsulation in transfer-
molded packages. The coating provides additional protection against mois-
ture and gases and also provides relief from stresses that can develop during
the subsequent transfer-molding operation. Figure 1.7 shows a device en-
capsulated by a silicone elastomer. Silicones are widely used for this purpose
because they offer excellent protection against moisture and their hydro-
phobic nature limits water absorption. Room-temperature-vulcanizing (RTV)
silicone rubber is a one-component cure system frequently used in such
barrier-coating applications as shown in the hypothetical package in Figure

Figure 1.7. An encapsulated chip prior to transfer molding.
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1.6. The RTV silicones contain methoxy groups substituted along the
polysiloxane chain, which react with moisture to form silanol groups, which
undergo self-condensation to form cross-links. Methanol is produced as a
byproduct.

A barrier coating may also be required for protection against alpha
particles. High-density devices can suffer soft errors when alpha particles
emitted from trace quantities of thorium or uranium in packaging materials
strike the active surface. Thus, the surface must be protected against this
possibility. Polyimides are again recommended for such applications.

In many cases, the protection provided by a simple barrier coating such
as RTV silicone will be sufficient to ensure long-term reliability of the device.
Small, ceramic-based, hybrid ICs designed to be inserted into a PWB are
often protected in this manner. However, for other applications, additional
protection is required to provide impact and shock resistance (RTV silicones
are very soft and offer little mechanical protection), better environmental
protection, and a well-defined structure for subsequent assembly and han-
dling. Such protection is provided by embedment in a hard plastic by transfer
or injection molding as shown in Figure 1.6. The molding process leaves
two paralle]l rows of pins exposed for subsequent connection to the PWB.

Choice of the transfer-molding compound is again dictated by the var-
ious environmental factors listed previously. The material should be of suf-
ficiently low viscosity during mold filling to minimize stresses on the delicate
wire bonds. The material should also completely fill the mold before gelling
or setting to maximize the yield of encapsulated devices. Moreover, the cure
cycle should be repeatable. The molding compound’s expansion coefficient
should match that of the lead frame to minimize stresses during thermal
cycling, and it should exhibit low shrinkage on curing to further minimize
stresses. The material should contain a very low level of ionic impurities
that might diffuse to the device and cause circuit failure. In addition, many
requirements are imposed by the need to ensure long-term protection. These
requirements include high T, heat stability, fire retardancy, hydrolytic sta-
bility, low moisture/vapor diffusion, good dielectric properties, and high
mechanical strength.

Epoxy polymers (including epoxy novolacs) have been designed to meet
most of these requirements and are almost universally used in such encap-
sulant applications. Epoxy polymers exhibit superior adhesion that in many
cases eliminates the need for a barrier or junction coating. They have a low
coefficient of thermal expansion; low shrinkage; and low injection velocity,
which means that low transfer or injection pressures can be used. These
polymers also possess excellent mechanical properties coupled with low
moisture and gas permeability. Above all, they are cheap and readily avail-
able. Other transfer-molding materials used to a limited extent include sil-
icones, phenolic materials, and even polyesters. Most molding formulations
are highly filled (70-75%) with materials such as quartz, fused silica, short
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glass fibers, and other minerals. Such fillers minimize the thermal expansion
mismatch between the transfer-molding compound and the chip substrate
material, thereby reducing stresses on the chip and its delicate wire bonds.
The existence of thermal stresses make it extremely difficult to transfer mold
large ceramic packages such as hybrid integrated circuits (HICs). As men-
tioned previously, these devices are most often protected with a simple
barrier coating such as RTV. Alternatively, they may be coated in a fluidized-
bed process in which epoxy materials are again typically used.

The hypothetical package in Figure 1.6 is representative of the plastic
dual in-line package (DIP) that has been the mainstay of the semiconductor
industry for many years. Although not as reliable as the hermetically sealed
ceramic package, it nevertheless offers a level of reliability sufficient for a
wide variety of applications. The plastic DIP does, however, have a number
of limitations. The increasing complexity of ICs, which is characterized in
part by the large number of input—output leads required for many of today’s
state-of-the-art devices, has caused research efforts in IC packaging tech-
nology to be intensified. Here again, polymers play an integral role in the
development of low-cost packaging methods. One of the most promising
new technologies, for example, is tape automated bonding (TAB) (18). Sup-
ported by fully automated processing and assembly techniques, this approach
involves patterning of cantilevered metallic leads on a continuous polyimide
film in reel format (Figure 1.8). All of the leads are bonded simultaneously
to the chip at contact bumps located around the periphery of the active chip
surface. After testing, an epoxy encapsulant is deposited on the chip to create
a miniature, surface-mountable chip packaged on tape. The method is re-
ported to offer reliability equal to that of DIP packaging. The choice of
polyimides as the base film reflects the chemical stability and heat stability
of these polymers as required during subsequent circuit board mounting.

Figure 1.8. TAB packaged chips.

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch001

20 ELECTRONIC & PHOTONIC APPLICATIONS OF POLYMERS

1.1.1.3 PRINTED WIRING BOARDS

The PWB (also called printed circuit board) is the mounting platform for all
of the electronic components such as packaged ICs, HICs, and resistors. It
provides a rigid mechanical support for the various components as well as
a convenient means for interconnecting the components via thin conducting
lines that have been “printed” on the board. The modern PWB dates back
to the mid-1950s, when it was introduced by RCA. These original boards
were based on copper-clad, epoxy, glass-reinforced laminates on which the
conductor pattern was defined in a screen-printing process and the copper
etched away with ferric chloride.

Over the years, several refinements to this process have been intro-
duced, but the essentials have changed very little. PWBs are ubiquitous,
being found in applications ranging from consumer electronics to military
hardware. Again, their widespread use provides motivation for developing
a cheap, reliable substrate for which polymers are eminently suitable.
Polymers possess good dielectric characteristics and can be designed with
acceptable mechanical and thermal properties as well. Thermosetting epoxy
resins, typically containing a reinforcing material such as chopped or woven
glass, are by far the most commonly encountered substrate material. The
widely used FR-4 laminated PWB, for example, consists of a brominated
epoxy resin reinforced with glass cloth. Other substrate materials include
phenolic materials, epoxy novolacs, polyesters, polyimides, and bismaleim-
ides. Polyimides and bismaleimides are mainly used in military applications,
where continuous high-temperature performance is required. Polyimides
are also used as substrates in flexible circuitry applications. Such circuits are
used to provide interconnection between rigid boards, as well as in space-
saving specialty applications such as cameras and telephones (Figure 1.9).
Other substrate materials considered for flexible circuitry include polyesters,
fluorocarbons, and epoxy—glass composites.

The manufacture of a PWB begins with coating the woven reinforcement
with the resin. This coating is done in a continuous operation (Figure 1.10),
in which glass cloth, for example, is fed through the resin bath and then
passed through a curing oven where the epoxy material is partially cured in
a process referred to as B staging to produce what is called a prepreg. The
prepreg is then cut to the desired size, several layers are stacked together,
and copper foil (typically 36 pm thick) is placed on both sides to produce a
laminated lay-up. This laminate assembly is then cured in a press at elevated
temperature (~350 °F) and pressure to produce a fully cured laminate. The
clad laminates come in almost any thickness but are most commonly 1.5 mm
thick.

The next step in the process is to create the intricate interconnection
patterns on one or both sides of the board. To create patterns on both sides
of the board, holes must first be drilled through the board through which
the electronic components (e.g., the leads of the plastic DIP), will eventually
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Figure 1.9. Application of flexible circuitry in a telephone handset.
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Figure 1.10. Prepreg process in the manufacture of PWB:s.

be inserted. The conductor paths are then defined lithographically. The
original screen printing process described previously can resolve 10-mil
features, but such feature sizes are insufficient for many of today’s circuit
boards. A new technology based on a dry-film photoresist (19) was introduced
in the late 1960s and is now used to fabricate most of the high-density circuit
boards for computer, telecommunication, and aerospace applications.

A dry-film photoresist has a three-layer structure consisting of a clear
strong polyester support film, a photopolymerizable resist layer, and a
polyolefin separator sheet (Figure 1.11). The polyester film is similar to that
used as the base for many photographic films and is only about 25 pm thick.
The middle layer is the photopolymer resist that has been coated on the
polyester film by the dry-film manufacturer. This layer, which ranges in
thickness from 17 to 100 wm depending on the intended application, consists
principally of a polymeric binder, a monomer, and photoinitiator. The binder
consists of a tough film-forming material such as a methacrylate polymer.
The resist is applied to the copper-clad laminated substrate in a lamination
process and then exposed through a photographic mask outlining the circuit
pattern. Processing is similar to that discussed earlier in Section 1.1.1.1.
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Figure 1.11. Dry-film photoresist process.

Exposure to UV light polymerizes the monomer to a cross-linked matrix and
enables a negative image of the mask to be formed by solvent development.

Several techniques can be used to produce the actual conductor paths
on the PWB substrate. These techniques are depicted in Figure 1.12. Sub-
tractive processing starts with a PWB coated on one or both sides with
copper foil ranging in thickness between 5 and 70 pwm. In the case of double-
sided PWBs containing plated-through holes, the holes are first drilled and
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copper is deposited in the drilled hole by electroless plating, which is a
process that deposits copper on all surfaces including the inner surface of
the nonconducting hole. Next, the copper thickness is built up by electro-
plating to the requisite thickness within the hole. At this point, the dry-film
resist is applied, imaged, developed, and the exposed copper is etched away.
The plated-through holes are protected by the resist during the etching
process.

Other variations of this theme include partially additive and fully ad-
ditive processing. In partially additive processing, an unclad circuit board
is punched (to form the holes), and a thin layer of electroless copper is
deposited on all surfaces. The substrate is then imaged lithographically, and
the exposed copper surface is plated to the desired thickness. The final step
involves removal of the thin flash coat of copper from the protected areas;
this process also removes a similar thickness from the plated-up areas. The
fully additive process also starts with an unclad board to which an adhesion
promoter and activator (usually a Pd salt) is applied on the surface. The
resist is applied, imaged, and patterned, thereby exposing the activated
surface upon which copper is plated in an electroless process. The advantages
of this process include depositing copper only where it is required as opposed
to subtractive etching, where 80% of the copper is discarded.

Printed circuitry today is at the crossroads. The density of components
on the PWB continues to increase and is accompanied by shrinkage of the
dimensions of the conductor paths on the surface of the board. Furthermore,
the PWBs frequently contain several layers of metalization. There is a marked
trend toward surface-mounted devices, which are increasing in complexity
and generating more heat. These trends are creating a demand for boards
that exhibit better thermal properties, higher density (resolution), and lower
thermal expansion coefficients (facilitating direct mounting of ICs on the
board). Polymers will play an important part in this continuing evolution.
Already, considerable interest has been generated in directly molded circuit
boards (20), which use the newer high-temperature resins such as polyether
imides, polysulfones, polyether ether ketones (PEEK), and polyphenylene
sulfide reinforced with chopped glass fibers. Direct molding offers the ad-
vantage that features such as spaces, stand-offs, and brackets can be directly
fabricated. Holes can be molded rather than punched, and boards can be
molded to suit specific styling requirements. The liquid crystalline polyes-
ters, such as poly(hydroxybenzoic acid) and various derivatives and modi-
fications thereof, hold promise for future applications, particularly for
specialized uses. These materials are characterized by very high modulus
and temperature stability, low thermal expansion coefficients, and high re-
sistance to chemicals. Such specialty materials are very expensive at the
moment, and the humble epoxy laminate may well remain the mainstay of
the industry for many years to come.

One final area that is having a significant impact on PWB technology
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is that of high-speed electronics (21). Silicon and GaAs technologies are
driving device speeds into the gigahertz frequency range with rise times in
the order of fractions of a nanosecond. At such signal frequencies, electrical
energy no longer resides as voltage and current within the conductors.
Energy flows as electromagnetic waves outside of and between conductors,
whose propagation velocity is determined by the dielectric constant of the
surrounding material. Generally speaking, the higher the dielectric constant,
the greater the penalty in terms of propagation delay. For most PWBs, the
polymeric substrate has a dielectric constant from 3 to 5, which translates
into a speed penalty of 50% for most PWBs and flexible circuits. Another
factor that must be taken into consideration is control of the physical di-
mensions of the conductors and spacing between conductors, which deter-
mines impedance and cross-talk characteristics. These requirements will
place increasingly stringent demands on the lithography and on the materials
components of the PWB itself. Poly(tetrafluoroethylene) and its derivatives,
for example, are being used as PWB substrate materials because of the lower
dielectric constant (€) of these polymers compared with epoxy materials and
polyimides (21). With e values of 2.2-2.8, propagation delays are reduced
by as much as 30% compared with the woven-glass, fabric-reinforced epoxy
and polyimide materials, and by as much as 10% over the newer polyimide
laminates reinforced with quartz or poly(p-phenylene terephthalamide)
(Kevlar) fabric.

1.1.2 Conducting Polymers

Electrical conductivity refers to the transport of charge carriers through a
medium under the influence of an electric field or temperature gradient and
is thus dependent on the number of charge carriers and their mobility. The
charge carriers may be generated intrinsically or from impurities, in which
case they may be electrons, holes, or ions. Alternatively, electrons or holes
may be injected from electrodes. Conduction may therefore be of two
types—ionic and electronic—both of which have been the focus of intense
research, particularly ionic conduction, which has been studied for many
years and has been the subject of several books. Advantage is taken of ionic
conduction in certain polymers, for example, in the design of polymeric
electrolytes for solid-state batteries. Poly(ethylene oxide) has been exten-
sively studied in this regard. Electronic conduction in polymers, on the
other hand, is a relatively new phenomenon, having been discovered only
about 10 years ago and is the subject of this section.

In general, polymers are insulating materials having conductivities rang-
ing from 107" (Q cm)~! for poly(vinyl chloride) to 10~ (Q cm)™! for
poly(tetrafluoroethylene), which are many orders of magnitude below the
conductivities associated with metals (Figure 1.13). Indeed, low conductivity
(and consequent low dielectric constant) is one of the major reasons polymers
have found widespread acceptance in a myriad of insulating and structural
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applications throughout the electronics industry. Nevertheless, the discov-
ery in 1973 (22) that poly(sulfur nitride) (SN), was intrinsically conducting
provided proof that polymers could be conducting and greatly stimulated
the search for other conducting polymers.

1.1.2.1 BAND THEORY OF SOLIDS

To provide a framework for discussing conduction in polymers and why
polymers are normally classified as insulators, some of the basic ideas of
band theory in solids should be reviewed. Cowan and Wlygul (23), in their
review of the organic solid state, discussed this topic from the organic view-
point and provided a useful framework within which chemists can appreciate
the salient features of the theory.

When a large number of atoms (e.g., as in metals or semiconductors)
or molecules (e.g., organic metals) are brought together in the crystalline
state, the electronic states mix so as to form bands, each band consisting of
electronic states whose energies form a continuous range. This situation is
analogous to the splitting of atomic energy levels as two atoms are brought
together to form a molecule. For example, the ethylene molecule consists
of two sp?-hybridized carbon atoms, each containing an unpaired electron
in a p orbital; the two orbitals overlap to form a 7 bond. According to Hiickel
theory, the interaction of these two p orbitals forms two molecular orbitals
corresponding to the w bonding and 7 antibonding orbitals (Figure 1.14),
separated by an energy A. If these orbitals are allowed to interact with the
« and 7* orbitals of a second ethylene molecule stacked directly above the
first, two sets of two molecular orbitals are formed that are separated by
energy 23, where d is the resonance or transfer integral. Likewise, if n
ethylene molecules are allowed to interact, n states from each of the m and
m* orbitals are formed. For large values of n, the energy states are close
enough together to correspond to a continuous band. The 2n electrons are
then allowed to fill the bands in a manner analogous to the Aufbau principle
for atoms (i.e., electrons are placed in these states in pairs starting with the
lowest energy state and filling the higher energy states successively). The
highest occupied state is called the Fermi level.

As seen in Figure 1.14, the band formed from the highest occupied
molecular orbital (HOMO) in the stack of ethylene molecules is entirely full,
but the band formed from the lowest unoccupied molecular orbital (LUMO)
is entirely empty. According to band theory, if the highest filled band (re-
ferred to as the valence band) is only partially full, the empty states which
exist close to the Fermi level will facilitate conduction. In the case of the
hypothetical stack of ethylene molecules, the HOMO band is completely
full. For the stack to be conductive, energy must be supplied (either ther-
mally or photolytically) to move an electron into the next lowest state, which
in this case happens to be the lowest energy level in the LUMO band (also
called the conduction band). This energy gap separating the two bands is
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Figure 1.14. Band formation obtained by mixing of electronic states. (Repro-
duced from reference 23. Copyright 1986 American Chemical Society.)

called the band-gap energy, and its magnitude determines whether such a
material is a semiconductor or an insulator (Figure 1.15).

The intrinsic conducting properties of (SN), derive from the presence
of one unpaired electron for each S—N unit. As a result, the highest occupied
electronic levels (i.e., the valence band) are only half-occupied. Because no
forbidden gap exists between the highest occupied and lowest unoccupied
levels (both exist within the HOMO band), the unpaired electrons can readily
move under the application of an electric field and give rise to metalliclike
conductivity.

Unlike (SN),, most polymers correspond to closed-shell systems where
all the electrons are paired. Such a configuration leads to insulating or semi-
conducting properties as noted previously. Polyacetylenes and related con-
jugated polymers, for example, have conductivities that classify them as
semiconductors. The carbon atom in polyacetylene is sp® hybridized, which
leaves one p electron out of the bond-forming hybrid orbitals. In principle,
such a structure might be expected to give rise to extended electronic states
formed by overlap of the p (w) electrons and thus provide a basis for metallic
behavior in polymers.

In practice, the quasi-one-dimensional structure just described is not
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EMPTY LEVELS

FILLED LEVELS

INSULATOR SEMICONDUCTOR METAL

Figure 1.15. The allowed energy states for an insulator, semiconductor, and

metal. Blackened regions represent regions filled with electrons. E, is the

energy gap between filled and empty states. (Reproduced from reference 23.
Copyright 1986 American Chemical Society.)

stable. Instead, the m electrons overlap in an alternating fashion, resulting
in the familiar conjugated m-bond structure of polyacetylene. In energetic
terms, bond alternation causes a gap (E,) to be opened at the Fermi level
that converts the system from a conductor to a semiconductor (Figure 1.16).
Physicists refer to this as a Pierls transition.

A major breakthrough in the search for conducting polymers occurred
in 1977 (24) with the discovery that polyacetylene could be readily oxidized
(by electron acceptors such as iodine or arsenic pentafluoride) or reduced
(by donors such as lithium). The resulting material had a conductivity that
was orders of magnitude greater than the original, untreated sample. This
process is often referred to as doping by analogy with the doping of inorganic
semiconductors, but it contrasts with the inorganic semiconductor doping
in that doping in polymers is a redox process involving charge transfer with
subsequent creation of charged species. The redox reaction may be carried
out in the vapor phase, in solution, or electrochemically.

1.1.2.2 CONDUCTION MECHANISMS

Since the first report of metallic conductivity in doped polyacetylene, a
number of other conjugated polymers have been shown to possess high
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conductivity. The structures of the principal conducting polymer systems
are shown in Table 1.2. The maximum dopant concentrations are on the
order of several mole percent, which is considerably higher than required
for the inorganic semiconductors.

The origin of the conduction mechanism has been a source of contro-
versy ever since conducting polymers were first discovered. At first, doping
was assumed to simply remove electrons from the top of the valence band
(oxidation) or add electrons to the bottom of the conduction band (reduction).
This model associates charge carriers with free spins (unpaired electrons).
However, the measured conductivity in doped polyacetylene (and other
conducting polymers such as polyphenylene and polypyrrole) is far greater
than what can be accounted for on the basis of free spin alone.

To account for this phenomenon of spinless conductivity, physicists have
introduced the concept of transport via structural defects in the polymer
chain. In a conventional semiconductor, an electron can be removed from
the valence band and placed in the conduction band, and the structure can
be assumed to remain rigid. In contrast, an electronic excitation in polymeric
materials is accompanied by a distortion or relaxation of the lattice around
the excitation, which minimizes the local lattice strain energy. The combined

Table 1.2. Structures and Conductivity of Doped Conjugated Polymers

Typical Typical

Methods Conductivity
Polymer Structure of Doping (Q cm)!
Polyacetylene Electrochemical, 500-1.5 x 10°

M chemical

ASFs, Iz, Ll, K)

Polyphenylene Chemical 500
{O}; (AsFs, Li, K)
Poly(phenylene sulfide) «[—Os} Chemical (AsFs) 1
n
Polypyrrole m—n Electrochemical 600
Polythiophene -[[;\}-n Electrochemical 100

Poly(phenyl-quinoline) sHs Electrochemical, 50
) chemical (sodium
N n naphthalide)
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structural and electronic excitation will now look like a defect on the chain.
From a chemical viewpoint, this defect is interpreted as a radical cation (or
radical anion in the case of reduction). Physicists refer to it as a polaron.
Because these defects represent localized distortions of the lattice, the as-
sociated energy level must be split off from the continuum of band states
(Figure 1.17a). The two polaron states corresponding to a radical cation and
radical anion are symmetrically disposed around the Fermi level (i.e., the
midpoint of the gap). Removal of an electron leaves an unpaired spin near
the valence band edge (p doping), and addition of an electron fills the
corresponding state near the conduction band edge (n doping). These energy
levels are depicted in Figure 1.17b.

Further oxidation (or reduction) results in the formation of what phy-
sicists call a bipolaron. In the oxidation case, it is energetically much more
favorable to take the second electron from the polaron than to form a second
polaron (25); thus, the oxidation process may be viewed as leading to the
formation of a localized doubly charged species (i.e., a dication, or dianion
in the case of reduction). The bipolaron is thus identified as a dication or
dianion associated with a strong local lattice distortion. Because the lattice
relaxation around the charges is stronger than in the case of a single charge,
the electronic states appearing in the band edge are further away from the
band edges (closer to the Fermi level) than they are for polarons (Figure
1.17¢c). Coulombic repulsion might be expected to result in charge separa-
tion, but as will be seen, separation is only feasible if the polymer possesses
a degenerate ground state. In polypyrrole, for example, the charges asso-
ciated with the bipolaron are separated, but only over about four pyrrole
units.

As seen in Figure 1.17c, bipolarons contain no free spins. All energy
levels in the gap are either empty or full. These species are believed to be
involved in the conduction process, thereby accounting for the observed
“spinless” conductivity. Evidence for their existence comes from spectro-
scopic studies, although the precise mechanism of charge conduction is not
really known. For one thing, the charges should be fixed in position along
the chain by the counterion derived from the dopant species. Furthermore,
polymers themselves contain many defects such as cross-links, chain ends,
and bends, and it is difficult to see how even a mobile bipolaron or polaron
could move past such obstacles.

Conduction mechanisms have been proposed, at least in the case of
polyacetylene itself, that involve a different type of defect structure called
a soliton. trans-Polyacetylene is unique among conducting polymers in that
it possesses a degenerate ground state corresponding to the two geometric
forms shown in Figure 1.18. As a consequence, the two charges associated
with the bipolaron can easily separate and become independent, charged
species. No associated energy penalty occurs because the geometric structure
appearing between the two charges has the same energy as the configuration
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Figure 1.17. Electronic energy levels associated with various types of defect
structures found in doped polyacetylene.
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Figure 1.18. Energy diagram for ground-state geometric isomers of polyace-
tylene.

on the other side of the charge. On the contrary, the two geometric isomers
of cis-polyacetylene or polypyrrole are not energetically equivalent. In
polypyrrole, the quinoidlike geometric isomer has a higher total energy than
the aromatic (ground state) structure; hence, charge separation of the bi-
polaron is not favored. The fact that limited charge separation does occur
to the extent of about four pyrrole units is attributed to the larger electron
affinity of the quinoid structure relative to that of the aromatic structure.
Maximum stabilization of the dication occurs at a separation of about four
units.

Similar defect structures may be envisioned as arising during isomeri-
zation of cis-polyacetylene to trans-polyacetylene. If two trans sequences
with opposite bond alternation approach each other along a chain containing
an odd number of conjugated carbon atoms, an unpaired electron (radical)
will be left at the point where the two sequences meet. This defect, which
chemists call a free radical, is similar to the solitary charged defect produced
by separation of a bipolaron, except that it is neutral.

Physicists call this type of defect a soliton, which is defined as a phase-
boundary defect linking two energetically equivalent configurations. The
electronic energy level associated with the soliton in trans-polyacetylene is
located in the middle of the gap because the phase boundary effectively
represents a single nonbonding p orbital that has the energy (E) of the local
atomic orbital, defined to be at E = 0. The soliton can exist in any of three
spin-charge configurations (Figure 1.17d): neutral (S = %), negatively
charged (S = 0), or positively charged (S = 0). Neutral solitons are believed
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to be the origin of the free spins (~1 per 4000 carbon atoms) formed during
thermal isomerization of cis-polyacetylene to the trans isomer.

The diagrammatic representation of the soliton depicts the defect as
being centered on a single carbon atom. Spin density measurements indicate,
however, that the spin is not localized on a single carbon atom but is spread
over several (~15) carbon atoms. Likewise, the charge density associated
with charged solitons is spread over a similar number of carbon atoms.

The picture that emerges is that at low doping levels, charged solitons
are formed, either directly from neutral solitons or by recombination of
polarons to form bipolarons, which then move apart to become individually
charged solitons. But the question of the mechanism of actual charge trans-
port still remains. Central to many of the proposed theories is the assumption
that the soliton can move freely along the chain. One proposed mechanism,
due to Kivelson (26), is depicted in Figure 1.19. A neutral soliton moving

[

1

Figure 1.19. Kivelson mechanism for charge transport involving mobile neutral
solitons.
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along the polymer chain encounters a charged soliton, which is spatially
pinned by its counterion. Transfer of an electron results in the appearance
of the soliton on the neighboring chain. The mechanism thus purports to
account for both interchain and intrachain conduction and predicts that the
conductivity should vary with the number of free spins. However, recent
experiments (27) on specially prepared polyacetylenes, in which the spin
concentration was deliberately varied, have cast doubt on such theories.
These studies indicate that conductivity does not vary with spin concentra-
tion in the manner predicted by the Kivelson theory. Additional studies
based on techniques such as electron nuclear double resonance (ENDOR)
(28) and electron spin-echo multiple quantum nuclear magnetic resonance
(ESEMQNMR) (29), which probe the local environment of the soliton, in-
dicate that the soliton does not move (i.e., it is static). Much work remains
to be done to unravel the transport mechanism responsible for conduction
in these systems.

1.1.2.3 COMMERCIAL APPLICATIONS

Conducting polymers appear to be on the brink of commercial exploitation.
Progress in commercialization has been hampered by poor stability (poly-
acetylene, for example, is rapidly oxidized in air and thus loses conductivity)
and by poor processability. Many of the materials are intractable and there-
fore are not amenable to easy fabrication. Nevertheless, work has continued
on developing a new generation of stable, processable conducting polymers.
Naarmann and coworkers (30) at BASF modified the standard method for
polymerizing acetylene, and the result was a material with a higher degree
of crystallinity and consequent greater thermal stability than polyacetylene
prepared by the older technique. Perhaps more importantly though, the
new material reportedly exhibits conductivity that, on a weight basis, is
twice that of copper. Although the BASF material is highly conducting and
much more stable than earlier films, it is still a highly intractable polymer
and thus not processable. The Feast technique (31) for preparing polyace-
tylene involves formation of a soluble precursor via ring-opening metathesis.
The precursor can be processed (e.g., stretched to orient the chains) and
then thermally converted to polyacetylene. Doped polypyrrole can be pro-
duced in a continuous process to give films that appear to be relatively
stable. The conductivity of these materials is higher than that of plastics
extended with conductive fillers. This characteristic suggests possible ap-
plication as an electromagnetic interference shield.

A major goal of the research on conducting polymers has been the
development of a rechargeable plastic battery. Cells based on polypyrrole
and lithium electrodes have been developed in which the energy per unit
mass and discharge characteristics are comparable to nickel-cadmium cells.
Current interest appears to center around stable, processable polymers, such
as polythiophene and its derivatives, and polyaniline.
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1.1.3 Polymers for Molecular Electronics

One of the buzz words in the world of science today is the term “molecular
electronics”. One has only to open the pages of the popular scientific lit-
erature to find such headlines as “And Now—the Biochip”, or “The Organic
Computer”. The premise behind these articles is the idea that a single
molecule might function as a self-contained electronic device; thus, the
possibility arises to develop a computer based on molecular-sized electronic
elements. This possibility was first discussed by Carter in 1979 and was the
subject of two international workshops in 1981 and 1983 (32). The genesis
of these ideas may be seen in the relentless progress of the semiconducting
industry in diminishing the size of circuit features of microelectronic devices.
Circuit densities have doubled virtually every year since the invention of
the IC in 1960, primarily through shrinking the size of the individual circuit
elements. Minimum feature sizes in today’s devices are on the order of 1
pm, and 0.5-pm-sized devices are likely by the early 1990s. A simple linear
extrapolation of the feature size vs. time plot (Figure 1.20) leads to the
conclusion that within 30 years or so, the size of electronic components will
be on the order of nanometers (i.e., the size of individual molecules).
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Figure 1.20. Microlithographic trends in minimum device feature size and
imaging technology. The figure illustrates the time evolution of random access
memory (RAM) devices.
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1.1.3.1 DEVICE FABRICATION CONSIDERATIONS

Current IC fabrication technology, which involves sculpturing microstruc-
tures from single crystalline blocks of silicon, is not likely to fabricate devices
at molecular dimensions. Molecular electronics, on the other hand, offers
the possibility of building up complex structures by using atomic and mo-
lecular forces. Devices will be constructed by assembly of individual mo-
lecular electronic components into arrays, thereby engineering from small
to large rather than from large to small as do current lithographic techniques.

At our current level of technology, many of these concepts are still in
the realm of science fiction. Ideas have been suggested for devices such as
molecular switches, but these devices still await experimental realization
and verification. A molecular switch, for example, must possess a variety of
properties for it to be classified as operational (33):

® It must possess bistability (i.e., capable of existing in two or
more stable states).

® The switching process must be controllable (i.e., it must be
possible to unambiguously set the state of the switch).

® The state of the switch must be readable (i.e., it must be
possible to unambiguously sense whether the switch is on or

off).
® The two preceding functions must be executable at the mo-

lecular level with full addressability. That is, it must be possible
to selectively switch or address an individual molecule.

Thus, whereas many systems have been suggested that exhibit optical
bistability, they have yet to be fabricated into an operational switch.

The same argument could be made for design of molecular intercon-
nects. Proposals have been made for molecular “wires” constructed from
conducting polymers. But how would one isolate an individual molecular
strand, much less attach it to a molecular switch? Would such a one-dimen-
sional wire exhibit conduction properties akin to bulk conduction? These
questions have yet to be answered.

In addition, the subject of assembly looms as an apparently insur-
mountable obstacle. It is not at all clear how researchers would go about
assembling individual molecular components into a functioning device, al-
though bioengineering offers a potential solution to this problem. Examples
of self-assembled structures exist everywhere in nature from the helical
secondary structure of DNA to the human brain. Current knowledge of such
systems is simply inadequate to allow scientists to employ similar forces to
create synthetic molecular electronic devices. Clearly, an enormous amount
of groundwork needs to be laid if the concept of the molecular electronic
device or biochip computer is ever to become a reality.
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The field of molecular electronics may be considered to encompass much
more than molecular electronic devices. In its broadest context, molecular
electronics may be regarded as simply the application of molecules, primarily
organic molecules, to electronics. This definition would include such areas
as liquid crystalline materials, piezoelectric materials such as poly(vinylidine
fluoride), chemically sensitive field-effect transistors (CHEMFET), and the
whole range of electroactive polymers. These applications are beyond the
scope of this book and are covered in other reviews (34, 35). However, given
the basic tenet of molecular electronics, namely, the ability to engineer and
assemble molecular structures into a useful device, the broader definition
raises the question of whether organic molecules can be specifically assem-
bled or engineered for unique applications in electronics.

1.1.3.2 LANGMUIR-BLODGETT FILMS

The Langmuir-Blodgett (LB) technique is one of the few methods available
for manipulating the architecture of an assembly of organic molecules (36).
It may be regarded as the organic analog of molecular beam epitaxy, which
is extremely important to solid-state electronics as a means of fabricating
precise microstructures with novel charge-transport properties. The LB
technique offers the means to construct similar organic analogs by building
up organic layers one monolayer at a time and enables precise geometries
(e.g., molecular orientation and thickness) to be constructed. The technique
involves spreading some suitable organic molecule onto a water surface,
compressing the film to form a compact monolayer, and then transferring
this layer to a suitable. substrate. The processing sequence is depicted in
Figure 1.21.

Very few materials are suitable for LB film formation. Typical mono-
layer-forming molecules possess both hydrophobic and hydrophilic end
groups such as long alkyl and carboxylic groups, respectively. Certain pol-
ymers will also form monolayers as will certain aromatic macrocycles such
as porphyrins and phthalocyanines. Phthalocyanines tend not to have highly
oleophilic or hydrophilic parts, but consist of a roughly circular aromatic
disk, often with a metal atom at the center and with a minimum of side
groups. The material is usually dissolved in an organic solvent and carefully
spread onto the surface of water contained in a Langmuir trough. The con-
centration is such that the molecules spread to a depth of one monolayer.
If the surface pressure F is small, the monolayer behaves as a two-dimen-
sional gas obeying the equation

FA = kT (1.1)

where A is the area per molecule, k is Boltzmann'’s constant, and T is absolute
temperature. The surface pressure is increased by compressing the film by
means of a sliding barrier. Eventually, a point is reached where all the
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Figure 1.21. The LB sequence: spreading, compression, and deposition. (Re-
produced with permission from reference 45. Copyright 1987 Academic Press.)

molecules touch, forming a “perfect” pinhole-free monolayer. The change
in surface pressure as the area per molecule is decreased is shown in Figure
1.22. The correct degree of compression is determined by monitoring the
surface tension of the water, which starts to drop when the molecules are
nearly dense-packed. At higher pressures, the monolayer will buckle and
collapse. Below the collapse pressure, the monolayer can be transferred to
a suitable substrate by lowering the substrate carefully through the film into
the water and slowly withdrawing it (Figure 1.21). Alternatively, transfer
may be effected horizontally by contacting the surface with the substrate
oriented horizontally to the film surface. These procedures may be repeated
successively until the required number of monolayers is obtained. The thick-
ness will thus be an integral multiple of the length of the amphiphilic species.

In this way, ultrathin, compact, pinhole-free (at least in theory) films
of constant, well-controlled thickness can be prepared. The films are solids
with a lamellar structure, and by properly choosing the chemical composi-
tion, they can serve a variety of useful electronic functions. Molecules can
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Figure 1.22. A typical monolayer isotherm.

be designed, for example, with unsaturated groups either near the hydro-
phobic end (e.g., vinyl stearate), near the hydrophilic end (e.g., tricosenoic
acid), or around the center of the molecular chain as with diacetylenes.
These molecules can be polymerized without disruption of the lamellar
structure and thus improve the mechanical and thermal stability of the LB
film. One proposed application of these films is as resists for microlithography
(37), although the complexities of film deposition and concerns of pinhole
density in these ultrathin films make the LB approach a doubtful practical
technique for semiconductor device fabrication. LB films have been pro-
posed as passive optical waveguides (see Section 1.2.2), where they allow
closer control of the waveguide parameters (both dimensional and optical)
than is possible with evaporated layers. One problem with LB films in optical
applications is that they are not truly single-crystalline materials. Instead,
they consist of crystallites separated by domain boundaries that act as scat-
tering centers and limit applications in nonlinear and guided-wave optics.
The attractiveness of silicon as a semiconductor material for ICs de-
rives in part from the fact that this important material forms a naturally insu-
lating surface oxide. Use is made of this fact, for example, in metal-
oxide-semiconductor (MOS) field-effect transistors (FET), where the oxide
serves as the gate insulator. No such naturally insulating oxide occurs with
any of the compound semiconductors that offer improved performance over
silicon in many device applications. Roberts et al. (38) demonstrated the
feasibility of such metal-insulator-semiconductor (MIS) structures as FETs
and chemical sensors shown schematically in Figure 1.23. These researchers
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showed that by applying LB films to the surfaces of amorphous Si, GaAs,
GaP, InSb, CdTe, and (HgCd)Te, charge-density profiles can also be mod-
ified. By using films of tunneling dimensions, charge injection leading to
enhanced electroluminescence efficiency was achieved. The efficiency of
devices that incorporate layers of quantum-mechanical tunneling dimensions
is critically dependent on the control of the insulator thickness. This de-
pendency is why the LB approach is eminently suitable for fabricating such
devices.

These examples of LB film application give only a cursory view of the
many structures and processes currently being investigated. This field has
undergone a marked resurgence over the last decade as scientists have begun
to realize that functional devices can be constructed by a molecular engi-
neering approach, although as yet, such devices generally remain an ex-
perimental curiosity. The ultimate objective, namely, that of utilizing
individual molecules as functional elements and the assembly of such ele-
ments into a device, is as elusive as ever. Nevertheless, should a break-
through be achieved, it promises to be every bit as revolutionary as was the
transistor.

1.2 Polymers for Photonic Applications

The microelectronics revolution, which began with the invention of the
transistor in 1948 and rapidly accelerated following the invention of the IC
in 1960, has had a profound influence on modern society, particularly in the
processing and transport of information. The heart of today’s telecommun-
ications network, for example, is the highly sophisticated electronic switching
machine, which offers a wide variety of service options that cannot be pro-
vided by electromechanical switches. Voice and data are switched over a
network that ranges from twisted copper pairs to microwave communication
towers. However, two inventions during the 1960s have begun to radically
change the way in which information is transmitted and may, in the future,
lead to a totally new switching technology. Those two inventions are the
laser and the optical fiber, which together have spawned the photonics
revolution upon whose dawn we are now entering.

Simply speaking, photons are to photonics what electrons are to elec-
tronics. In electronic transmission, information, encoded in the form of
digital or analog electronic signals, is routed along a conductor path such as
a copper wire. In an optical transmission system, information is transmitted
in digital format as pulses of light along glass fibers specifically designed to
confine the light to the interior of the fiber. Lasers and light-emitting diodes
are ideal light sources for optical transmission. These solid-state devices can
be turned on and off billions of times per second, providing an ideal mech-
anism for conveying digital information where the presence of light corre-
sponds to a “1” and its absence signifies a “0”. The driving force behind
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optical transmission is the enormous capacity, or bandwidth, available. A
laser pulsed at 540 megabits per second is equivalent to 24,000 telephone
conversations that can be transmitted simultaneously over a single hair-thin
optical fiber. Not only does optical transmission offer the potential of essen-
tially unlimited bandwidth, but it is also free from interference effects that
plague electronic transmission and offers enormous cost savings in space and
materials. As will be shown in the following discussion, polymers play an
enormously important role in this rapidly expanding technology.

1.2.1 Optical Fiber Coatings

The glass fibers used in light-wave telecommunications systems must be
protected from mechanical abrasion to preserve their strength. Flaws in the
glass surface as small as 1.0 pm will reduce the tensile strength of the fiber
from over 10° kpsi to less than 10° kpsi, and lead to breaking of the fiber
during cabling. Accordingly, optical fibers must be treated with a protective
coating immediately after being drawn in a furnace. A schematic diagram of
the process is shown in Figure 1.24. The fiber is drawn from a glass preform
that is fed at a controlled rate into the top of a tubular high-temperature
(2200 °C) furnace. A fiber diameter monitor provides an electronic signal
that can be used to adjust the speed of a capstan drive, which pulls the fiber
at the base of the machine. Equipment for coating the fiber and solidifying
it is located between the diameter monitor and the capstan. This in-line
coating procedure enables the coating to be applied and hardened before

PREFORM
FEED
MECHANISM

ZIRCONIA
INDUCTION
FURNACE

| FIBER
DIAMETER
MONITOR

COATING—] - CURING

APPLICATOR FUFgg\CE

/ LAMPS

COATING .8
CONCENTRICITY | | capsTAN
MONITOR

Figure 1.24. A fiber-drawing apparatus. (Reproduced with permission from
reference 39.)
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the fiber contacts any surface. For this reason, the most successful coating
techniques involve the application of a low viscosity (10-50 poise) oligomeric
liquid to the fiber followed by rapid solidification. Three coating processes
have been developed to meet this requirement of rapid solidification. These
processes use

1. UV-radiation-curable polymer formulations,

2. thermally cross-linkable prepolymers capable of being force-
cured at high rates (e.g., silicones), or

3. hot-melt thermoplastics that can be solidified by rapid cooling
(39).

In addition to providing mechanical and environmental protection to
the optical fiber, the polymer coating should reduce microbending losses.
As aresult of their very small diameters, typically 100-150 wm, optical fibers
bend readily. This feature is advantageous in that the transmission medium
is flexible and easily routed. However, when the spatial period of the bending
becomes very small, some of the light rays normally guided by the fiber are
lost through radiation. Such small-period distortions may occur when a fiber
is wound on a spool under tension, or when it is placed in a cable structure.
The phenomenon is called microbending loss, which in extreme cases can
result in transmission losses amounting to several decibels per kilometer,
thereby seriously degrading the performance of an optical fiber transmission
link. This problem can be minimized through use of low-modulus coatings.

The preferred coating design involves a dual-coated fiber consisting of
a soft, low-modulus primary coating (to minimize microbending losses) and
a hard, high-modulus secondary coating (for mechanical protection) (Figure
1.25), The second coating can be applied either in-line or off-line. Thermally

Chief Advantage Chief Advantage
HIGH STRENGTH HIGH MICROBENDING RESISTANCE
)

COATING

SINGLE COATING DUAL COATING

Figure 1.25. Protecting glass optical fibers by employing single and dual
coatings.
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curable silicones and UV-curable epoxy acrylates are used commercially for
the soft primary coating. High-modulus UV-curable epoxy acrylates have
been used for the hard secondary coating as have extrudable thermoplastics
such as nylon.

Polymers have broad application in cabling, sheathing, and connecting
operations. Cabling of optical fibers is quite different from cabling of copper
conductors. The coated fibers are usually assembled or packaged prior to
sheathing. A typical fiber-packaging structure used in cable designs is shown
in Figure 1.26. In this structure, known as a ribbon, 12 fibers are packaged
in a linear array by sandwiching them between two adhesive-coated polyester
tapes. The ribbons are then grouped along with metallic strength members
and enclosed in a polymeric sheath in a final extrusion process.

Deployment of optical fibers in the field requires the fibers to be spliced
(joined) at various junction points. Fusion splicing is the most reliable method
for permanently joining optical fibers and has been successfully applied in
the field. However, the fusion splice needs a protective package because
the spliced section has no protective coating and its strength is weakened
by the splicing operation. One type of packaging system, shown in Figure
1.27, consists of a heat-shrinkable tube of cross-linked polyethylene, a hot-
melt adhesive inner tube, and a strength member rod of stainless steel.

Connectors that operate by physical alignment have also been designed.
A typical example is shown in Figure 1.28. The extremely narrow tolerances
required demand high-dimensional stability and precision. As a conse-
quence, most connectors are made of metals and ceramics by precision
machining techniques. Plastic connectors are also available but are better
suited to connection of multimode fibers, where the larger core imposes less
severe alignment tolerances than required for single-mode fibers.

One application that has not been mentioned is the use of polymers for
the optical core in place of silica. Attenuation losses essentially preclude
such applications in long-haul transmission systems. For example, poly-
(methyl methacrylate) has been studied as a potential plastic optical fiber,
but intrinsic absorption losses due to overtones of the C-H vibration limit
attenuation to 55 dB/km at 570 nm (40). The losses caused by overtone ab-
sorptions can be eliminated by deuterating the polymer. The overtone
absorptions associated with C—D vibrations (where D is deuterium) occur
at longer wavelengths and are of lower intensity than C-H overtones (Figure
1.29). Attenuation losses of 20 dB/km at 650-680 nm have been reported
for perdeuterated poly(methyl methacrylate), but this value is still over 2
orders of magnitude higher than that of silica fibers, for which attenuations
of 0.2 dB/km at 1300 nm have been reported. The theoretical minimum
attenuation for plastic fibers is believed to be 9 dB/km at 680 nm. This
minimum makes such materials clearly unacceptable for transmission over
long distances. Plastic optical fibers may, however, find application in back-
plane interconnections, for example, where transmission distances may be
on the order of inches.
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Figure 1.27. A heat-shrinkable tubing
l% package for protecting spliced fibers.
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(b) AFTER HEATING duced with permission from reference 40.)
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Figure 1.28. A precision-molded plastic connector. (Reproduced with permis-
sion from reference 40.)
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Figure 1.29. Transmission spectra of PMMA and perdeuterated PMMA core
plastic optical fibers. (Reproduced with permission from reference 40.)

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch001

50 ELECTRONIC & PHOTONIC APPLICATIONS OF POLYMERS

1.2.2 Polymers for Integrated Optics

In long-haul transmission, the light intensity decreases with distance and
must be regenerated (amplified) at intervals determined by the intrinsic loss
in the fiber. This regenerative process is accomplished electronically. The
light pulses received at the end of an optical fiber are converted to electronic
signals by a photodetector (photodiode). These signals are then amplified
and used to modulate the output of a laser that forms part of the repeater
circuit. A new set of pulses are therefore generated and launched into the
fiber. It would be advantageous to perform such functions photonically rather
than going to the trouble of converting from photonics to electronics and
back to photonics. Likewise, photonic switching has the potential to be much
faster than electronic switching (with resulting higher bandwidths) and car-
ries with it the possibility of parallel processing.

Although the implementation of an all-optical network lies well in the
future, much of the technological framework is being developed. The
attendant passive components associated with multimode fibers (e.g.,
couplers, power dividers, wavelength filters, and connectors) may be
constructed by using miniature versions of familiar bulk optical components
such as lenses, prisms, and diffraction gratings. Further scaling down of
equivalent multimode components for monomode applications is not usually
practical owing to stringent alignment tolerances between fiber and com-
ponent. One approach to solve this dilemma is to integrate such devices on
a single chip. The basic motivation of this field of integrated optics is to do
for optical circuits what integrated electronics has done for electrical circuits,
namely, replace a set of large, individually fabricated elements with inte-
grated, miniaturized circuit elements that are interconnected on a single
chip.

A major concept of integrated optics is that in all of the elements and
interconnections, the optical signals are confined in compact optical wave-
guides, and thus the field is often referred to as guided-wave optics, and
the devices are referred to as photonic circuits. The fabrication of such
circuits again involves lithographic processes in which polymeric resists are
used for the imaging steps. Relatively complex assemblies of devices have
been demonstrated (e.g., an 8 X 8 matrix switch integrating 64 2 X 2
interconnected switch elements on a single chip) (41).

The construction of an optical waveguide in the surface of a substrate
requires alteration of the refractive index of the substrate along the length
of the guide. By increasing the refractive index of the region, light can be
guided or channeled in the same way as takes place in the core of an optical
fiber. These guides are then used both to form the various circuit elements
(both active and passive) and to make interconnections between elements.
The basic concepts are illustrated in Figure 1.30, which is a schematic
drawing of an integrated, optical, four-channel, wavelength-division multi-
plexer. The waveguides have been constructed such that light of a particular
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Figure 1.30. An integrated, optical, four-channel, wavelength-division
multiplexer.

wavelength entering the interaction region of the first two guides will transfer
to the second guide, but light at other wavelengths will remain in the first
guide. For waveguides built into substrates exhibiting a large electrooptic
effect (e.g., lithium niobate), one can use an electric field to control the
interaction wherein the wavelength selected by the coupler can be controlled
by the voltage applied to the electrodes.

As with electronic ICs, the fabrication of optical waveguides is preceded
by the design and construction of a mask outlining the path light will take
in the guiding layer of the structure. Lithium niobate is the favored dielectric
material for use in integrated optics. This material can be routinely formed
to give large crystals of optical quality and exhibits a reasonably large elec-
trooptic figure-of-merit (i.e., change of refractive index with change of ap-
plied field strength). Once the path has been defined by lithographic
techniques, the waveguides are fabricated by depositing a thin layer of
titanium on the exposed surface, removing the remaining photoresist, and
finally diffusing the metal into the crystal at temperatures on the order of
1000 °C for 6 h. Guides can also be made by an ion-exchange process in
which Li* ions in the substrate are replaced by H* ions. In this process,
the surface of the crystal is covered by a gold film, except where one wants
to form guides. The crystal is then placed in an acid bath for a period of

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch001

52 ELECTRONIC & PHOTONIC APPLICATIONS OF POLYMERS

time (e.g., benzoic acid at 250 °C for a few hours), during which ion exchange
takes place through the openings in the gold mask.

Polymers are also well suited for waveguide applications. Total bulk
optical losses in the red and near-IR spectral regions are typically <1 dB/
cm. For many polymers, losses are <0.1 dB/cm. Most organic materials
have refractive indices in the range 1.4-1.7, and a number of simple fab-
rication techrtiques such as embossing and casting and photolocking have
been shown to be effective in producing regions of different refractive index
separated by extremely smooth surfaces (42). In the case of three-dimensional
waveguides, the refractive index differential required between the guide and
its surroundings depends on the sharpest bend that must be traversed by
the guide. A 1% increment is sufficient for most purposes. Refractive index
differentials of this magnitude can be generated via photochemically en-
hanced processes. Although changes in optical polarizability resulting from
photochemically induced processes involving bond breaking result in much
smaller changes in refractive index than the 1% needed for waveguide fab-
rication, advantage can be taken of such reactions to alter the chemical
composition or density by subsequent chemistry to achieve large refractive
index differences.

The photolocking technique, shown schematically in Figure 1.31, has
been widely used to fabricate waveguides. A film consisting of a matrix resin
[e.g., polycarbonate (n = 1.59)], volatile monomeric dopant, and photosen-

0% ,% 6 0 0.0 00090000 .00, 0
(a) St eeey e ta s ensishns

%0, ¢ 0 0 .-oo.ooo:.o
(6 SN
/

Figure 1.31. The photolocking process: (a) Initial film, dots represent the

dopant. (b) Exposure induces reaction of the dopant illustrated here as di-

merization. (c) Heating the film evaporates the unreacted dopant. (Reproduced

with permission from reference 42. Copyright 1974 American Institute of
Physics.)
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sitizer is irradiated through a mask with UV light, which polymerizes the
monomer in the irradiated region, thereby effectively immobilizing it. The
monomeric dopant is then removed from the unirradiated portions of the
film by evaporation in a vacuum. By selecting dopants with higher refractive
index than the matrix material, the photolocked region will have a higher
refractive index than the surrounding matrix. Alternatively, using dopants
of lower refractive index such as methyl acrylate (n = 1.48) results in regions
of lower refractive index. Additional monomer may then be introduced at
the outer edges to produce an enclosed waveguide structure (Figure 1.32).

1.2.3 Polymers for Nonlinear Optics

All of the applications involving waveguides discussed in the previous section
may be considered “passive”. The polymer serves some structural, protec-
tive, or guiding function but is not integral to the functioning of a device.
A number of photonic device applications are available, however, where
polymers may be useful as active elements. These applications require some
type of nonlinear optical response when the material is irradiated with light
of very high intensity, usually from a laser.

Nonlinear optics is concerned with the interactions of electromagnetic
fields with materials to produce new fields altered in phase, frequency,
amplitude, or other propagation characteristics from the incident fields. An
example of such an effect is second harmonic generation (SHG). When certain
crystalline materials are irradiated with light of frequency , there is gen-
erated a second beam of frequency 20 that emerges from the crystal at an
angle different from that of the emerging primary beam. The efficiency of
conversion is determined by the optical properties of the material. Other
examples include third harmonic generation, optical bistability, degenerate
four-wave mixing, and phase conjugation.

The origin of these effects lies in the polarization P induced in a molecule
by alocal electric field E (due to the electromagnetic radiation). P is expressed
as a power series of the local field:

P=oFE + BE: + yE3 + . . .. 1.2)

The coefficients o, B, and vy are the second, third, and fourth rank tensors
and are referred to as the polarizability, first hyperpolarizability, and second
hyperpolarizability, respectively. The hyperpolarizability terms are respon-
sible for the nonlinear response of the molecule to impinging radiation. These
coefficients are not very large, and the associated nonlinear optical effects
are usually studied by taking advantage of the high optical field obtainable
with laser beams.

An understanding of these effects can be simplified by assuming that
polarization is a scalar quantity (as opposed to a vector). Following the
approach of Williams (43), when electromagnetic radiation interacts with a
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Figure 1.32. Formation of an optical waveguide obtained by using the pho-
tolocking technique. (Reproduced with permission from reference 40.)
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molecule or medium consisting of many molecules, the field polarizes the
molecules which in turn act as oscillating dipoles radiating electromagnetic
waves in all directions. In a nonlinear medium, P is a nonlinear function of
the applied field. This concept is illustrated in Figure 1.33, where P exhibits
an asymmetric response to the applied field E. A medium exhibiting such
a response might be envisaged as a crystal composed of molecules with
asymmetric charge distribution arranged in such a way that a polar orien-
tation is maintained throughout the crystal. Such a crystal is said to be
noncentrosymmetric. Molecules exemplifying noncentrosymmetric crystal-
line orientations include m- and p-nitroaniline and various substituted de-
rivatives. Such molecules are more easily polarized in the direction from
the electron-rich substituent (donor) to the electron-deficient substituent A
(acceptor) (i.e., polarization is more effective in one direction than the other).
This consequence is reflected in the asymmetric response of P in Figure
1.33. Such a nonsinusoidal response can be broken down into its Fourier
components consisting of the fundamental frequency w and an appropriate
summation of the even harmonics (i.e., 20, 4w). In other words, the oscil-
lating dipoles induced in the molecules by the incident field contain not
only the fundamental frequency characteristic of the incident radiation, but
also components of the second and higher even harmonics. The magnitude
of 40 and the higher even-multiple frequencies is extremely small and is
usually ignored.

In the case of a centrosymmetric crystal, the polarization induced by
the first nonlinear term in equation 1.2 is BE2. If a field —E is applied, the

E(w) %
o= P - A
P
\VARVYA
Rl d P(m) o~ E(w)
‘\‘ ’,’ - \ __,' P @
Peo) P, (-4 o
/ P(0)
(a) (b)

Figure 1.33. Plot of polarization response P to an incident electromagnetic

wave of field strength E(w) at frequency o in (a) a noncentrosymmetric medium

and (b) a centrosymmetric medium. The Fourier components for the noncen-

trosymmetric response are also shown. (Reproduced with permission from
reference 43. Copyright 1984 VCH.)
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polarization will still equal + B2, whereas in a centrosymmetric medium it
should be —B% This contradiction can only be resolved if B = 0 in a
centrosymmetric medium. No such contradiction occurs with the next higher
order term because +E produces a polarization +yE® and —E produces
a polarization —yE® as required by symmetry. The polarization will therefore
vary symmetrically with the applied field, and only the fundamental and
higher odd harmonics (3w, 5w, etc.) will be present in the Fourier decom-
position of the response curve. Thus, the efficiency of third-order harmonic
generation will be determined by the magnitude of the third-order coeffi-
cient. The electrooptic effect depicted in the wavelength division multi-
plexing device in Figure 1.30 is a second-order nonlinear effect. In this case,
the polarization has components arising both from the field of the light-wsave
propagating through the optical fiber, E(w), and from the field applied to
the electrode E(0). The change in polarization resulting from the interaction
of these two interacting field components effectively alters the refractive
index of the medium. This phenomenon is also known as the Pockels effect.

The basic molecular properties that give rise to high values of the
hyperpolarizabilities B and -y are reasonably well understood (44). Efficient
quadratic molecular effects (high B) require conjugation and intramolecular
charge transfer. The absolute magnitude of the charge-transfer component
of B is directly proportional to the change in dipole moment between the
excited-state dipole moment and the ground-state dipole moment. Likewise,
the magnitude of the component attributable to conjugation is proportional
to the cube of the conjugation length. Organic compounds that have extended
conjugated m systems substituted with both electron-donating (D) and elec-
tron-withdrawing (A) groups meet these criteria. Such groups combine to
perturb the electron density in a mesomeric fashion. The value of B is
determined as the sum of two contributions due to an additivity term and
a charge-transfer term:

Bwt = Ber + Bad (1'3)

The B,y term involves a substituent-induced charge asymmetry, and B¢y is
the contribution resulting from charge transfer or mesomerism. The relative
contributions of B 44 and B ¢y are determined by the individual characteristics
of the specific D and A groups.

It is necessary but not sufficient for an organic molecule to exhibit a
large B to be an efficient SHG material. Such molecules must also pack in
a crystal lattice in such a way as to result in an overall dipole moment. Polar
molecules frequently crystallize in centrosymmetric crystalline structures in
which the internal fields cancel. Thus, the search for the efficient organic
nonlinear crystal is, in reality, a search for the “polar” crystal in which the
macroscopic properties reflect the internal asymmetric molecular relation-

In Electronic-and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch001

1. BOowbDEN  Polymers for Electronic and Photonic Applications 57

ships. The polarization (P) induced in a medium by an external electric field
is expressed by the equation

P = xVE + x®E? + y9E? (1.4)

where the x® values are the macroscopic coefficients that measure the pro-
jection of the microscopic molecular tensors on the unit cell. Because the
x™ values are tensor quantities, the unit-cell characteristics and the orien-
tations of the molecules within the crystal lattice are highly important if the
molecular properties are to be fully manifested. One such molecule that has
been extensively studied for its nonlinear optical properties is 2-methyl-4-
nitroaniline (MNA). Compared with the inorganic crystals commonly used
for frequency doubling, MNA generates radiation at twice the frequency of
the incoming beam much more efficiently. Organic crystals are also generally
more useful than their inorganic counterparts because of increased trans-
parency and associated resistance to laser damage. Lithium niobate, for
example, exhibits a damage threshold between 1 and 100 MW/cm? compared
with 2-3 X 10° MW/cm? for organic crystals, although potassium dihydro-
gen phosphate has about the highest damage threshold of any material at
2.3 X 10* MW/cm?

Organic crystals have not yet found widespread use in guided-wave
optics or as bulk components for parametric processes. The difficulty of
growing large high-quality single crystals with the required processability,
lack of mechanical integrity, and ambient stability has impeded their im-
plementation. Efforts to artificially create a noncentrosymmetric environ-
ment in a crystal lattice include (1) LB techniques (which control molecular
architecture via the dipping sequence) (45), and (2) molecular doping of an
appropriate nonlinear chromophore into a polymeric host (46). In the second
approach, the chromophore is aligned in the host medium by poling in an
electric field, followed by permanent fixation of the induced alignment.
Poly(methyl methacrylate) has been used as a typical isotropic host medium.
Other workers have sought to improve the alignment by inclusion of guest
molecules in liquid crystalline host matrices.

Cubic-nonlinearity-related effects are enhanced in one-dimensional con-
jugated structures such as linear conjugated polymer chains of the polyene,
polyacetylene, or polydiacetylene type. No charge-transfer-induced asym-
metric environment is required. Polydiacetylenes (Figure 1.34) in particular
have been extensively studied (47) because certain diacetylenic monomers
can be topochemically polymerized in the solid state to give polymeric single
crystals in which the chains are aligned parallel to a crystallographic direc-
tion. This orientation enhances the value of x® along this direction, although
there are no constraints as to the centrosymmetric nature of the lattice.
Values of x® are on the same order of magnitude as that of Ge and GaAs,
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with recent reports on polyacetylene indicating an order-of-magnitude im-
provement.

The nonlinear response time in the nonabsorptive (off-resonance) region
has been estimated to be in the subpicosecond domain, which may have
major importance in the emerging ultrafast signal processing technologies.
Such processing schemes rely on a material’s intensity-dependent index of
refraction as the basic nonlinear mechanism, and this parameter can be
related to the third-order susceptibility. A high x® would enable the re-
fractive index to be altered at relatively low incident intensities, thereby
controlling the passage of a second light beam. This principle can be extended
to four-wave mixing experiments in which two intersecting beams of light
create a refractive index grating in the material. A third beam directed at
the same spot will be deflected by the grating and emerge as a fourth beam
(Figure 1.35). Degenerate four-wave mixing is a special case in which all
the input beams and the scattered beam have the same frequency. The
degenerate four-wave mixing experiment is directly relevant to such tech-
nologically important phenomena as self-focusing, phase conjugation, sat-
urable absorption, and self-induced transparency. Such effects form the basis
of a completely photonic switching technology, which constitutes a major
driving force behind research on nonlinear optical materials (48).

Various techniques have been used to prepare single crystals of poly-
diacetylene. Bulk crystals obtained by conventional crystallization proce-
dures (e.g., slow cooling or evaporation from solution) tend to be riddled
with defects such as grain boundaries or stacking faults, and are not suitable
for optical applications. The LB technique, on the other hand, has been
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Figure 1.35. Principle of degenerate four-wave mixing.
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widely used to fabricate thin films of polydiacetylenes for waveguiding ap-
plications. Suitable monomers have been synthesized that contain hydro-
phobic and hydrophilic groups, which facilitate alignment of the molecules
on the film balance. The monomeric monolayer is then polymerized by UV
irradiation, and the polymerized film is deposited on the substrate by sub-
sequent dipping. By repeating this process, multilayers as thick as 500 nm
have been built up on quartz and silicon substrates, enabling fabrication of
planar optical waveguides (49).

Single crystals prepared by the LB technique still contain grain bound-
aries that reduce optical transmission. These imperfections are not found in
monomer single crystals grown by a melt-shear technique (50), in which
crystals are grown either from the melt or from solution by confining the
liquid between two optically flat opposing surfaces. Pressure is applied to
the substrate—-monomer-substrate assembly while the mobile phase is sub-
jected to a shearing force via a slow linear translation of one of the substrates
with respect to the other. The uniaxial shear introduces a preferred orien-
tation of the diacetylenic molecules perpendicular to the substrate interface.
This method has been reported to yield single crystals that are 4 orders of
magnitude larger that what had previously been reported and are of superior
optical quality.

Most of the work so far on new nonlinear materials has involved dealing
with bulk materials coupled to high-powered lasers. However, to bridge the
gap between mere observation of nonlinear effects and their actual use in
relatively low-power semiconductor-laser-driven systems, fully optimized
nonlinear structures will be needed. This is an extremely active field of
current research involving crystal design and growth, crystal thin-film tech-
nology, and polymer thin-film technology.

1.2.4 Polymers in Optical Recording Media

The development of low-cost lasers has also made optical information storage
a practical reality, as evidenced by the rapid proliferation of such consumer
items as digital audio disks and video disks. In a video disk, the picture and
sound information is stored on the disk as a succession of small pits of varying
length and repetition frequency (Figure 1.36). The information is read op-
tically with monochromatic light from a laser by focusing the beam (typical
diameter ~1.0 wm) onto the surface of the rotating disk, and monitoring the
intensity of reflected light by a light-sensitive diode. The reflectivity of the
pit differs from that of the surface or land area; hence, the intensity of the
reflected light (and consequently the electrical output of the photodiode)
will be modulated according to the pattern of pits. The intensity-modulated
output is converted by the photodiode to a current (I), whose magnitude
will depend on the position (x) along the information track. The waveform
of the electrical output represents a frequency-modulated analog signal (Fig-
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ure 1.37) that can be electronically translated into picture and sound signals
appropriate to a television receiver.

The analog format of a video disk is in contrast to an optical audio disk
on which information is encoded digitally. Because of the higher bandwidth
required for video use, the sampling rate required to digitally encode a video
signal is many times greater than that needed to encode an audio signal (100
megabits per second vs. 1.4 megabits per second, respectively). Digital
encoding of a video signal would require a storage density many times greater
than that obtainable with current technology, which is, however, sufficient
to permit digital encoding of an audio signal. Thus, although the waveform
of the electrical output obtained from an audio disk is similar to that from
a video disk, the waveform of the audio disk output can be analyzed by
digital processing techniques. These techniques convert the distance, both
between and within pits, to a series of bits by convoluting the time between
two successive changes in reflectivity (signifying the beginning and end of
a pit) with a particular clock rate (determined in part by the angular or linear
velocity of rotation of the disk). If reflection from a land area is associated
with a “1”, and that from a pit is associated with a “0”, then the length of
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Figure 1.37. The relationship between the pattern of pits and the signal on
read-out. The output represents a frequency-modulated signal.

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch001

1. BowbDEN  Polymers for Electronic and Photonic Applications 63

the land area or pit thus determines the number of bits (0s or 1s) between
each change in reflectivity.

1.2.4.1 SUBSTRATES

The largest volume use of polymers in optical recording media is in the disk
substrate. A schematic of a typical double-sided disk substrate is shown in
Figure 1.38, which illustrates the properties required of the substrate ma-
terial:

1. It must be dimensionally stable, and although expansion with
temperature or humidity can be tolerated to some degree,
this expansion must occur isotropically.

2. The material chosen must be capable of being formed into a
disk either by molding or machining.

Polymers are again ideally suited for such applications in that they
exhibit a wide range of mechanical properties and can be molded, for ex-
ample, by injection molding to the desired physical form.

In addition to these two criteria, there may be additional stringent
optical requirements that the polymeric substrate must meet, especially
when the substrate is an integral part of the optical pathway. Here it is
imperative that the substrate be nonabsorbing at the read and write wave-
lengths. It must also be transparent (i.e., free of particulates and occlusions
that would act as scattering centers). The refractive index of the substrate
must be uniform across the diameter of the disk, which should also be free
of birefringence. Polymers such as poly(methyl methacrylate), poly(4-
methyl-1-pentene), and bisdiallylpolycarbonates are amorphous, optically
isotropic, engineering resins that can be easily molded or cut from cast sheet
to form disk-shaped substrates (51). These polymers offer the optical quality
of glass in terms of high transmission and low birefringence.

1.2.4.2 IMAGING LAYERS

The next step in the manufacture of a video disk is the creation of the imaged
layer (i.e., the series of pits) on the surface of the substrate. This process
could be accomplished by lithographic processes by exposing a resist-coated
substrate to modulated laser light. This technique is used to fabricate the
“master” video disk from which molds are fabricated for subsequent mass
production. However, lithographic processes require development and are
not practical for digital optical recording involving direct read after write
(DRAW), (i.e., data read within 500 ns of the recording event). Such re-
quirements have led to the introduction of extremely sophisticated imaging
systems, particularly where read, write, and erase capability is required.
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First, surface imperfections must be eliminated from the substrate be-
cause the specular quality of the imaging layer in most optical recording
media is determined by the quality of the surface on which the imaging layer
is deposited. The surface of plastic disk substrates commonly contains many
surface imperfections that can cause output errors. Thus, a polymeric sur-
facing—subbing layer is commonly deposited on the substrate from solution
to cover the defects and produce a defect-free surface. In this sense, the
function of the subbing layer is much like that of the planarizing layer in
lithographic multilayer resist processing.

The most common method for optical digital recording is laser-induced
ablation or decomposition of thin films. This method is suitable for write-
once applications such as archival storage. Typical classes of materials include
metals (particularly tellurium), metal alloys, chalcogenides, and chalcogenide
alloys deposited as thin films on a suitable substrate (52). The device options
include simple single layers, bilayers in which the recording material is
deposited on a reflective layer of metal such as aluminum, and trilayer
structures in which the recording material is deposited on top of a transparent
dielectric spacer separating it from a reflective layer of aluminum. In these
constructions, polymers are frequently used as the spacer and dielectric
layers and are deposited by either spin coating or plasma deposition.

Ablative imaging systems that consist of a thin film of an organic dye
have been designed, although difficulties with film preparation of such sys-
tems have led to modifications in which the organic dye is dissolved or
dispersed in a polymeric binder. Excitation energy absorbed by the dye is
converted to thermal energy that initiates decomposition of the dye—polymer
matrix. This decomposition leads to formation of a pit surrounded by a rim
of solidified material. The precise kinematics of the process are very complex
and appear to depend on the molecular parameters of the ablative material.
This principle has also been extended to include polymeric matrices that
readily depolymerize. Such polymers include poly(methyl methacrylate),
poly(a-methylstyrene), poly(oxymethylene), and poly(2-methylpentenesul-
fone). A constraint of such systems is that one is committed to use wave-
lengths that fall within the absorption spectrum of the dye. The thin metal
films, on the other hand, are broadly absorptive across the visible and IR
spectrum.

The ability to erase what has just been written offers several advantages
over the write-once disks just described. Erasable optical recording materials
enable errors to be detected and corrected (i.e., re-recorded), as is possible
with magnetic recording materials. Several schemes have been proposed,
but the technology of erasable optical recording materials is not as advanced
as the technology of write-once materials. Many potential systems are not
suitable because of speed or stability considerations. For example, the
change in the absorption spectrum that occurs when photochromic materials
are irradiated with light of an appropriate wavelength can, in certain in-
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stances, occur virtually instantaneously. Erasure capability is provided
through reversal of the color change by absorption of light in a different
spectral region. However, lack of thermal stability of the written image,
together with the propensity of photochromic materials to undergo irre-
versible, photochemical side reactions, has hindered acceptance of this class
of materials.

An interesting extension of this technology is photochemical hole burn-
ing (53). The absorption spectrum of a dye dispersed in a polymeric matrix
consists of a relatively broad band that reflects the different energies asso-
ciated with the variety of molecular environments surrounding each dye
molecule. A laser with a much narrower line width or profile will excite
molecules only in those selected orientations whose energies correspond to
the energy of the exciting radiation. The photochromic spectral shift thus
results in a “hole” in the absorption spectrum at this specific region of the
total absorption. By tuning the laser frequency across the inhomogeneously
broadened line, different sets of molecules within the same region of illu-
mination can be addressed, and thus storage capacity is greatly enhanced.
The maximum storage density will be determined by the number of distinct
laser profiles that can be accommodated in the total absorption line width.
Such systems are stable only at very low temperatures, where the molecular
orientation remains temporally fixed.

One erasable technique that has shown some promise is magneto-optical
recording. Information is recorded by local heating of a thin film of a ther-
momagnetic material such as an amorphous alloy of the rare-earth transition
metals [e.g., GATbFe (54)]. In the recording process, a beam of light from
an AlGaAs diode laser is focused onto the surface of the film, causing a local
increase in temperature. This increase causes a localized decrease in coer-
civity that, with the aid of a small external magnetic field, facilitates reversal
of the magnetization direction and forms a cylindrical domain with dimen-
sions approximately equal to that of the focused laser beam. Erasure may
be accomplished by application of a magnetic field large enough to overcome
room-temperature sensitivity and oriented in the original magnetization di-
rection. Read-out is accomplished via the magnetic Kerr or Faraday effect,
whereby the plane of polarization of plane-polarized light reflected by the
layer is rotated. The rotation is positive or negative depending on the di-
rection of the local magnetization. Polymers are again used in the construc-
tion of these disks, which are designed in monolayer, bilayer, trilayer, and
even quadrilayer configurations.

Some erasable materials contain the polymer as an integral part of the
record and erase process. Figure 1.39 depicts such a system consisting of
two polymer layers called the expansion and retention layer. The expansion
layer is an elastomer containing a dye sensitive to light at 840 nm. The
retention layer contains a dye sensitive to light at 780 nm. In the write
operation, the system is exposed to an 840-nm diode laser that heats the
expansion layer, thus causing it to expand and deform the retention layer.
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Figure 1.39. Erasable dye—polymer recording scheme.
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The deformation appears as a surface bump that can be detected during the
read operation because the intensity of light reflected back to the detector
will be different from that reflected from a flat area. Erasure is effected by
exposure to a second laser beam at 780 nm. Here, light is absorbed by the
dye in the retention layer but not the expansion layer; the retention layer
is softened, and the elastic energy stored in the expansion layer restores
planarity to the laminated structure.

1.2.4.3 PROTECTIVE COATINGS

The final step in the production of the optical disk is protection of the imaged
layer from dust and physical damage. Several procedures are possible. Either
the layer can be protected in an air-sandwich configuration or by overcoating
with a protective polymeric layer. The air-sandwich structure is particularly
well suited to ablative recording, whereas conformal coatings can interfere
with the marking process. In the case of polymeric encapsulated structures,
the encapsulant is an integral part of the read-write optical path. Conse-
quently, it must be transparent and defect-free, and it must exhibit negligible
birefringence. Cross-linked siloxane elastomers have been employed most
extensively for this purpose. The thickness of this layer must be sufficient
to remove dust particles from the focus plane of the read-write laser to
eliminate signal defects.

Video and audio disks serve a read-only function and must be repro-
duced by using mass production techniques to make them available at rea-
sonable cost. Injection molding provides a convenient reproduction
technique. The mold is typically made from a “master” disk that has been
manufactured from a master video tape by lithographic processes described
earlier. Following molding, the surface of the disk is metalized and over-
coated with a protective polymeric film. Care must be taken to minimize
birefringence during the molding process. Birefringence refers to the ani-
sotropy of refractive index in the same plane and can occur during injection
molding through orientation of the polymer chains induced by the shear
stresses associated with the molding process. Factors such as holding pres-
sure, injection speed, and melt index are important parameters in ensuring
disks of high quality. Workers at Philips (55) have devised a photopolymer-
ization replication process, shown schematically in Figure 1.40, in which a
photopolymerizable liquid is sandwiched between a master mold and sub-
strate backing plate. The reactive monomer is polymerized by exposing the
sandwich to UV light through the substrate. The mold is then separated,
and the “imaged” layer on the substrate is metalized. The final step is the
application of a protective overcoating. By joining two such structures back-
to-back, one can create the double-sided video disk shown in Figure 1.38.
Multifunctional acrylates are generally used for the photopolymerizable
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Figure 1.40. The Philips photopolymerization process for replicating video
disks. (a) The liquid layer L is spread over the mold Mo by deforming the
substrate S to make it slightly convex. (b) Exposure to UV light polymerizes
the liquid coating. (c) The substrate with coating is separated from the mold.
(d) The information layer is coated with a mirror M and protective layer P.
(Reproduced with permission from reference 55. Copyright 1982 Philips Re-
search Laboratories.)
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resin. Acrylates exhibit very high cure rates (important for throughput), good
dimensional stability (required during subsequent metalization), and proper
adhesive properties (required for mold release).

1.3 Conclusions

It would be difficult to imagine a world without the benefits of polymer
science. This chapter has given some insight into the enormously important
and enabling role played by polymers just in the fields of electronics and
photonics. Indeed, it does not seem presumptuous to state that were it not
for the unique properties of polymers, there would be no microelectronics
or photonics revolution. This review has concentrated on several major ap-
plications of polymers to these two technologies. Needless to say, there are
many other applications. Perhaps the one thing that can be said with con-
fidence is that polymers will continue to make significant contributions to
electronics and photonics through improved materials and new applications.

Abbreviations and Symbols

a polarizability (second rank tensor)

B first hyperpolarizability (third rank tensor)

Baaa contribution to B, resulting from a substituent-induced
charge asymmetry

Ber contribution to B, resulting from charge transfer or
mesomerism

Bot sum of Bcr and By

Y second hyperpolarizability (fourth rank tensor)

3 resonance or transfer integral

€ dielectric constant

® frequency

X macroscopic coefficient that measures the projection of

the molecular tensors on the unit cell

A area per molecule

CHEMFET  chemically sensitive field-effect transistor

DIP dual in-line package

DRAW direct read after write

E (1) electrical field; (2) gap opened at the Fermi level
caused by band alteration

ENDOR electron nuclear double resonance

ESEMQNMR electron spin-echo multiple quantum nuclear magnetic
resonance

F surface pressure

FET field-effect transistors

HIC hybrid integrated circuits
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HOMO highest occupied molecular orbital
I current
IC integrated circuit
k Boltzmann’s constant
LB Langmuir-Blodgett
LUMO lowest unoccupied molecular orbital
MIS metal-insulator—semiconductor
MNA methyl-4-nitroaniline
MOS metal-oxide—semiconductor
P poise
P polarization
PEEK polyether ether ketone
PMMA poly(methyl methacrylate)

PWB printed wiring board

RAM random access memory

RTV room-temperature-vulcanizing
S spin quantum number

SHG second harmonic generation
SIC silicon integrated circuit
t-BOC poly(tert-butoxycarbonyloxystyrene)
T absolute temperature

TAB tape automated bonding

T, transition glass temperature
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Organic Resist Materials
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Recent developments in applications of polymers as resists in mi-
crolithography are reviewed. Emphasis is placed on the advances in
materials and processes associated with current photolithographic
resists designed to extend the utility of photolithography into the
submicrometer regime and to ensure continued dominance of pho-
tolithographic technology in commercial manufacture of integrated
circuits.

ORGANIC IMAGING MATERIALS have undergone a period of rapid change
in the past decade. Advances in organic and polymer chemistry and in
innovative processing techniques have led to remarkable improvements in
the resist materials and processes available for microlithographic applica-
tions. This area of research is expanding at an ever-increasing pace and has
become the focus of groups working in academic laboratories as well as those
of the microelectronics and chemical industries throughout the world. Sev-
eral excellent reviews of this topic have been published (1-3). The goal of
this chapter is to highlight important developments that have occurred in
the resist area in recent years and to provide some insight into the trends
of current research activities.

2.1 Diazoquinone-Novolac Resists

During the early years of the microelectronics industry, the imaging process
used to define the layers of patterned conductor, insulator, and semicon-
ductor materials that constitute active devices was accomplished by using
contact printing in conjunction with resists based on photo-induced cross-
linking to generate differential solubility. The resolution of the processes in
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use at that time was limited by the ability to control mask-to-wafer separation
and the pervasive use of isotropic, wet etching techniques. The resist ma-
terials that found widest acceptance were based on bisazide sensitization of
partially cyclized synthetic rubber (1, 2) (Chart 2.1). As the industry migrated
from contact (or proximity) printing to projection printing and started to
introduce anisotropic etching technology based on reactive ion etching (RIE),
the limit to resolution became more and more an issue of the resist material
itself. The relatively low contrast of the bisazide~rubber resists; their pro-
pensity for swelling during development; and their relatively poor resistance
to plasma-based, anisotropic etching processes led to the introduction of
positive resist chemistry that is in pervasive use today.

The microelectronics manufacturing process is at present operating at
a resolution of 1 wm that allows efficient production of, for example, 1-

CHz H
CHs \C—C/
ZN o H*

| -N. /
CHp=C—CH,=CH, — -fCH, \CH2—]— —

CHs

CHp}=

_'ECHZ CH3

Cyclized Rubber

O
hv
OO
CHg,
Bis-arylazide
0]
OO

CHj

Chart 2.1. The negative-tone resists that were first used in semiconductor
manufacturing were based on a matrix resin of synthetic rubber prepared by
Ziegler—Natta polymerization of isoprene followed by acid-catalyzed cycliza-
tion to improve the mechanical properties. This cyclized rubber was rendered
photosensitive by addition of a bisarylazide that undergoes photolysis to pro-
duce a bisnitrene. The nitrene reacts with the cyclized rubber to create in-
termolecular cross-links that render the exposed areas insoluble.
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megabit dynamic access random memories (DRAMs), and is rapidly moving
toward production of 4-megabit DRAMs with submicrometer design rules
(4) (Figure 2.1). All of the semiconductor device fabrication lines have
evolved toward the combination of projection printing in positive resists and
plasma-based, anisotropic etching techniques. The resist materials that sup-
port this technology are all versions of the diazonaphthoquinone-sensitized
novolac resin system (DQN) first introduced by the Kalle Co. many years
ago (Chart 2.2). These materials (1-3) are positive in tone and provide both
higher resolution and greater etch resistance to plasma-based etching pro-
cesses than the bisazide-rubber resists. The improved etch resistance is a
manifestation of the aromatic character of the novolac matrix resin (5-8) as
compared to the aliphatic nature of the cyclized rubber materials. The im-
proved resolution exhibited by the positive DQN materials relative to the
negative bisazide—rubber resists results from their superior contrast and the
fact that the development process does not cause swelling of the unexposed
areas of the resist film.

The DOQN resist system is able to resolve images much smaller than
0.5 pm. Thus, the resists available today are not the limiting factor in defining
device dimensions. In fact, the resolution limit that can be reached in a
manufacturing environment is limited not by the intrinsic properties of the
resist materials available but by the physical limitations of the exposure
equipment and by practical issues that include contamination control, level-
to-level alignment capability, etc. Consequently, resist materials research
has been, and will continue to be, focused on devising material approaches
to extending the resolution limits imposed by the physics of the available
exposure equipment.

The factors that contribute to limit resolution in projection optics are
well known (2) and are manifested in the form of a degradation in the “free
space” image as the exposure systems are operated near their diffraction
limit. To some extent, this lens-generated degradation of image quality can
be compensated by designing resist systems with a nonlinear dissolution
response to dose.

Many positive resist materials, such as poly(methyl methacrylate)
(PMMA) have linear dissolution kinetics. The rate of change in thickness of
such materials as a function of time in the developing solvent is constant
with respect to depth into the film. This rate is directly proportional to the
exposure and increases with increasing dose. Properly formulated DQN
resists can exhibit highly nonlinear dissolution kinetics such that the dis-
solution rate in the surface regions of the film is substantially lower than it
is in the bulk of the film. The consequence of this nonlinear rate function
is improved contrast (Figure 2.2). Nonlinear dissolution kinetics is achieved
by proper choice of the monomer composition of the novolac (9), the po-
lydispersity of the resin, and the processing conditions. Examination of Fig-
ure 2.2 shows that the nonlinear materials exhibit a greatly reduced
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Figure 2.1. IBM’s 4-megabit DRAM is a retrograde n-well CMOS device with
0.8-pm minimum features. The access time of this chip is 65 ns, and the chip
size is 78 mm?.
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Chart 2.2. This DQN system employs a cresol-formaldehyde novolac resin as
the matrix material. The resin is rendered photosensitive by addition of a
diazonaphthoquinone that undergoes photolysis to produce a ketene inter-
mediate that rapidly reacts with water present in the resin to yield an inde-
necarboxylic acid. The lipophilic diazoquinone serves to reduce the solubility
of novolac films in aqueous base. Photolysis leads to production of an acidic
photoproduct that renders exposed areas of the film soluble in aqueous base.
Hence, this system functions as a positive resist.

dissolution rate of the unexposed film compared with that of linear materials
with the same photospeed. The reduced attack on the unexposed resist
represents an improvement in contrast.

Resist contrast in DQN systems is also determined to some extent by
the structure of the diazonaphthoquinone sensitizer. According to published
reports (10), the use of diazoquinone structures bearing multiple chrom-
ophores on a single molecule provides higher contrast resist formulations
than formulations based on diazoquinones with fewer chromophores per
molecule. Presumably, some threshold number of chromophores must be
photoconverted to acid to render the multifunctional molecules soluble in
base. Hence, the dissolution rate response to dose of resist formulated from
multifunctional diazoquinones should be nonlinear. This argument assumes
that the major contribution to the change in dissolution rate in DQN systems
is the change in polarity or base solubility associated with conversion of the
diazoquinone into the corresponding indenecarboxylic acid.

There are conflicting reports on this mechanism. One group compared
the dissolution rate of DQN systems in which the diazoquinone was pho-
tolytically converted to the corresponding acid to that of resists formulated
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Figure 2.2. This plot depicts the time evolution of the development process for
two resist films with identical starting thickness and identical overall devel-
opment rates. The nonlinear system (dashed lines) has approximately 80% of
the unexposed film remaining at the time when the exposed film is developed
to the substrate. The linear system (solid lines) has only approximately 50%
of the unexposed film remaining at the time when the exposed film is developed
to the substrate. This difference in the extent of unexposed film loss represents
a difference in contrast. The nonlinear system has higher contrast than the
linear system.

from novolac and the pure acid photoproduct (11I). The result was much
higher rates for films in which the acid was photogenerated, leading to the
conclusion that nitrogen evolution, which is a byproduct of the photolysis
of the diazoquinone, is a major contributor to photogenerated changes in
dissolution rate in these systems. Presumably, the nitrogen evolved upon
photolysis causes an increase in free volume that is known to have a profound
effect on the dissolution rate of polymer films (12). Another group studying
a closely related system reported conflicting results, which led to the con-
clusion that the polarity change was the overriding contributor to the photo-
induced changes in dissolution rate (13). Further experimentation is required
to resolve this controversy, but the ability to formulate positive resist ma-
terials that have a thresholdlike nonlinear response to dose is a valuable skill
that resist chemists use to improve the resolution and latitude of the imaging
process.

2.2 Image Reversal

The chemistry of the DQN materials has been modified such that they
function as a high-resolution, high-contrast, negative-tone resist system that
is as devoid of distortion due to swelling as the standard, positive DQN
system (14, 15). This tone reversal of the DQN system is accomplished by
addition of an appropriate base to the formulation.

The first step in the image-reversal process (Figure 2.3) is patterned
exposure. During this exposure, a latent image of photogenerated indene-
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carboxylic acid is produced. When the exposed film is treated with base and
baked to a temperature above ~76 °C, base-catalyzed decarboxylation of
the indenecarboxylic acid occurs, and a latent image of an indene derivative
is produced. The indene derivative also functions as a dissolution inhibitor
but is not photosensitive. The next process step is a flood exposure that
converts the diazoquinone in previously unexposed regions of the film into
the corresponding indenecarboxylic acid, thereby rendering these regions
more soluble in aqueous base than the patterned regions in which the dia-
zoquinone has been converted into the indene derivative.

The base required for catalysis of the decarboxylation can be added to
the formulation prior to spin coating of the resist or can be added after
coating and patterned exposure. Addition after exposure is accomplished by
immersing the exposed film in an atmosphere of a volatile base such as
ammonia or an alkylamine. When most bases are added to the DQN resist
formulation, a slow degradation in the resulting mixture occurs. The for-

Mask 4| 44§ 4

(o]
N
Resist O‘ 2 —'-13-> O‘
Substrate Ho0
Expose R R

co, Co,

Develop

Figure 2.3. The base-catalyzed image-reversal process involves a patternwise
exposure that converts the diazoquinone to the corresponding indenecarboxylic
acid, followed by a bake step that causes base-catalyzed decarboxylation
that produces the nonphotosensitive indene derivative. Subsequent flood ex-
posure converts the diazoquinone in the previously unexposed areas of the
film into the indenecarboxylic acid. Development then yields a negative
image of the mask because the originally patterned areas containing the lipo-
philic indene derivative are less soluble in base than those containing the
acidic photoproduct.
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mulation undergoes spectral changes, and the viscosity increases with time.
This shelf-life problem has led to a preference, in many cases, for the gaseous
amine postexposure treatment process.

Because the latent image produced in the resist film during patterned
exposure has a positive wall slope angle (Figure 2.4), the developed image
following reversal can have walls with a positive, vertical, or negative slope
depending on the processing and developing conditions. The positive wall
slope stems from the fact that the top of the insolubilized area determines
the line width in the negative mode, whereas the foot of the resist structure
determines the width of the image in the positive mode. The ability to
generate vertical wall profiles has important implications for imaging over
topographical features, which will be discussed in Section 2.6. The undercut,
or negatively sloped resist images, are particularly useful as stencils for
additive (lift-off) metallization (15).

2.3 Contrast Enhancement

Attempts to compensate for the limitations of the projection lens systems
currently available have led to some other very interesting innovations in-
cluding contrast-enhancement materials. These materials are, in essence,
dyes that absorb strongly at the exposure wavelength and undergo efficient
photoconversion to products that are transparent at the exposure wavelength.
The dyes are spin coated, in an appropriate vehicle, over the photoresist
prior to exposure. Upon exposure, the dyed layer is bleached. This step
enables the underlying photoresist to be exposed in a dynamic process.
Because the dyes bleach most rapidly in areas of high intensity, the center
areas of exposed lines bleach more rapidly than the edges; thus, the sloping,
low-contrast character of the edges of the free space image are compensated
for (Figures 2.5 and 2.6). The dyes that are used for contrast-enhancing
materials range from the nitrones (16) to various diazonium salts (17, 18) and

T 9

Latent image Negative slope
Vertical slope Positve slope

Figure 2.4. The latent image in the resist has essentially the shape indicated
because of the sloping nature of the free space image and the absorption of
the resist film. Depending on the processing conditions, either negatively sloped
(undercut profiles) vertical profiles or positively sloped profiles can be obtained.
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Figure 2.5. The intensity function or aerial image of a mask is ideally a square
wave. However, projection optics operating near their diffraction limit degrade
this square wave into a sinusoid with a small direct current (dc) term. When
this intensity function is imposed on the contrast-enhancement lithographic
material, bleaching occurs most rapidly in the high-intensity areas such that
the transmitted intensity function that exposes the resist is modified and thus

leads to improved contrast.

Figure 2.6. SEM images of 0.8-um lines and spaces printed with (right) and
without (left) contrast-enhancement lithography. (Courtesy of Cliff Takemoto
of National Semiconductor.)
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polysilanes (19) (Chart 2.3). Contrast-enhancement lithography unquestion-
ably improves the resolution limit of a given lens system. The extent of
resolution improvement is a complex function of the properties of the dye,
the thickness of the dye layer, and the characteristics of the underlaying
photoresist. In general, the improvement in resolution is achieved at the
expense of lower productivity (throughput). Hence, the process allows a
trade to be made between resolution and throughput (20).

Another interesting use of a dye layer to improve the resolution limit
of a lens system is found in the built-on mask (BOM) process (21). The BOM
material is coated over the photoresist prior to exposure in a manner anal-
ogous to the contrast-enhancing material. The BOM material is, in essence,
photochromic in that exposure at one wavelength generates a photoproduct
that is transparent at the exposure wavelength but absorbs strongly in a
different spectral region at which the photoresist is sensitive. The other
important characteristic of the dye is that it can be “fixed”, or rendered

(0]
1 R
R—N=CH~@

General Electric

N3 HSOZ
Polysaccharide + (CH2—(|:H)n +

Matsushita
N2CannC|2
+CH2—(':H§;+

Hitachi

oD
—-si—si—si——

| [ I n

2 Ry Ry

IBM Research

Chart 2.3. Various dyes used as contrast-enhancement materials. The poly-
silanes are useful in the mid-UV region (308-313 nm); the other materials are
designed for use in the near-UV region (365—436 nm).
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insensitive to exposure. Imines have been used as the chromophore for the
BOM process, and perhalohydrocarbons such as CBr, have been used as a
source of photogenerated acid. The imine absorbs strongly at 365 nm but
not at 436 nm, and the protonated form, the iminium salt, behaves in the
reverse (i.e., it absorbs strongly at 436 nm but not at 365 nm). Hence,
exposure to essentially any wavelength at which the perhalohydrocarbon
absorbs produces patterned areas of local acid concentration that lead to
iminium salt formation, thereby rendering these areas opaque at 436 nm.
The films are then baked to volatilize unexposed CBr, in the fixing process;
thus, the films are rendered insensitive to subsequent exposure. This process
photochemically generates a “built-on mask” in perfect contact with the resist
for contact printing at 365 nm. Subsequent flood exposure at 365 nm followed
by development leads to a positive-tone image of the mask (Figures 2.7 and
2.8). Adaptations of this interesting technique to X-ray exposure and to
generation of negative-tone images have been discussed (21).

2.4 Deep-UV Resists

For a given lens system operating at a specified wavelength, the contrast-
enhancement lithography or BOM techniques represent chemists’ contri-
butions to improvement in useful or functional resolution. The functional
resolution of a given lens system can also be improved by reducing the
exposure wavelength because resolution is directly proportional to the ex-
posure wavelength and inversely proportional to the numerical aperture.
Exposure tools based on all-reflecting optics such as the Perkin—Elmer Mi-
cralign 600HT are not subject to chromatic aberration distortion of the free
space image. Hence, the resolution of such systems can be substantially
improved by reduction of the exposure wavelength. The usual exposure
wavelength for DQN resists is in the region of 405-436 nm. Materials have
now been tailored to allow efficient exposure at 300-350 nm (22) and thus
provide improved resolution for exposure tools such as the Micralign 600HT
that can provide variable wavelength exposure.

Attempts to tailor DQN materials to still shorter, deep-UV (DUV) wave-
lengths (near 250 nm) have been largely unsuccessful because of the strong
absorbance of the novolac resins and the extremely weak DUV output of
standard, high-pressure, mercury arc lamps of the sort used in today’s ex-
posure tools. Some interesting approaches have been made toward tailoring
the optical properties of both the resin and the sensitizer materials for DUV
exposure. A system based on base-soluble acrylic resins that are transparent
in the DUV, in combination with o-nitrobenzyl esters of lipophilic carboxylic
acids that undergo photolysis to produce carboxylic acids, has been described
(23) (Chart 2.4). These materials are reported to have sensitivity comparable
to the DQN systems and remarkably high contrast. However, the aliphatic
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Figure 2.7. The materials used for the BOM process. Exposure at 365 nm

produces acid derived from CBr,. This photogenerated acid protonates the

imine dye, which causes a dramatic bathochromic shift in the absorbance. As

exposure proceeds, the absorbance at 365 nm is bleached and the absorbance
at 436 nm increases because of iminium salt formation.
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nature of the acrylic matrix resin materials leads to resists that have less etch
resistance in plasma environments than the DQN systems.

The synthesis and characterization of a novel class of diazoketones that
function in a manner analogous to the diazoquinones but have bleachable
absorbance maxima in the DUV region have been described (Figure 2.9).
These systems are reported to function with photosensitivity comparable to
that of the DQN systems, but their utility still appears to be limited by the
fact that they are employed in conjuction with a novolac resin, which has a
substantial, unbleachable absorbance in the DUV region. This undesirable
resin absorbance leads to reduced contrast (24, 25).

2.5 Chemical Amplification

Although the tailored sensitizers and resins presumably improve DUV per-
formance, systems based on the DQN design have a sensitivity limit imposed
by the quantum efficiency of the sensitizer to photoproduct conversion that
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Chart 2.4. The o-nitrobenzylcholate DUV resist system uses a copolymer of

methyl methacrylate and methacrylic acid as the base-soluble matrix resin.

This resin is rendered photosensitive by addition of the o-nitrobenzyl ester of

cholic acid. Upon exposure, the ester is photolyzed to yield cholic acid and an

o-nitrosobenzyl alcohol. The system functions in a manner analogous to the
DQN system and is positive in tone.

is simply too low for practical use in current DUV projection aligners. These
tools are based on mercury lamp light sources, and the DUV power that
these systems can deliver at the wafer plane is almost 2 orders of magnitude
lower than that available in the near-UV range (Figure 2.10). Consequently,
although resolution may be extended by DUV exposure of such resist sys-
tems, the productivity loss is intolerable.

New DUV resist materials with greatly enhanced sensitivity seem to
offer the possibility of providing useful productivity in the DUV region.
These systems are based on chemical amplification (26), wherein a single
photoevent generates a catalytic species that acts on the matrix resin material
to alter its solubility in some subsequent process step. Orders-of-magnitude
improvement in sensitivity apparently can be realized with systems based
on this sort of design without significant loss of resolution. Several examples
of resist materials that function on the basis of chemical amplification are
described in detail in Chapter 3. The material problems and the advances
that have been made in resists for DUV lithography are also detailed in
Chapter 3. However, regardless of the exposure wavelength, several im-
portant factors limit resolution in the practical application of microlithog-
raphy to device fabrication. These factors warrant discussion and have been
the focus of an interesting body of materials research.
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Figure 2.9. The N-alkyldiazopiperidinedione structure is typical of the 1,3-
diacyl-2-diazo compounds studied at IBM. Photolysis produces a carboxylic
acid analogous to the chemistry of diazonaphthoquinones. These materials
absorb strongly in the DUV region, but bleach completely as indicated in the
spectra of a methanolic solution (bottom). Resists formulated from these ma-
terials in novolac show residual unbleachable absorbance due to the resin as
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Figure 2.10. This plot shows the flux at the wafer plane as a function of

wavelength for the Perkin—Elmer Micralign 500. The ratio of the flux available

in the DUV (UV-2) region compared to that in the near-UV (UV-4) region is
approximately the ratio of the indicated areas under this curve.

2.6 Multilevel Resist Processes

Chief among the contributions to resolution limitations other than lens-
related physics is the contribution of the structure upon which the image
must be printed. Resolution is generally considered in terms of only two
dimensions. Yet, unlike the photographic processes, the goal of the micro-
lithographic process is to generate three-dimensional relief images of the
mask pattern. The impact of this third dimension limits the practical reso-
lution limit. Typical device structures are not planar. They have local top-
ographic features that approach the desired line widths in vertical extent
(Figure 2.11). The influence of these topographic features on patterning of
subsequent layers is very significant and can be divided into two areas:

1. resist thickness modulation, and
2. modulation of light.
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Figure 2.11. Scanning electron micrograph of an active device after defining
the conductor pattern. The extent of the topography is evident. (Courtesy of
H.E. Luhn of IBM).

Resist films that are spin-coated over topographic features have a tend-
ency to planarize or smooth out the bumps. The extent to which this occurs
is never perfect and depends on both substrate and resist material parameters
(27). Two types of planarization influence resolution:

1. local planarization, or the extent to which closely spaced or
regular features are plenarized, and

2. global planarization, which represents the extent to which
pattern density over a larger area affects the nominal resist
thickness.

Local planarization is achieved far more easily than global planarization,
but both contribute to resolution loss.

The loss in resolution that attends imaging of resists coated over top-
ographic features results from the requirement to generate three-dimen-
sional relief structures (trenches) in varying thicknesses of material. Only
when development can be controlled such that it produces images with
absolutely vertical side walls can the images in both the thick and the thin
areas be developed to proper dimensions. If the profiles are not vertical,
the time required to develop an image to the proper dimension at the
substrate in a thin area is insufficient to develop an image to the substrate
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in the thick area. Conversely, when the development time is extended until
the desired dimension is achieved in the thick area, the thin area will be
overdeveloped to give lines that are too wide. The geometry of this problem
is easily quantified (Figure 2.12). Unfortunately, a combination of factors
make it very difficult to achieve 90° wall profiles in projection-printed resist
images. These factors include the sloping nature of the intensity function
(free space image) and the necessity for some finite absorption in the resist
layer.

The topographic features not only modulate the thickness of the resist
coating but also contribute to local differences in light reflected from the
resist—substrate interface. Light reflected from this interface has profound
effects on resist exposure. These effects are particularly severe for step-and-
repeat projection printing, where narrow bandwidth exposure is used to
minimize chromatic aberrations in lens construction. Perhaps the most
widely known effect is the production of standing waves, which cause regular
indentations in the side wall of developed resist images (Figure 2.13). This
phenomenon results from alternating constructive and destructive interfer-
ence between the ray transmitted through the resist and that reflected from
the substrate. Very subtle variations in thickness can render the resist film
more or less reflective; thus, more or less power is coupled into the film as
an alternating function of thickness. Topographic features also vary in ma-
terial composition and therefore refractive index, further modifying the in-
tensity of the reflected ray. In addition, light is scattered at odd angles from
facets of the topography back through the photosensitive resist layer, pro-
ducing an effect known as reflective notching. The combination of these
phenomena produces large line width variations when attempts are made
to pattern lines over steps of highly reflective materials such as metals and
silicides (Figure 2.14).

One approach to minimize these problems is the image-reversal process
described in Section 2.2 (28, 29). Another approach has been to increase
the nonbleachable absorbance of the resist by adding a dye (30). This ap-
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ACD = W,-W, = 2h (tan 6)

Figure 2.12. The difference in widths (W, — W) of a critical dimension (ACD)
developed in a thick area of resist and in a thinner area is related to the resist
wall angle (0) and height (h) of the topographic feature.
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Figure 2.13. Scanning electron micrograph of images printed in a DQN resist
by using narrow bandwidth (436 nm) light. The regular pattern of indentations
on the side wall results from the standing wave interference of the light trans-
mitted through the resist and that reflected from the resist—substrate interface.
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Figure 2.14. Scanning electron micrograph of resist lines passing over a step

in the substrate. This figure shows the variations in line width caused by the

topographic feature. (Reproduced from reference 3. Copyright 1984 American
Chemical Society)

proach is reported to minimize distortions due to reflected light simply by
reducing the transmitted intensity at the resist-substrate interface and by
more rapidly attenuating what light is reflected back into the resist film.
This approach should also reduce the standing wave effect. For example,
Bolsen et al. (31) reported that use of a dyed resist provided a significant
reduction in line width variation for 1-wm patterns printed over a grainy
aluminum substrate. Simulation studies (24, 32) showed that an increase in
the unbleachable absorbance of such a resist, such as that resulting from
adding dye, results in a much higher exposure dose requirement for imaging,
loss of side-wall control, and an increase in the variation in critical dimen-
sions. Yet Bohland et al. (33) reported that addition of a dye actually improved
resist profiles and resulted in improved line width control.

Such contradictory claims regarding the effectiveness of the dye in im-
proving a line width control appear to reflect a complex interdependence of
the various materials and processing parameters that is not adequately ac-
counted for in the simulation programs. In general, dyed resists are believed
to provide improved control of dimensions in lines printed over highly re-
flective substrates, and several vendors have made dyed resist formulations
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commercially available. One aspect of the simulation studies, the prediction
that a dyed resist will require much higher exposure doses for imaging, is
certainly accurate. Adding dye to a resist is apparently not as effective in
controlling line width variation as the multilayer resist processes that are
becoming increasingly prevalent.

The simplest multilevel process involves the use of an antireflection
coating (ARC) that is deposited over the substrate prior to coating the resist.
Typical ARC materials are polyimide or polyamic acid formulations contain-
ing a dye (34-37). They function by absorbing the light that is transmitted
through the resist film before it reaches the reflective substrate, thereby
eliminating distortions caused by interference phenomena and diffuse re-
flections. Like contrast-enhancement lithography and BOM, the ARC tech-
nique is sometimes referred to as a quasimultilevel process because the
resist structure consists of more than one layer, but only one image formation
step is required. In contrast, true multilevel processes involve at least two
coating steps and require an image-transfer step. Multilevel resist technology
provides a generic solution to the topography problem (38). In the multilevel
resist process, a relatively thick opaque layer is coated over the topographic
features to attain maximum possible planarization, which in current tech-
nology is less than perfect (27). The resist is then coated on top of the
planarizing layer and imaged. Unlike the single layer process, this top layer
of resist is of nearly uniform thickness and can be quite thin, which facilitates
high-resolution imaging. The resulting resist image is then transferred in
some anisotropic process through the planarizing layer to yield high aspect
ratio relief images with vertical walls. Because the walls of the images in
the planarizing layer are vertical, the process is insensitive to variations in
the coating thickness of the planarizing layer (Figure 2.15).

The practice of multilevel resist technology has evolved rapidly since
its introduction in 1973 (39) largely through resist materials innovation. The
first applications of this technology involved use of DQN-type resists over
poly(methyl methacrylate) (PMMA) as the planarizing layer. The pattern was

Resist - CF.-RIE
Barrier - pmzzzzzzza Expose V777 4
Planarizing r > —_—
Layer - A Develop A

Substrate ™
O,-RIE
—_—

v

Figure 2.15. The trilayer process sequence.
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first generated in the DQN resist that then served as a conformable contact
mask for printing of the PMMA by DUV flood exposure (38—40). This ap-
proach has been improved by the availability of new photosensitive plan-
arizing materials that have both higher thermal stability and improved
processing characteristics (41). The optical influence of the topography on
the primary patterning step has been eliminated by adding dyes to the
planarizing material that are opaque at the wavelength used for exposure of
the DQN resist (42, 43).

Perhaps the area of multilevel resist processing that has inspired the
most innovative chemistry is that of oxygen RIE image transfer. In this
process, the primary resist image is transferred through the underlying
planarizing layer by anisotropic oxygen RIE. This process requires gener-
ation of an oxygen etch resistant pattern on the surface of the planarizing
layer. Early versions of the process used an intervening layer of a barrier
material sandwiched between the resist and the planarizing layer that was
impervious to oxygen etching., Intermediate layer materials include “spin-
on-glass”, which is typically a siloxane ladder polymer, SiO,, metal, Si;N,,
or any of a host of organometallic polymers. In this so-called trilayer process,
the primary resist image is transferred through the barrier material by fluo-
rocarbon RIE, for example. The pattern in the barrier material is then
transferred through the planarizing layer by anisotropic oxygen RIE. The
patterns that can be generated by such a process are truly impressive (Figure
2.16), but the process is complex and costly.

The trilayer process was significantly simplified by combining the prop-
erties of the barrier layer and the resist into a single material. This was
accomplished by using radiation-sensitive organometallic polymers that in-
corporate an element such as silicon, which when exposed to oxygen plasma
generates a nonvolatile, refractory oxide. Thus, when patterns of such a
material are subjected to oxygen RIE, a thin coating of the oxide is rapidly
generated on the surface of the resist that protects the underlying material
from further attack from the plasma (Figure 2.17). The first example of a
process based on such a material involved the use of polysiloxanes as the
oxygen-RIE-resistant imaging layer (44, 45). The seminal work on the po-
lysiloxanes led to a proliferation of materials with similar properties and a
resurgence of interest in the radiation chemistry of organometallic polymers.
Examples of such materials, sensitive to a range of wavelengths covering the
far-UV, DUV, X-ray, and electron-beam radiation, now abound (44—48).

Further simplification of this process can be derived by metallization
of the resist over a planarizing layer subsequent to the development of the
primary image and prior to the oxygen RIE image-transfer step. This pro-
cedure has been accomplished by treatment of DQN resists with chlorosi-
lanes (49) and by treatment of certain novel DUV resists with silylating
agents (50, 51).
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Figure 2.16. Scanning electron micrograph of resist images generated in a

trilayer process. This figure shows the vertical walls and the absence of line

width variations where the pattern crosses topographic features. (Reproduced
from reference 3. Copyright 1984 American Chemical Society)

The most recent improvement or simplification of this process involves
combining all of the layer functions into a single coating. This procedure is
accomplished by coating a single layer of an appropriate resist material and
then imaging the layer under exposure conditions at which it is opaque such
that only a thin surface layer of the material undergoes photochemistry. In
optical exposure, this step is accomplished by simply rendering the coating
opaque at the exposure wavelength by addition of an appropriate dye. A
similar shallow image can be generated under electron-beam exposure by
using low-voltage electrons. The thin, surface-exposed region of the film is
then rendered oxygen RIE resistant by a selective metallization process (50,
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52, 53) (Figure 2.18). Subjecting the metallated pattern to oxygen RIE results
in the desired, high aspect ratio, high-resolution pattern that is insensitive
to underlying topography. These new materials and processes are quite
interesting because they do not involve any wet development step; they can
incorporate good RIE and thermal resistance through use of aromatic pol-
ymers; and they are insensitive to both the thickness and optical effects of
topography, save some small contribution to focus error that remains due
to imperfect global planarization. The availability of modern, high-speed,
anisotropic, magnetron-enhanced oxygen RIE makes these materials and
processes even more interesting.

The chemistry of the selective-surface metallization process has taken
two paths. One approach (53) involves photo-induced local modifications in

Sn 3D

Sn (CHy)4

x1

Intensity (Arbitrary Units)

Oxygen Plasma
Treated

| | 1 1 | 1 | | |
501 499 497 495 493 491 489 487 485 483 481
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Figure 2.17. Electron spectroscopy for chemical analysis (ESCA) spectra of
organometallic polymer films before and after exposure to oxygen plasma. The
silicon 2p transition (page 99) is shifted from 99.7 to 102.4 eV. The magnitude
of the shift is consistent with conversion to SiO,, where x is between 1.5 and
2. The Sn 3d transitions of the organotin compound (above) undergo a similar
shift (1.7 V'), consistent with generation of a SnO, surface, where x is again
between 1.5 and 2. Argon sputter etching followed by ESCA analysis indicates
that these oxide films are less than 100 A thick.
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the diffusion rate of an organometallic reagent. Exposure of these systems,
reportedly based on DQN chemistry, renders the exposed areas more
permeable to the organometallic reagent than the unexposed areas, and
thereby allows area-selective metallization of the resist film. The photo-
induced change in the diffusion rate presumably stems from the generation
of free volume resulting from the nitrogen evolution that occurs upon ex-
posure of the diazoquinone. The mechanism and kinetics of this reaction
have been explored in some detail (54).

An alternative approach involves radiation-induced conversion of a non-
reactive polymer into one that is highly reactive toward organometallic re-
agents (50, 52). This system includes the chemical amplification concept and
can be processed either as a single-layer, dry-developed, surface-modified
system or as a bilayer, dry-developed system. The chemistry reported is the
same as that of the DUV resist system. It is based on radiochemical gen-
eration of a strong acid from an onium salt precursor. The radiochemically
generated acid is then used as a catalyst in the thermolysis of a protected
phenolic polymer (Figure 2.19). The deprotected phenolic moieties are read-
ily converted to the phenyl ethers of organometallic compounds (e.g., by
treatment with hexamethyldisilazane), whereas the protected precursors are
inert toward reaction with these reagents (Figure 2.20). The kinetics and
mechanism of this chemistry have been studied (51).

2.7 New Approaches

As the physics and engineering of high-resolution exposure equipment ad-
vances with the advent of excimer-laser-powered, DUV projection printers
(55), synchrotron and laser-pulse-powered X-ray step-and-repeat aligners
(56), advanced electron-beam exposure systems (57), and ion-beam pattern-
ing technology, resist chemists will continue to be challenged to provide
new materials that do not limit either the resolution or productivity of these
new exposure tools and are available in a timely fashion. Meeting this chal-
lenge will require continued innovation.

An interesting example of a capability, born recently from application
of material research and pure innovation that awaits a practical implemen-
tation, is the generation of a third dimension in microlithographic patterning.
Researchers (58) have demonstrated that doping a normal DQN resist with
a melamine precursor allows controlled generation of a third dimension to
patterning. Photodecomposition of the diazoquinone generates a local
concentration of acid that, when heated prior to development, catalyzes
carbonium-ion-mediated cross-linking of the novolac through the
hydroxymethylmelamine. A combination of this chemistry with a mask hav-
ing transparent, opaque, and gray pattern elements allows generation of
remarkable three-level relief structures with cantilevered beams and bridges
in a resist layer (Chart 2.5, Figures 2.21-2.23). The application of this new
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Figure 2.19. IBM’s dry process. Exposure generates a latent image of strong

acid that catalyzes thermolysis of the phenolic resin protected by poly(tert-

butoxycarbonyloxystyrene) (t-BOC) in the exposed areas during a postexposure

bake step. Subsequent treatment with a silylating reagent creates a pattern of

high silicon content. Oxygen RIE efficiently removes the unexposed areas, but

the thin film of SiO, formed in the silylated areas masks etching to produce a
negative-tone image of the mask.

capability in pattern generation to the design of novel device structures
seems sure to follow.

2.8 Conclusions

Despite the considerable advances that have been made in exposure and
etching systems and in the area of resist materials and processing for the
various advanced lithographic technologies, photolithography continues to
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Figure 2.20. IR spectra of the t-BOC-protected phenolic resin (a) prior to
exposure (the intense 1755-cm! band corresponds to a carbonate or carbonyl
group), (b) after exposure and baking (the carbonyl band disappears and the
broad phenolic OH band is generated at 3300—-3500 cm") and (c) after treatment
with hexamethyldisilazane (the formation of the silyl ether is characterized by

the band at ~1250 cm! and the two bands at 820 and 900 cm?).
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Chart 2.5. Chemistry of the Rohm & Haas resist. Photolysis of the diazoquinone
generates a latent image of acid. Subsequent heating causes acid-catalyzed
coupling in the exposed areas mediated by the hydroxymethylmelamine.

dominate production and seems poised on the brink of a full commitment
to DUV technology. This realization has not been lost on resist chemists
and process engineers who have devoted the major part of their efforts over
the past several years to extending the utility of conventional DQN resists

and developing new materials for DUV application.

The importance of DUV technology is reflected in Chapter 3, which is
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Figure 2.21. Resist hardening and image-reversal processes for the Rohm &
Haas resist.
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Figure 2.22. Three-tone mask exposure of the Rohm & Haas resist allows
generation of a third dimension to the pattern. This third dimension allows
formation of steps and overhangs.
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Figure 2.23. Scanning electron micrograph of a two-level resist structure
printed in Rohm & Haas resist obtained by using a three-tone mask. (Courtesy
of W. E. Feeley, Rohm & Haas.)
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devoted entirely to DUV resist materials and processes. By comparison,
research on electron-beam and X-ray resists has been less intense in recent
years. Nevertheless, innovations in both materials and processes for electron
beam and X-ray lithography continue to be made. Should either or both of
these technologies emerge in the 1990s as dominant lithography strategies
for production, the materials should be available to meet these requirements.

Abbreviations and Symbols

ARC antireflection coating

BOM built on mask

DQN diazoquinone—novolac resist systems
DRAM dynamic random access memory

DUV deep-UV

ESCA electron spectroscopy for chemical analysis
h height

O,-RIE oxygen reactive ion etching
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PMMA poly(methyl methacrylate)

RIE reactive ion etching

SEM scanning electron micrograph

t-BOC poly(tert-butoxycarbonyloxystyrene)
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Materials and Processes
for Deep-UV Lithography
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and C. Grant Willson?
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’IBM Almaden Research Center, San Jose, CA 95120-6099

This chapter provides a comprehensive review of the resist materials
and processes that have been designed and developed to support high-
resolution, deep-UV (DUV) lithography (i.e., lithography using ra-
diation in the 200-300 - nm wavelength range). Special emphasis is
placed on materials, their lithographic performance, and the chem-
istry responsible for their function. Topics include the fundamental
relationships between resolution and exposure wavelength, sources
of DUV radiation, and progress in the development of DUV exposure
equipment. Unique applications including multilayer patterning
schemes and excimer laser lithography are also discussed.

THE FABRICATION OF INTEGRATED CIRCUITS involves a series of steps that
defines insulator, conductor, and semiconductor structures in and on single
crystals of silicon or gallium arsenide (I). As practiced today, the circuit
elements are as small as 1 micrometer (1 pm) in dimension. Reproducible
device performance and yield issues require control of both the dimension
and placement of these 1-pm structures to tolerances of fractions of 1 pm.
The number of such circuit elements per chip has steadily increased during
the past three decades, mainly through a decrease in the size of the elements.
This reduction in the feature size and the increase in circuit complexity and
integration that it allows is largely responsible for the dramatic improvement
in the performance and cost-performance ratio that has occurred and is
expected to continue to occur.

Circuit elements are patterned through a series of sophisticated imaging
processes collectively called lithography. Photolithographic processing,
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which is the form of lithography used to delineate the circuit elements in
today’s large-scale integrated devices, is, however, approaching its physical
resolution limit. The resolution limit of an imaging system is a function of
the wavelength of the exposing radiation (i.e., higher resolution can be
attained with shorter wavelength radiation). Consequently, on the basis of
this simple principle, lithographic systems including the exposure tools,
resist systems, and the associated processes have been under intensive de-
velopment since the 1960s for short-wavelength radiation including

® ion and electron beams,
® X-ray, and
® short-wavelength UV (2).

Electron beam lithography employs finely focused electron beams that
are rastered or vectored and modulated under computer control to delineate
patterns in resist films (3). Because the de Broglie wavelength of electrons
is extremely small at common accelerating potentials (1050 kV), these beams
can be focused to diameters of several tens of angstroms. Because this tech-
nology is based essentially on serial delineation of the pattern pixel by pixel
(4), these systems have low throughput. The complexity of the exposure
system and its associated electronics and supporting computer hardware
makes these systems quite expensive. Despite these limitations, the primary
pattern-generation capability of electron beam systems has found wide use
in the fabrication of masks for optical lithography and, in certain cases, for
production of custom logic devices. Because of its resolution capability,
electron beam lithography has been exploited in laboratories to produce
extremely small structures including active devices with conductor dimen-
sions of a few hundred angstroms in line width (5).

X-ray lithography is based on the use of radiation in the soft X-ray region
of wavelength ranging from about 0.1 to 0.4 nm (6). This technology is capable
of resolving very small features in resist films. X-ray lithography and, in
particular, X-ray lithography based on synchrotron or “storage ring” X-ray
sources is currently an extremely active area of research. This technology is
advancing rapidly but has not yet reached the stage of practical implemen-
tation because of a variety of technical problems related to sources, mask
fabrication, alignment, and resist materials.

The use of short-wavelength UV radiation to extend the resolution of
photolithography was first reported by Moreau and Schmidt in 1970 (7), and
Lin (8) further refined this technique. The wavelength of radiation used in
what is now generally accepted as deep-UV (DUV) lithography and that
which we will consider for the purposes of this review is between 200 and
300 nm. This range can be compared to the wavelength of the common “g-
line” (436-nm) step-and-repeat printing tools that are the workhorses of
today’s factories and to the “i-line” (365-nm) printing tools that are just
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becoming commercially available. DUV lithography, supported by the de-
velopment of new exposure sources, advances in lens design, and new resist
materials, is destined to become a powerful tool for the fabrication of semi-
conductor devices. We expect that during the next decade, the majority of
production will migrate to some version of this patterning technology. Thus,
this review of the resist materials and processes developed for DUV lithog-
raphy is timely. The special emphasis in this chapter is on materials, their
performance, and the chemistry responsible for their lithographic response.

3.1 Deep-UV Lithography
3.1.1 Historical Development

Moreau and Schmidt (7) demonstrated the sensitivity of poly(methyl meth-
acrylate) (PMMA) to DUV radiation in 1970 and described most of the
features of DUV lithography. The main objective of their work was to employ
DUV radiation to allow larger mask-to-wafer separation at constant resolution
in proximity printing. Their work demonstrated the utility of PMMA as a
DUV resist, and they predicted that DUV radiation would be employed
with an acrylate polymer of some type in future projection printing systems
that should allow reliable printing of submicrometer features.

The term “DUV lithography” was coined by B.J. Lin in his pioneering
paper that appeared in 1975 (8). Lin demonstrated the high-resolution po-
tential of DUV lithography by contact printing 0.5-wm “T-bar” (T-shaped)
bubble-propagation patterns separated by 0.25-wm gaps in 1.78-pm-thick
PMMA films. Shortly after Lin’s report, Feldman et al. (9) published the
results of their experiments involving exposure of poly(butene-1 sulfone) to
185-nm radiation. Since these early reports, a variety of resist materials and
processes have been developed and are the subject of this review. But the
application of DUV lithography to practical device fabrication requires de-
velopment of both the exposure system and the resist materials.

Significant changes in current exposure equipment are required to re-
alize the potential for resolution improvement that shorter wavelength can
provide. The materials used for fabrication of optical elements, including
lenses, must be replaced by materials that have acceptable transmission in
the DUV. This step represents a major challenge, particularly for lens de-
signers, because they have few transparent materials from which to choose
and yet require an inventory of transparent materials with varying refractive
indices from which to construct lenses that are corrected for chromatic ab-
errations. The alternative is to use very narrow band-pass filtering of the
source that, for the usual high-pressure mercury lamp, corresponds to an
intolerable reduction in source brightness. Mirror-lens-based projection sys-
tems have less critical demands on materials because chromatic aberration
correction does not require refractive elements, but filters and coatings
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designed to isolate the desired DUV wavelength range must be developed.
Even the standard high-pressure mercury lamp sources must be fabricated
with special attention given to the transmission characteristics of the en-
velope material.

Most of these challenges, many of which are quite formidable, have
been met at some level. Commercially available contact printers and mirror-
based projection printers are now being used in device manufacturing. Re-
fracting-lens-based projection printers (steppers) that use DUV light sources
are currently under development by tooling manufacturers and have been
demonstrated in laboratory environments (10). Apparently, manufacturing
engineers will have a range of DUV exposure equipment from which to
choose and around which to develop processes before the end of the decade.

In contact printing, DUV radiation provides improved resolution and
the ability to pattern thicker resist films because of a reduction in the extent
of diffraction-based distortion of the intensity function (aerial image) within
the resist film (1I). In proximity printing, where the mask is deliberately
separated from the resist film surface by a small but controlled distance, a
change to shorter wavelength can allow, as Moreau and Schmidt recognized,
either a larger gap at constant resolution or improved resolution at constant
gap. A detailed analysis of the effect of wavelength on the intensity function
in the resist film for proximity printing was provided by Lin (11), and a more
qualitative description is also available (1b). The resolution in both contact
and proximity printing is proportional to the %2 power of the wavelength.
The effect of reducing the exposure wavelength is greatest in projection
printing, where the resolution is directly proportional to the exposure wave-
length and inversely proportional to the lens numerical aperture (NA). For
a fixed NA, reducing the exposure wavelength can be exploited to provide
an increase in the depth of focus at constant resolution. These relationships
have been derived (1b, 11).

3.1.2 Deep-UV Light Sources

The source of radiation for photolithography has traditionally been a Hg or
Hg-rare gas discharge lamp (12). The conventional discharge lamp consists
of a quartz envelope that encloses two refractory metal (usually W) electrodes
that are charged with a carefully metered amount of elemental Hg and a
rare gas (usually Xe). These lamps are excited by external power supplies
in the range of 0.5-2.0 kW. The equilibrium pressure of Hg and the rare
gas determine the spectral distribution of the light output. This output is
high in the near-UV region (350-450 nm), lower in the mid-UV region
(300350 nm), and very low in the DUV region (200-300 nm).

The low efficiency of these lamps in the DUV region can be explained
in terms of the energy level diagram shown in Figure 3.1. The transitions
involving the ground state of the atom (resonance lines) have the greatest

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch003

3. IWAYANAGI ET AL. Deep-UV Lithography 113

Singlets ’ Triplets
-3
1038 S0 'P1_"D, 'F3 138, %Py 3P, 'Pp 8D, 'D; 3D; —°F
10 k - =, | = - =5 = = - =
s = — 8 —f I""— Gp = o G 8 — — B — B —Gf
gg = 9
— 10— 70 —Td m— 5t
9 _35— |Bs
T — Bd | 6d == 6d
|
I
8 [Ms— |
|7s
I
7F |
6p |
|
2 6 l
9 |
> |
Cc 5 = |
e |
O 4
w 4F & :
I
@ |
3F L= I
T A
2 F 5 g |
2 P |
v
1t i |
/ |
/7’ !
of {

Figure 3.1. Energy level diagram for Hg. (Reproduced with permission from
reference 12a. Copyright 1984 Academic Press.)

probability of occurrence. Hg has only one resonant line at 253.7 nm, cor-
responding to the emission associated with transition from the excited state
%P, to the ground state 'S,. This resonant line is the strongest or characteristic
output of a low-pressure discharge, but, with increasing pressure, it becomes
almost completely reabsorbed.

Figure 3.1 shows that emission between 200 and 300 nm occurs from
transitions between highly excited states to the group of 6 °p triplet levels
lying around 5 eV. Thus, to emit DUV photons, Hg atoms must be excited
to a state with energy 8-10 eV above the ground state. The major mechanism
for excitation in these lamps involves inelastic collision of Hg atoms with
electrons from the plasma. The average energy of these electrons is only
0.5-1.0 eV; thus, individual electrons do not, on the average, have sufficient
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energy to excite the required transitions. One obvious method for increasing
the average energy of the plasma electrons would be to increase the discharge
temperature. However, these lamps are already operated near the thermal
stability limit of quartz in steady-state discharge applications. Despite their
low output, discharge lamps have the attractive feature of small source size
that makes condenser design simple and operation stable.

Deuterium lamps have been considered for DUV sources because these
lamps have a broad-band emission in the desired spectral region. However,
they are difficult to run at high power because of out-diffusion of deuterium,
plasma instability, and short lifetime (13).

One method of improving the efficiency of the Hg discharge lamp is to
dope it with Zn or Cd (11, 12). This approach probably deserves more
attention. Another method is to simply apply higher power but in short
pulses. This method allows achievement of the high electron velocities re-
quired for excitation to the required energy levels without overheating the
quartz envelope. This method is used in pulsed Xe lamps. These lamps
operate with high conversion efficiency and pulse widths of milliseconds.
However, the pulsed nature of these lamps, their low repetition rate, and
special cooling requirements have precluded their use, particularly in mirror-
based scanning exposure systems.

Microwave-powered Hg discharge lamps have very high source bright-
ness in the DUV region. Their efficiency stems from the fact that the mi-
crowave-induced plasma forms in a narrow shell very near the lamp wall.
As a result, most of the light is emitted near the lamp wall and there is less
reabsorption. The efficiency of these lamps is high because the average
electron energy is higher than that in an arc lamp. The main drawback of
these sources is their large source size that greatly complicates condenser
optics design. These lamps are extremely useful in applications of blanket
DUV exposure. :

Another interesting source of DUV radiation for microlithography is
excimer lasers (13). This relatively new class of very efficient and extremely
powerful pulsed lasers became commercially available in 1978. They operate
at several characteristic wavelengths ranging from less than 200 nm to greater
than 400 nm. The output is typically 10-20-ns wide pulses with repetition
rates from ten to several hundred Hertz. Jain (14) provided a recent review
of laser application to microlithography.

An important characteristic of excimer lasers that sets them apart from
traditional UV lasers is their lack of spatial coherence. The interference
phenomena that result from the high spatial coherence of traditional single-
mode continuous wave lasers produces a random intensity variation in pro-
jected patterns called speckle. This speckle phenomenon has historically
made use of lasers in high-resolution lithography very difficult. The beam
of excimer lasers is so highly multimode that speckles are, for all practical
purposes, nonexistent in projected patterns. The application of excimer laser
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sources to DUV lithography has been demonstrated for contact printing (15),
mirror projection printing (16), and, most recently, for reduction projection
printing in step-and-repeat fashion by using specially constructed refracting
lenses (10). The use of excimer lasers in production has been hampered by
the high cost and inconvenience of operating these devices in a production
environment and difficulty in designing optical couplers that would be the
analog of conventional condenser systems that efficiently fill the entrance
pupil of the projection lens with uniform illumination of appropriate partial
coherence. Furthermore, the lasers currently available suffer from pulse-to-
pulse power irreproducibility and limited operational stability on a single
gas fill. However, significant progress has been made in all of these areas.
Improvements in electrode materials, gas handling systems, and pulse-con-
trol electronics have demonstrated major extensions in power stability. When
the engineering difficulties have been overcome, excimer lasers will become
an important part of the lithographic process. In fact, one commercial contact
printer can be purchased with an excimer laser source (16).

3.1.3 Deep-UV Printer Systems
3.1.3.1 DEEP-UV CONTACT/PROXIMITY PRINTERS

In DUV contact printing, a photomask and a resist-coated wafer are brought
into tight contact. The wafer is then exposed to DUV radiation of controlled
collimation through the mask. In proximity printers, some mechanism is
provided that allows exposure with a small, controlled gap between the mask
and the wafer surface. Operation of such systems in the DUV requires certain
modifications. These modifications are exemplified in the Canon PLA520FA
printer (17). The optical system of this printer is shown in Figure 3.2. The
transmission elements of the system are of high quality quartz to minimize
absorption in the DUV. The system has a specifically designed dichroic,
dielectric stack “cold mirror” that has high reflectivity in the DUV region
but transmits visible and IR radiation from the source on to a heat sink.
Figure 3.3 shows the spectral output of this system with two different cold
mirrors. The Canon PLA520FA can be operated in either the contact or
proximity mode. The time required to expose PMMA has been reported to
be 40 s when cold mirror CM250 is used (17c).

3.1.3.2 DEEP-UV PROJECTION PRINTERS

The all-reflecting 1:1 projection system was first reported by Moller in 1973
(18). The optical and scanning configuration of such a system is illustrated
in Figure 3.4. In these systems, a set of spherical mirrors is used to generate
a narrow, ring-shaped aberration-free arc of light. Wafers are scanned past
this arc to produce an image as the mask is moved synchronously in the
object plane. An arc of the mask is thereby illuminated and imaged onto
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Figure 3.2. Optical layout of the illuminator in the Cannon PLA520FA contact/
proximity printer. (Reproduced with permission from reference 17a.)
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Figure 3.3. Spectral deflection of cold mirrors. (Courtesy of Cannon.)
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Figure 3.4. All-reflecting 1:1 projection optical system.

the wafer so that scanning once across the wafer and mask achieves exposure
of the entire wafer surface.

One of the outstanding features of this system is the flexibility it offers.
In particular, the mirror lens system in this configuration has essentially no
chromatic aberration. Hence, one can vary the exposure wavelength simply
by imposing the appropriate transmission filter between the condenser sys-
tem and the mask. Many improvements have been made in the design of
these tools since their first commercial introduction by Perkin—Elmer (19).
The projection optics of the Perkin—Elmer Micralign 500 are shown in Figure
3.5. The NA of this system is 0.16. The refracting elements (shells) are all
single elements and fabricated of high quality quartz. Another example of
such a system is the Canon MPA520FA (Figure 3.6).

The illumination source in these printers is a high-pressure Hg-Xe
lamp. The spectral irradiance of the Perkin—Elmer lamp is shown in Figure
3.7. Perkin-Elmer provides band-pass filters for operation in the “UV-2”
(DUV), “UV-3” (mid-UV) and “UV-4” (near-UV) spectral regions as shown
in Figure 3.8. The output in the UV-4 mode is similar to Perkin—Elmer’s
earlier projection printers, the PE100 and PE200 series, and passes the
spectral lines at 365, 405, and 436 nm. The UV-3 mode transmits between
290 and 340 nm in the mid-UV region, and the UV-2 filter transmits in the
DUV region between 220 and 290 nm. The relative output of the Micralign
500 at the wafer plane in the absence of any filtering is shown in Figure
3.8. In Figure 3.8, the area under the curve in the DUV is a very small
proportion of that under the curve in the near-UV (UV-4) region of the
spectrum because of the output inefficiency of the Hg discharge source.
Although these systems have been designed and engineered such that a shift
into the DUV will provide nearly a twofold improvement in resolution,
either a much brighter light source or a far more sensitive resist is required
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Figure 3.6. Illumination and projection systems of the Cannon MPA520FA.
(Courtesy of Cannon.)

to maintain the wafer throughput (productivity) that can be achieved in the
UV-4 mode.

3.2 Deep-UV Resist Materials
3.2.1 Positive Resists

3.2.1.1 DISSOLUTION-INHIBITOR SYSTEMS

Conventional positive photoresists consist of a matrix resin and a photoactive
compound. The matrix resin is a cresol-formaldehyde novolac resin (struc-
ture 3.1) that is soluble in aqueous base solution, and the photoactive com-
pound is a substituted diazonaphthoquinone (structure 3.2) that functions
as a dissolution inhibitor for the matrix resin. As outlined in Scheme 3.1
(20), the photoactive compound undergoes a structural transformation upon
UV radiation, known as Wolff rearrangement, followed by reaction with water
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Scheme 3.1. Photochemical transformation of diazonaphthoquinone sensitizer.

to form a base-soluble indenecarboxylic acid that no longer inhibits disso-
lution of the novolac matrix resin in alkaline developer. Consequently, the
exposed regions of the film are rendered more soluble than the unexposed
regions, and the photochemically induced differential solubility rate is used
to generate positive-tone images of the mask.

The positive photoresists based on a novolac matrix resin and a diazo-
quinone sensitizer evolved from materials originally designed by Kalle Cor-
poration in Germany to produce photoplates used in the printing industry.
These positives photoresists have become the “workhorses” of the micro-
electronics industry because of their high resolution and dry etch resistance.
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3.2.1.1.a Mid-UV Resists Based on Diazoquinone—Novolac

Bruning and co-workers (21-23) demonstrated that the theoretical improve-
ment in resolution can be achieved by reducing the exposing wavelength
from the near-UV to the mid-UV. They exposed a positive photoresist,
HPR204, coated on Ta-metalized wafers through a meander pattern mask
on a modified Perkin—Elmer 111 projection printer operating in the near-
UV and mid-UV ranges. After plasma etching of the substrate, the Ta pattern
integrity was examined by electrical probing. The percentage of good pat-
terns is plotted as a function of line size in Figure 3.9. This figure indicates
that mid-UV exposure results in an improvement in both resolution and
yield. This improvement is roughly proportional to the mean wavelength of
the exposing radiation.

However, commercially available positive photoresists such as AZ1350]
and HPR204 demonstrate greatly reduced sensitivity in the mid-UV region
in comparison to their performance in the near-UV region. The reasons for
this loss in sensitivity are as follows:

® The molar extinction coefficient of the 1-oxo-2-diazonaphtho-
quinone-5-arylsulfonate (structure 3.2) sensitizers that are used
to formulate most commercial photoresists is very low at 313
nm compared to that at 405 nm.

100

80}

60 |-

4}

% Good Patterns

20 |+

0 ]
0.5 1.0 1.5 2.0 25

Meander Width and Space (um)

Figure 3.9. Electrical probe yield of meander patterns versus design feature
size and wavelength. The vertical bars indicate the total yield range for the
wafer tested. (Reproduced with permission from reference 23.)

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch003

3. IWAYANAGI ET AL. Deep-UV Lithography 123

® These materials undergo photochemistry, ultimately leading
to a photoproduct that is transparent at 405 nm but absorbs at
313 nm.

® The phenolic resins used in most of the commercial resists
have a significant unbleachable absorbance at 313 nm but are
essentially transparent above 350 nm.

These accumulated undesirable optical characteristics are shown in Fig-
ure 3.10 for AZ1350] and Figure 3.11b for HPR204.

AZ2400 is different from most other commercial positive photoresists
in both formulation and response to mid-UV radiation. This resist is
formulated with a resin that is relatively transparent in the mid-UV and
1-oxo0-2-diazonaphthoquinone-4-arylsulfonate (structure 3.3) rather than the
5-arylsulfonate (structure 3.2) that is commonly used in most commercial
photoresists (24).

A transmittance spectrum for AZ2400 is provided in Figure 3.11a. This
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Figure 3.10. Unexposed and bleached spectra of AZ1350] resist spin-coated
on quartz at a thickness of 1 pm. (Reproduced with permission from
reference 30.)
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Figure 3.11. Dynamic bleaching absorption spectra of diazonaphthoquinone
resists: (a) 1.0-um AZ2400 and (b) 1.0-um HPR204. (Reproduced with per-
mission from reference 23.)

resist is clearly more suited for use in mid-UV lithography than the systems
based on the 5-sulfonate esters because the initial absorbance at 313 nm is
lower and exposure results in a significant bleaching even in the mid-UV
region. In fact, AZ2400 has been shown to function satisfactorily under mid-
UV-exposure conditions in terms of resolution, resist profile, and edge acuity
(25-28). Bruning and co-workers (21, 23) obtained more than 90% yield for
1-pm meander patterns when using this resist. The applicability of AZ2400
to mid-UV lithography was extensively modeled by Hofer et al. (26).
Babie et al. (29) attempted to enhance the sensitivity of diazonaphtho-
quinone-5-arylsulfonate-based resist in the mid-UV region by adding py-
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rene as a photosensitizer. The addition of the singlet sensitizer increased
the conversion of diazonaphthoquinone by 20%-30% and consequently in-
creased the dissolution-rate ratio of the exposed to the unexposed films by
a factor of 5 at a given exposure dose.

Willson et al. (30) and Miller et al. (31) described a new mid-UV resist
based on diazonaphthoquinone and a novolac resin specifically designed for
use in the mid-UV region. The novolac resin was chosen to be transparent
above 300 nm. The structure of the naphthoquinone was designed with the
aid of semiempirical molecular orbital calculations to provide increased op-
tical absorbance at the 313-nm emission line. They found that 5-alkylsulfo-
nates of diazonaphthoquinone exhibit a greatly improved extinction at both
313 and 334 nm over their aryl counterparts. Furthermore, these compounds
photolyze to give substituted indenecarboxylic acids that are transparent
above 300 nm, whereas the photoproducts of all of the corresponding aryl
derivatives studied retain residual absorbance at 313 nm. They chose a mixed
4,5-disulfonate of an aliphatic diol (structure 3.4) as a spectrally matched
sensitizer for the mid-UV resist.

coglece

S0,—O0—alkyl—0—SO,
3.4

N2

Figure 3.12 demonstrates the bleaching of the IBM mid-UYV resist. This
spectrum should be compared with that of AZ1350] (Figure 3.10). The new
resist bleaches upon irradiation effectively across the range of wavelengths
from 300 to 450 nm, whereas AZ1350] bleaches effectively in the near-UV
region but does not bleach at all at 313 nm.

Scanning electron micrographs (SEMs) of 2.5-pm pitch gratings printed

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch003

126 ELECTRONIC & PHOTONIC APPLICATIONS OF POLYMERS

1.0 r
09 I
0.8 -
0.7
2
06 | £
2
8 o
= ®
Ke]
S 05| <
_‘s [a4]
) l
04
g
0.3 |- =
Q
o
o
02 | £
<
0.1
1 | 1 —_
300 350 400 450

Figure 3.12. Unexposed and bleached spectra of an IBM mid-UV resist for-
mulated from a 4,5-disulfonate of an aliphatic diol. (Reproduced with per-
mission from reference 30.)

in the IBM mid-UV resist on a Perkin—Elmer M500 (Micralign 500) pro-
jection aligner are provided in Figure 3.13. These results should be compared
with the calculated free space image at the wafer plane demonstrated in
Figure 3.14. The square-wave image intensity function across the grating at
the mask surface is degraded in the printer optical path such that a nearly

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch003

3. IWAYANAGI ET AL. Deep-UV Lithography 127

Figure 3.13. SEM of 2.5-pm pitch (1.25 X 1.25 pm) gratings printed in an
IBM mid-UV resist (Perkin-Elmer M500, scan speed 5000, DP-9 filter, ap-
erture 1). (Reproduced with permission from reference 30.)

sinusoidal intensity function is presented at the wafer surface, as shown in
Figure 3.14. The response of the resist, in terms of its dissolution rate as a
function of dose, must be tailored so that it will convert this degraded
intensity function back into a square-wave relief image representative of that
which existed at the mask surface. This requirement is not trivial as the
resist must recognize the mask edge in an intensity pattern of the sort
depicted in Figure 3.14. A resist formulation that exhibits a dissolution rate
that responds linearly to dose faithfully reproduces the image intensity func-
tion at the resist surface as shown in Figure 3.15. The new IBM resist
formulation was adjusted to provide a nonlinear, thresholdlike response and
therefore generates square-wave relief patterns. A plot of the dissolution
rate of this formulation as a function of normalized photoactive compound
concentration, which is inversely dependent on dose, is provided in Figure
3.16, which clearly shows the thresholdlike response. A mid-UYV resist based
on this design is being used in conjunction with a scanning projection printer
to produce 1-megabit dynamic random access memory chips (32).
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Figure 3.14. Free space image at the wafer plane for 1.0-, 1.5-, and 2-pm lines
and spaces at NA = 0.167, partial coherence 0.71, and N = 313 nm. (Repro-
duced with permission from reference 30.)

3.2.1.1.b Deep-UV Dissolution-Inhibitor System

Lin evaluated the photosensitivity and lithographic performance of AZ2400
resist in the DUV mode in comparison with PMMA and AZ1350] (33).
Gipstein et al. (34) synthesized cresol-formaldehyde novolac resins that are
more transparent in the 254-nm region than novolac resins used in com-
mercial photoresists. They also evaluated the resin’s utility as a matrix for
diazonaphthoquinone resist formulations for DUV lithography. However,
the diazonaphthoquinone-novolac systems have not been successfully ap-
plied to DUV lithography. These systems suffer in DUV imaging from the
same problems that limit their utility in the mid-UV region, namely, pho-
toproduct absorbance and the strong absorption of novolac resins (Figures
3.10 and 3.11).

The magnitude of the deleterious effect that unbleachable absorbance
has on developed profiles can be demonstrated by using SAMPLE (simu-
lation and modeling of profiles in lithography and etching) (35), a computer
program that simulates lithographic performance based on modulation trans-
fer function, wavelength, dose, and the resist performance parameters of
Dill et al. (36). The Dill parameter B represents the unbleachable absorbance
of a resist, (i.e., the combined absorbance of the resin and the photoprod-
ucts). Figure 3.17 shows a SAMPLE simulated profile for a given set of
exposure and development conditions for AZ1350] exposed at 436 nm (37).
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Figure 3.15. SEM of 3-wm pitch gratings printed in a linear experimental resist
(Perkin—Elmer M500, scan speed 5000, aperture 0). (Reproduced with per-
mission from reference 30.)

The curve is accompanied by one in which only B has been changed such
that it represents the absorbance of the resist at 254 nm (B = 1.96) rather
than at 436 nm (B = 0.058), with all other parameters kept constant. The
effect is very large and sufficient to render the image useless for subsequent
processes. Thus, conventional positive photoresists do not function ade-
quately in DUV lithography.

Two interesting attempts to redesign the dissolution-inhibitor—matrix-
resin systems have been reported. Grant et al. (37) proposed an alternative
inhibitor for novolac resins. They found that 5-diazo-Meldrum’s acid (struc-
ture 3.5) exhibits an intense, bleachable absorbance at 254 nm with a sharp

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch003

130 ELECTRONIC & PHOTONIC APPLICATIONS OF POLYMERS

1.0 T ! I U I I Ll L Ll
" 08} .
x —
O
Q
w
e 06}
32
2 -
©
o
< 04
[
£
Q -
1}
2
g o2f
o Il Il L

0O 01 02 03 04 05 06 07 08 09 10
Sensitizer Concentration (M)

Figure 3.16. Development rate function of an IBM mid-UV resist at 1.0-pm
increments from the surface. (Reproduced with permission from
reference 30.)

cutoff above 300 nm (Figure 3.18) and is converted into volatile photoprod-
ucts upon irradiation. Photolysis of structure 3.5 results in a Wolff rear-
rangement to afford a ketene intermediate that decomposes further into
carbon monoxide and acetone (Scheme 3.2) (37). The resists formulated with
these sensitizers exhibited a reasonable sensitivity but suffered from sensi-
tizer volatility and solubility problems. Profile degradation was experienced
in films of over 0.5-pm thickness because of the strong absorption of the
novolac matrix resin (Figure 3.18).

Reichmanis et al. (38, 40), Wilkins et al. (39), and Chandross et al. (41)
redesigned both the dissolution inhibitor and the matrix resin. They eval-
uated a variety of o-nitrobenzylcholates (structure 3.6) that are initially in-
soluble in alkaline developer but are cleaved upon UV radiation to form
base-soluble species. As shown in Scheme 3.3, irradiation of the o-nitro-
benzyl ester results in rearrangement and degradation to generate a car-
boxylic acid and o-nitrosobenzaldehyde (R = H in Scheme 3.3) (42). The
matrix resin chosen is a copolymer of methyl acrylate and methacrylic acid
that is far more transparent in the DUV than novolac resins and is soluble
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in aqueous alkali. The new resist is reported to have useful sensitivity and
extremely high contrast. The best result has been obtained in the case of
2,6-dinitrobenzylcholate (sensitivity is 90 mJ/cm? at 260 + 20 nm, con-
trast > 5) (40). A nearly thresholdlike exposure-dissolution response has
been observed in this unusually high contrast resist. The resist formula-
tion is essentially aliphatic and would be less stable in dry etching environ-
ments than resists based on aromatic resins (43, 44).

3.2.1.2 POSITIVE RESISTS BASED ON MAIN-CHAIN SCISSION

Moreau and Schmidt (7) showed that the electron beam positive resist,
PMMA, responds to DUV radiation. Lin demonstrated its high-resolution
capability by DUV contact printing 0.5-pm bars separated by 0.25-pm gaps
in 1.78-wm-thick films of PMMA as shown in Figure 3.19 (8). Photolysis of
PMMA leads to chain scission (Scheme 3.4): homolysis of the side chain is
followed by decarbonylation to form a stable tertiary radical on the main
chain, which, in turn, undergoes cleavage through B-scission of the chain
to generate an acyl-stabilized tertiary radical. This process generates frag-
ments of carbon monoxide, carbon dioxide, and methyl and methoxy radicals
(45-50).

The chain scission initiated by the photolysis of PMMA results in the
reduction of the molecular weight, which is primarily responsible for in-
creased solubility rate of the exposed region. In addition to the molecular
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Figure 3.17. Computer-simulated resist profiles (SAMPLE). Operating input
parameters include matched substrate, AZ1350] resist, 4358 A, 90 mJ/cm?,
NA = 0.35, ¢ = 9.99, defocus 0.0, development 80 s. The open image (B =
0.058) simulates AZ1350] performance. The shallow profile (B = 1.96) was
generated from identical input parameters with the exception that the un-
bleachable absorbance (B) was adjusted to the value corresponding to the
absorbance of 1 pm of novolac at 254 nm. (Reproduced with permission from
reference 37. Copyright 1981 Institute of Electrical and Electronics Engineers.)
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Figure 3.18. Absorbance spectra of Meldrum’s diazo resist before and after
exposure. (Reproduced with permission from reference 37. Copyright 1981
Institute of Electrical and Electronics Engineers.)

Scheme 3.2. Photochemical decomposition of 5-diazo-Meldrum’s acid.
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Scheme 3.3. Photochemical decomposition of o-nitrobenzyl ester.

weight reduction, factors controlling solvent mobility in the PMMA ma rix
strongly affect the dissolution kinetics of PMMA (51, 52). Ouano (51) found
that the increase in the dissolution rate (S) with decreasing molecular weight
(MW) is much faster in electron-beam-exposed PMMA film then in unex-
posed films. The slopes of the log S—log MW plots for electron-beam-exposed
PMMA and unexposed PMMA are reported to be 2 and 0.5, respectively,
in amy] acetate. The slope for DUV-exposed PMMA has been reported to
be 1.7 in methyl isobutyl ketone (MIBK) (53). The greatly increased dis-
solution rate of the exposed film compared to unexposed film of the same
molecular weight has been ascribed to the formation of increased free volume
or density reduction due to gaseous product generation during the radio-
chemical degradation of PMMA and a corresponding increase in the rate at
which the developer solvent diffuses into the films in the exposed regions.

PMMA offers several advantages as a resist. These include extremely
high resolution, ease of handling, excellent film-forming characteristics, wide
processing latitude, and ready availability. Unfortunately, PMMA is a rel-
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Figure 3.19. Y-I bars (Y- and I-shaped patterns) (0.5 wm) separated by 0.25-
wm gaps, printed in 1.78 um of PMMA2041. (Reproduced with permission
from reference 8. Copyright 1975 American Institute of Physics.)

atively insensitive material and requires 0.5-1.0 J/cm? of DUV dose for
workable processing. Consequently, many analogs of PMMA have been
evaluated as DUV resists. The goal of these studies has been to preserve
the desirable properties of PMMA while improving its sensitivity.

Table 3.1 summarizes the lithographic properties of methacrylate pol-
ymers (54). These polymethacrylates all exhibit similar UV absorptions with
optical densities of 0.27-0.47 pm ™' at 215 nm, which is considerably less
than that of AZ1350] in the near-UV region (0.87 pm ™! at 405 nm). This
low absorption represents inefficient use of flux and is one reason for the
low sensitivity of the system.

Poly(glycidyl methacrylate) (PGMA), a well-known negative electron
beam resist first reported by Hirai et al. (55), actually functions as a positive-
tone resist upon DUV exposure (Table 3.1) (56). The epoxide functionality
responsible for cross-linking under electron beam exposure does not absorb
in the DUV region, and the response of PGMA to DUV radiation is deter-
mined by the absorption due to the n — «* transition of the carbonyl chromo-
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Scheme 3.4. Mechanism of radiation-induced chain scission in PMMA.

Table 3.1. Polymethacrylate Positive DUV Resists

Sensitivity
Resist Ester Group a(pm™)*  (J/em?
Poly(methyl methacrylate) (PMMA) -CH, 0.42 0.6
Poly(glycidyl methacrylate) (PGMA) -CH,-CH-CH, 0.33 0.8
Poly(butyl methacrylate) (PBMA) n-butyl/isobutyl 0.29 0.5
(50/50)
Poly(fluorobutyl methacrylate) -CH,CF,CFHCF, 0.27 0.094

(FBM)
“The symbol a is the absorption coefficient at 215 nm.

phore that leads to main-chain scission. Among the polymethacrylates, FBM,
a poly(fluorobutyl methacrylate)-based resist, seems to be the most sensitive
to DUV (54) as well as to electron beam and X-ray radiation (57). This material
is commercially available from Daikin Kogyo, Japan.

Table 3.2 summarizes a variety of the methyl methacrylate (MMA)
copolymers developed as DUV resists. Chandross et al. (41, 61), Wilkins et
al. (58), and Reichmanis et al. (59, 60) reported that incorporation of 3-
oximino-2-butanone methacrylate into the PMMA structure [P(MMA-OM)]
improves both the absorption characteristics of the polymer in the 220-260-
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nm range and provides an alternate path for scission and therefore leads to
enhanced sensitivity. P(IMMA-OM) (63:37) is 50 times more sensitive than
PMMA. Incorporation of methacrylonitrile (MAN) into PMMA—-OM) results
in further increase in the sensitivity (41, 59-61). POIMMA-OM-MAN) is 85
times more sensitive than PMMA to DUV radiation. When sensitized with
tert-butylbenzoic acid, it requires an exposure dose of less than 30 mJ/cm?
at 240 nm (61). Copolymers of indenone with MMA, also developed by
Chandross et al. (41, 61, 62), have a strong UV absorption in the 230-330-
nm region and exhibit a monochromatic sensitivity of 60 mJ/cm? at 3%
indenone concentration. The high sensitivity is explained in terms of the
steric strain present in the cyclopentanone moiety. Resolution of 0.75-um
lines and spaces has been achieved in the indenone copolymers by using a
modified Perkin—Elmer Model 111, 1:1 projection printer.

Poly(dimethyl glutarimide) (PMGI) (structure 3.7) was shown by Hir-
aoka (63) to undergo molecular weight reduction upon irradiation with a
sensitivity comparable to PMMA. This polymer is sensitive to DUV radiation
below 280 nm; soluble in aqueous base; resistant to common organic solvents;
and thermally stable to ca. 185 °C, which renders the material very attractive
as a thick planarizing layer in the exposure-PCM scheme as will be discussed
in a later section. This material is being evaluated for commercialization by
Shipley Company (64, 65).

Another important class of degrading DUV positive resists is based on
isopropenyl ketone polymers (Table 3.3). Tsuda et al. (66) reported the use
of poly(methyl isopropenyl ketone) (PMIPK) as a positive DUV resist. This
polymer exhibits a weak absorption centered at 285 nm due to the carbonyl
chromophore and is about 7 times more sensitive than PMMA. An exposure
time of 28 s for 1-pm-thick PMIPK films was obtained on a Canon PLA520FA
contact printer equipped with a CM290 cold mirror (67). Addition of sen-
sitizers such as 3,4-dimethoxybenzoic acid results in a threefold increase in
sensitivity (53, 66, 67). PMIPK and sensitized PMIPK are commercially
available under the trade names of ODUR1010 and ODUR1013 and 1014
from Tokyo Ohka Kogyo, in Japan. MacDonald et al. (68, 69) found that the
quantum yield of chain scission at 313 nm in films of poly(isopropenyl tert-
butyl ketone) (PIPTBK) is 12 times higher than that of PMIPK. In PIPTBK,
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the carbonyl group is located between two quaternary centers. Thus, the
Norrish Type I a-cleavage on either side of the carbonyl carbon generates
a stable tertiary radical as depicted in Scheme 3.5. This result should be
contrasted with the situation in PMIPK, where a-cleavage yields either a
tertiary butyl or methyl radical. As the stability of these species is significantly
different, cleavage only occurs to generate the tertiary radical. Thus, the
replacement of the methyl in PMIPK by a tertiary butyl group increases the
propensity for the Norrish Type I photochemical degradation, which is a
predominant pathway in the solid state (70).

Aromatic groups provide a convenient chromophore for UV absorption.
Copolymers of isopropenyl phenyl ketone (IPPhK) with MMA show spectral
sensitivity up to the mid-UV range (Table 3.3) (71). PIPPhK-MMA) (28:72)
is 10 times more sensitive than PMIPK when exposed to the full output of
a Xe-Hg lamp.

Poly(butene-1 sulfone) (PBS), a sensitive, positive, electron beam resist,
is highly sensitive to 185-nm radiation (Table 3.4) (9). However, PBS does
not absorb above 200 nm, and the sensitization has not been successful.
Incorporation of pendant aromatic rings into the polysulfone structure ex-
tends the photosensitivity to the DUV and mid-UV regions (72). Himics and
Ross (73) reported that carbonyl-containing poly(olefin sulfones) such as
poly(5-hexen-2-one sulfone) are sensitive to UV-induced degradation and

Table 3.3. Poly(isopropenyl ketones) as Positive DUV Resists

Resist RS Comments Reference
Poly(methyl isopropenyl 1 ODURI010 (Tokyo Ohka) 66
ketone) (PMIPK) 3  PMIPK + 3,4-dimethoxy 66
benzoic acid
3 PMIPK +sensitizer 53
(ODUR1013)
Poly(isopropenyl ® (scission)(solid) 68, 69
tert-butyl ketone) (PIPTBK) = 0.29 at 313 nm 12 times
higher than PMIPK
Poly(phenyl isopropenyl 10  Copolymer with MMA(28:72) 71

ketone-co-MMA)
[P(PhIPK-MMA)]

NoTE: RS denotes the relative sensitivity to PMIPK.

Table 3.4. Poly(olefin sulfones) as Positive DUV Resists

Effective Spectral Sensitivity
Resist Range (nm) (mJ/cm?) Reference
Poly(butene-1 sulfone) (PBS) 180-200 5 (at 185 nm) 9
Poly(styrene sulfone) (PSS) 240-280 1000 (at 265 nm) 72

Poly(styrene-co-acenaphthalene 250-300 500 (200-400 nm) 72
sulfone)
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Scheme 3.5. Norrish Type I cleavage in PIPTBK.

that the sensitivity can be increased by addition of certain photosensitizers
(e.g., benzophenone).

The incorporation of aromatic groups into DUV resist systems also offers
an increase in dry etch resistance. As the minimum feature size of semi-
conductor devices shrink, anisotropic dry etching is becoming more and
more important in device fabrication. However, positive resist materials that
efficiently undergo main-chain scission upon irradiation generally lack dry
etch durability. This dichotomy of performance requirements is most com-
monly circumvented only in two-component resists, but recently, 1:1 alter-
nating copolymers of styrene and olefins that are tri- or tetrasubstituted with
electron-withdrawing groups (74) have been shown to undergo main-chain
scissioning reactions upon DUV or electron beam irradiation with a sensi-
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tivity comparable to that of PMMA, yet these polymers are as stable in
plasma environments as polystyrene (75).

3.2.2 Negative Resists
3.2.2.1 AZIDE SENSITIZER SYSTEMS
3.2.2.1.a Azide—Cyclized Polyisoprene Photoresists

Photosensitive systems composed of photoactive aromatic azide compounds
and a variety of host polymers have been well known since the 1930s (1a).
Negative photoresists comprising an azide and a cyclized cis-1,4-polyiso-
prene (structure 3.8) as a host polymer, such as Kodak’s KTFR, have been

3.8

widely used in the microelectronics industry. The most commonly used azide
sensitizer for conventional near-UV lithography is 2,6-bis(4’-azidobenzal)-4-
methylcyclohexanone (structure 3.9).

(0]
CAGA®©
N3 N3
CHg
3.9

Cyclized polyisoprene sensitized with an aromatic bisazide generates
an insoluble, three-dimensional network via cross-linking upon irradiation.
The photoinduced reactions associated with the generation of the network
are shown in Scheme 3.6. The primary event is the decomposition of the
arylazide in the excited state into a reactive nitrene intermediate that can
undergo a variety of reactions. The nitrene reactions include nitrene—nitrene
coupling to form azo dyes, insertion into carbon-hydrogen bonds to form
secondary amines, abstraction of hydrogen from the rubber backbone to
form an imino radical and a carbon radical that can subsequently undergo
coupling reactions, and insertion into the double bond of polyisoprene to
form three-membered aziridine linkages (Scheme 3.6).
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Scheme 3.6. Crosslinking reactions in bisarylazide—rubber resists.

The cyclized rubber-bisazide formulations offer high sensitivity, ease
of handling, and wide process latitude. However, the resolution of these
systems is limited by relatively low contrast and the swelling-induced de-
formation of resist patterns during development. Although the cross-linking
reaction renders the polymer insoluble in the developer, the cross-linked
polymer still has an affinity for the developer solvent. Therefore, the cross-
linked regions absorb solvent during development. The resulting increase
in volume, or swelling, causes distortions of fine patterns <2 pm in the form
of “bridging” or “snaking” (Figure 3.20).

Several bisazides with absorption maxima between 240 and 290 nm
have been examined as DUV sensitizers for cyclized polyisoprene (76). The
sensitivity of DUV resist formulated with cyclized polyisoprene and 1 wt %
of 3,3'-bisazidophenyl sulfone (structure 3.10) is 75 times higher than that
of PMMA. These azide DUV resists suffer from the resolution limit imposed
by low contrast and the swelling phenomenon, which is as expected from
the preceding discussion.
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Figure 3.20. Swollen images in a cross-linking negative resist. (Reproduced
with permission from reference 105. Copyright 1986 Electrochemical

Society.)

3.2.2.1.b Azide—Phenolic Resin System

A novel, nonswelling DUV resist was developed by Iwayanagi et al. (77).
This resist, known as MRS (micro resist for shorter wavelengths), consists
of poly(p-vinylphenol) (structure 3.11), an alkaline-soluble phenolic resin,
and an azide (structure 3.10).

——CHy,—CH——

OH

3.10 3.11

Dissolution inhibition occurs upon exposure, and the unexposed portion
of the resist film is dissolved in an aqueous alkali solution in an etching-type
dissolution that is devoid of swelling (78, 79). Because the combined ab-
sorption of the azide and the resin is quite intense in the DUV region, as
shown in Figure 3.21, the photochemical reaction leading to the decrease
in solubility occurs mainly in the upper regions of the film. This situation
is shown in Figure 3.22a, where the resist was exposed in the UV-2 mode
(220-290 nm) on a Perkin-Elmer M500 projection printer (80). The upper
layers of the exposed resist film develop slowly, and the unexposed lower
levels develop at a constant rate. The insolubilized surface layer of the
exposed areas acts as a mask while the alkaline developer removes unexposed
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areas in an etching-type development process. Consequently, resist profiles
change from overcut to undercut with increasing development time. The
resist profiles calculated by the SAMPLE simulation are compared in Figure
3.23 with SEMs of resist images obtained by DUV projection printing (81).

The resist responds to mid-UV as well as DUV radiation. Figure 3.22b
indicates that the exposure in the UV-3 mode (290-340 nm) results in less
undercutting because of the higher transparency in the mid-UV range (80).
However, the resist is less sensitive to the mid-UV than to the DUV by a
factor of 2. Scanning exposure times required for MRS are ca. 20 and 40 s
in the UV-2 and UV-3 mode, respectively, on a Perkin—Elmer M500 printer.
To summarize, the resist offers high sensitivity and nonlinear dissolution
kinetics that lead to a high propensity for undercut profiles when exposed
to the DUV radiation; the resist offers linear dissolution kinetics and low
sensitivity in the UV-3 mode.

One possible solution to this dichotomy is the replacement of the com-
mercial phenolic resin with a resin more transparent in the DUV region.
One such example is an acrylic acid-based resin (82), which lacks dry etching
resistance. Another solution would be to expose the MRS resist simulta-
neously to both DUV and mid-UV radiation without any filter, which leads
to high-resolution surface imaging due to the dominant DUV exposure of
the surface and high aspect ratio imaging due to the deep penetration of the
mid-UV light (Figure 3.24) (83, 84). This mode of exposure offers an added
advantage of decreased exposure time (ca. 15 s on a Perkin—Elmer M500
scanner). An SEM photograph of 1-um lines and spaces obtained by the
broad-band exposure of MRS is given in Figure 3.25 (78). Lin (83) dem-
onstrated the different responses of the MRS resist to monochromatic DUV
KrCl (222 nm) and mid-UV XeCl (308 nm) excimer laser exposures (see
Section 3.4.2).

The undercut profile available from DUV exposure of MRS is, however,
preferred over the overcut profile for anisotropic dry etching on stepped
surfaces as illustrated in Figure 3.26 (83, 85, 86). In this application, the
dimension of etched patterns is determined by the top dimension of the
imaged resist; thus, the topography effect is eliminated. In fact, the top edge
of the undercut MRS resist serves as a mask for anisotropic reactive ion
etching (RIE) as shown in Figure 3.27, where 1-um-tall aluminum patterns
with vertical sidewalls are obtained. The MRS resist is currently being used
in a 1.5-pm aluminum metalization process combining the Perkin—Elmer
MS500 projection printing with RIE (87).

The decrease in solubility upon exposure in this type of resist was first
ascribed to the formation of a secondary amine generated from nitrene in-
sertion into C—H bonds of the polymer (see Scheme 3.6) (88). However, gel
permeation chromatographic analyses revealed that the molecular weight of
poly(p-vinylphenol) increased upon irradiation in the presence of the azide.
Hydrogen abstraction from the polymer by nitrene and subsequent polymer
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Figure 3.23. Cross sectional view of MRS resist as a function of development
time: (a) experiment and (b) simulation. (Reproduced with permission from
reference 81. Copyright 1982 Institute of Electrical and Electronics
Engineers.)
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Figure 3.24. Simulated MRS profiles: (a) The intensity ratio of 256-300-nm
radiation is 1:1. (b) The intensity ratio is 1:3. (Reproduced with permission
from reference 84. Copyright 1983 North—Holland.)

radical recombination results in an increase in the molecular weight of the
polymer, rendering the exposed areas less soluble in aqueous base solutions.
The rapid decrease in the dissolution rate of poly(p-vinylphenol) in alkaline
solution with increasing molecular weight has been separately ascertained
(89).

Several DUV resists based on phenolic resins sensitized with azide
compounds are now commercially available from Hitachi Chemical
(RD2000N) (90), Hunt Chemical (WX303) (91), and Tokyo Ohka Kogyo
(ODURI120).

3.2.2.2 NEGATIVE RESISTS BASED ON POLYSTYRENE DERIVATIVES

Incorporation of aromatic rings into polymer structures results in improve- -
ment in dry etch resistance (43, 44). Consequently, negative resists based
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Figure 3.25. SEM of 1-um lines and spaces printed in MRS resist by broad-
band exposure. (Reproduced with permission from reference 78. Copyright
1981 Institute of Electrical and Electronics Engineers.)
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Figure 3.26. Line width variation caused by overcut resist profiles. This figure
shows images printed in a resist with (left) overcut and (right) undercut resist
profiles. The target etch dimension is L,. In the left figure, topographic features
result in variation in line width Ly > L,. In the figure on the right, with
undercut profiles, the anisotropically etched image is controlled by the di-
mension of the opening at the top of the resist. Hence, both etched dimensions
are the same, L,. (Reproduced from reference 83. Copyright 1983 American
Chemical Society.)

on cross-linking polymers with pendant aromatic groups have been devel-
oped primarily for dry etching applications in electron beam lithography
(92). The incorporation of aromatic rings into polymers provides not only
dry etching resistance but also absorption of DUV and mid-UV radiation
due to the m—m* transitions of the aromatic compounds as mentioned in
section 3.1.2. The DUV lithographic properties of cross-linking polystyrenes
are listed in Table 3.5.
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Figure 3.27. Reactive ion etching with MRS resist as the mask. (Reproduced
with permission from reference 87. Copyright 1985 Society of Photo-Optical
Instrumentation Engineers.)

Table 3.5. Polystyrene-Based Cross-Linking Negative DUV Resists

Resist M, x 10* Comments Reference
Chloromethylated 1.8-56 RS = 3.3-150, 93
polystyrene chloromethylation
(CMS) 0.13-0.98
Chlorinated 3-22 4-0.8-s exposure times 97
poly(m,p-methylstyrene) for a contact printer,
(m-/p-isomer 2:1) (CPMS) chlorine content ~ 20 unit%
Poly(4-c;hlorostyrene) 70 50 mJ/cm?, a (245 nm) = 0.21 pm™* 95
(PCS

NOTE: Abbreviations and symbols are as follows: M, denotes the weight-average molecular
weight, RS denotes the relative sensitivity to PMMA, and a denotes the absorption coefficient.
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Polystyrene, one of the simplest vinyl polymers with a pendant benzene
ring, is a negative-working resist but is much less sensitive than PMMA (93).
Chloromethylation or chlorination of polystyrene has produced a class of
negative DUV resists that exhibits very high sensitivity (Table 3.5). For
example, chloromethylated polystyrene (CMS) with a molecular weight of
1.8 X 10° is reported to be 40 times more sensitive than PMMA (93).
Polystyrene has a weak absorption at about 250 nm and a strong absorption
below 220 nm. The absorption is enhanced and shifted to longer wavelength
by the introduction of the chloromethyl group into the benzene ring. The
absorption in the DUV region increases as the extent of chloromethylation
increases, and, finally, a new peak appears at 230 nm. Increasing the extent
of chloromethylation is accompanied by a deterioration in resolution, which
is attributed to inevitable overexposure of the top layer of the resist film
when adequate dose is delivered to ensure cross-linking of the bottom layer
because of the strong absorption of the chloromethylated benzene chrom-
ophore. The DUV sensitivity of CMS increases with increasing molecular
weight; its contrast decreases with increasing M /M , (ratio of weight-average
molecular weight to number-average molecular weight) as has been reported
for electron beam and X-ray exposures (94). This class of cross-linking pol-
ymers suffers from resolution limitations due to the swelling during devel-
opment. However, use of low-dispersity polymers (93, 95) and judicious
choice of developer solvents (96) can minimize the swelling. A typical ex-
ample is given for chlorinated polymethylstyrene (CPMS) in Figure 3.28
97).

To elucidate the mechanism of cross-linking in CMS, pulse radiolysis
studies (98) and low-temperature electron spin resonance (ESR) studies (99)

Figure 3.28. SEM of 0.8-pm lines and
spaces printed in a 1-pm CPMS resist.
(Reproduced with permission from ref-
erence 97. Copyright 1982 Society of
Photographic Scientists and Engineers.)
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on substituted polystyrene model compounds have been carried out. On
the basis of their ESR studies, Tanigaki et al. (99) proposed new resist
materials: a blend of poly(p-methoxystyrene) and poly( p-chloromethyl-
styrene) and a nonswelling, aqueous base-developable negative resist con-
sisting of poly( p-hydroxystyrene) and a chlorine-releasing compound. A sim-
ilar study was reported by MacDonald et al. (100).

Polystyrene-tetrathiofulvalene (PSTTF) (structure 3.12) is a novel neg-
ative resist developed by Hofer et al. (101) that has high contrast and is
nonswelling. This resist has introduced a new concept in resist design. The
differential dissolution is achieved not through generation of a three-dimen-
sional, cross-linked network, but rather through a change in the polarity of
pendant groups.

-(—CHQ—CH

Q103

Exposure of PSTTF sensitized with a perhaloalkane such as carbon
tetrabromide results in generation of dimeric tetrathiofulvalene bromide salts
(Scheme 3.7) that are polar in nature and, therefore, are insoluble in nonpolar
organic solvents (102).

Consequently, development with a nonpolar solvent selectively dis-
solves the unexposed, nonpolar polymer, providing high-resolution negative
patterns with no evidence of swelling-induced distortion. The PSTTF system
is reported to show good sensitivity to Al Ka X-ray (50 mJ/cm? and electron
beams (10 n.C/cm?) (101). The DUV lithographic performance of PSTTF has
not yet been published.

3.2.3 Dual-Tone Resists

This section discusses recent examples of application of the design concept
embodied in the PSTTF resist (i.e., differential solubility generation through

PSATTF \?
hv
PSTTF —  » :
CBI’4 : (Bf-)g
PS\-TTF

Scheme 3.7. Imaging mechanism of PSTTF resist.
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alteration of the polarity of polymer side-chain groups rather than through
the molecular weight change via backbone scissioning or cross-linking).
These systems do not exhibit resolution loss due to swelling during devel-
opment.

One such DUV resist employs the photo-Fries rearrangement as a
mechanism for achieving the desired change in side-chain polarity. This
system is based on poly( p-formyloxystyrene) (103-105) that undergoes a
Fries-like homolysis and decomposition upon exposure to DUV radiation to
produce poly(p-hydroxystyrene) and carbon monoxide in the exposed areas
(Scheme 3.8). The phenolic photoproduct is soluble in polar solvents such
as alcohol or aqueous base because of the acidity of the phenolic functionality,
whereas the formyl ester precursor in the unexposed areas is completely
insoluble in these solvents. Consequently, development in polar solvents
generates a positive-tone image of the mask. Conversely, the formyl ester
polymer is soluble in nonpolar solvents such as chlorobenzene or anisole,
in which the phenolic photoproduct is completely insoluble. Therefore, de-
velopment in these nonpolar solvents generates a negative image of the
mask.

The SEMs shown in Figure 3.29 were made from a single wafer of
poly( p-formyloxystyrene) that had been exposed on a Perkin—Elmer M500
scanner in the UV-2 mode and then broken in half. One half was developed
in a polar solvent to generate a positive-tone image, whereas the other was
developed in a nonpolar solvent to produce a negative-tone image.

The avoidance of swelling during processing is a necessary but not
sufficient characteristic of a viable resist system for use in micrometer and
submicrometer lithography. For such systems to have practical utility, they
must also function with extremely high sensitivity to maximize productivity.
The efficiency of crucial photochemical transformations is characterized by
the quantum yield for the process expressed as molecules transformed per
photons absorbed. The quantum yield of typical diazonaphthoquinones is
from 0.2 to 0.3. Thus, three or four photons are required to transform a
single molecule of sensitizer. This places a fundamental limit on the pho-
tosensitivity of such systems.

To circumvent this intrinsic sensitivity limitation that quantum efficiency

—CH,—CH-)— hv —CHy—CH——
+ cot

OCH OH

Scheme 3.8. Photo-Fries degradation.
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et
10um250 k

Figure 3.29. (top) Positive and (bottom) negative images projection printed in
a poly(p-formyloxystyrene) resist. (Reproduced from reference 103. Copyright
1984 American Chemical Society.)

imposes on systems that consume at least one photon for every productive
chemical transformation, Ito et al. (105-108) designed resist systems that
incorporate “chemical amplification”. In such systems, a single photoevent
initiates a cascade of subsequent chemical reactions that ultimately express
the intended function. They (105-108) designed new resist materials by
combining chemical amplification to provide very high sensitivity and side-
chain modification to allow processing without resolution loss due to swelling.
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These systems are based on acid-catalyzed thermolysis of side-chain pro-
tecting groups. Examples of polymers that function in this fashion are listed
in Chart 3.1.

The tertiary butyl ester and carbonate groups are particularly useful in
this application because they are sensitive to A ,;—1 hydrolysis that does not
require a stoichiometric amount of water. These materials undergo acid-
catalyzed thermolysis. Consequently, a resist system can be formulated by
casting these polymers from solutions that also contain a substance that

R R
|
—_—
OcoBut OH
o}
+CH,—CH}-, 4CH,—CH}-
© —
(lz'—O—But ("%—OH
0 0
+CH,—CH)-, +CH,—CH}-
 —
? ?
CH,0CH,COBu" CH,0CH,COH
CH, CHg
I I
+CH,-C}-, —_— +CH,—C}-,
I |
c=0 c=0
| . (|)
O Bu! H

Chart 3.1. Tertiary butyl ester polymers useful in designing positive—negative
resists incorporating chemical amplification.
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produces strong acid upon radiolysis. Exposure creates local concentrations
of strong acid such that heating the samples to an appropriate temperature
after exposure causes acid-catalyzed thermolysis in the regions of the film
where the photogenerated catalyst is present but no reaction in the unex-
posed regions of the film.

Examples of such photochemical acid generators are shown in Chart
3.2. These onium salts, which are cationic photoinitiators originally devel-
oped for curing of epoxy resins (109), can be used to formulate cross-linking
negative resist materials (108), are very sensitive to electron beam and
X-ray (105, 107, 108) radiation, and can be sensitized to longer wavelength
radiation (108, 110, 111).

Like the poly(p-formyloxystyrene) resist, the overall reaction in the
tertiary butyl ester resists involves generation of a large change in the polarity
of the side chain. Hence, these materials can be developed as either positive-
or negative-tone resists simply by appropriate choice of the developer. How-
ever, whereas one or more photons are required for each side-chain trans-
formation in poly( p-formyloxystyrene), the photogenerated acid is a catalyst
and is not consumed in the thermolysis reaction. Hence, the quantum yield
for side-chain deprotection is the product of the quantum efficiency of acid
generation multiplied by the catalytic chain length. These systems dem-
onstrate gain and are as much as 2 orders of magnitude more sensitive than
conventional resist systems. SEMs of positive and negative patterns gen-
erated in one of the tertiary butyl ester resists by projection printing on a
Perkin—Elmer M500 aligner are provided in Figure 3.30.

In addition to the polarity change, the tone of certain resist materials
may be reversed simply by changing the wavelength of exposure. For ex-
ample, copolymers of methacrylonitrile and methacrylic acid undergo main-
chain scission when exposed to DUV radiation to provide positive-tone im-

hy
ArNS MXT — ArX + N, + MX__,

h
Arylt MXT ——» Arl + HMX_ + others

h
AryS* MX. —» Ar,S + HMX, +others

n

MX, = BF,, PFG, AsFG, SbF6, etc.

Chart 3.2. Photochemistry of onium salt cationic photoinitiators.
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Figure 3.30. SEMs of (top) positive and (bottom) negative 1-wm images pro-
jection printed in a tertiary butyl ester-onium salt resist. (Reproduced with
permission from reference 105. Copyright 1986 Electrochemical Society.)

ages of the mask. Exposure to mid-UV radiation produces negative-tone
images because, at this longer wavelength, cross-linking occurs through
hydrogen-transfer reactions (112). These copolymers do not have significant
DUV absorption prior to prebake but exhibit a broad UV absorption centered
at 246 nm after prebake at 130 °C due to some cyclization reactions (112).
Therefore, the 130 °C prebake is essential for imparting DUV sensitivity.
A DUV resist based on a diazonaphthoquinone sulfonate of a cresol
novolac resin (low molecular weight resist [LMR]; structure 3.13) was shown
to be a cross-linking negative resist (113). Because of the very high absorb-
ance of the resist film in the DUV region, undercut profiles, which are used
in metal lift-off processes, are typically obtained. The developer for LMR is
a mixture of neutral organic solvents. Exposure of LMR to near-UV light
results in positive-tone imaging. Although the mechanism for the photo-
chemically induced insolubilization is ascribed to a cross-linking reaction,
the polarity change may be responsible for the dissolution differentiation.
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3.2.4 Dry-Developable Resists

Dry-developing resist systems have been sought for some time. The interest
in such materials throughout the semiconductor industry stems from the
potential they provide for higher throughput and higher yields, and from
the consideration of the environmental hazards and waste disposal problem
associated with handling large volumes of developer solvents. The higher
yields result from both a reduction in process steps and the fact that such
materials provide the potential for carrying out exposure, development, and
pattern transfer under high vacuum, thereby reducing defects due to at-
mospheric contaminants and the development process.

3.2.4.1 PLASMA-DEVELOPABLE RESISTS

With the advent of plasma and RIE procedures for the transfer of resist
images into substrates, an effort on the part of resist chemists evolved to
use these new techniques in the generation of primary resist images. In
1979, Smith et al. (114) described the development of a system called PDP
(plasma-developable photoresist) based on the use of a material, the structure
of which has not yet been divulged. In this process, the resist is coated in
the usual fashion and exposed. The exposed film is then subjected to a baking
cycle that produces a relief image (partial thermal development) of negative
tone. This relief structure is then transferred into the underlying substrate
by RIE to produce a negative-tone relief image of the mask (Figure 3.31).

An X-ray resist system that functions in a fashion analogous to PDP has
been described in detail (115, 116). This system is based on poly(2,3-di-
chloropropyl acrylate) as a host polymer and an organometallic monomer,
which is generally a silicon-containing material. Exposure of the resist film
to X-ray radiation results in radical-initiated cross-linking of the polymer and
incorporation of the silicon-containing monomer into the network (fixing).
The resulting film is then heated to remove the unreacted organometallic
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Figure 3.31. A schematic representation of the plasma-developable photoresist
(PDP) process.

monomer except in those areas where it has been covalently incorporated
into the film through the radiochemical reaction. The developing step in-
volves exposure of the baked film to an oxygen plasma. Interaction of the
organometallic group with the plasma generates a refractory metal oxide that
acts as an etch barrier in those areas where it is still present within the film.
In areas where the metallic species is absent, the organic material is rapidly
removed by the oxygen plasma. The consequence of this process is gener-
ation of a dry-developed, negative-tone relief image (Figure 3.32). This
scheme was later extended to the design of plasma-developed negative pho-
toresists using N-vinylcarbazole and a quinone sensitizer (116).

Another class of interesting plasma-developable resists is based on a
host polymer and an organic small molecule (117-119). The optical resist
consists of bisarylazide and an aliphatic matrix resin such as poly(methyl
isopropenyl ketone). Optical exposure of the resist results in nitrene for-
mation, as described previously (Section 3.2.2.1), and subsequent covalent
bonding of the aromatic materials into the aliphatic matrix network. After
exposure, the resist films are heated, and the undecomposed arylazide is
driven out of the film. Negative-tone relief-image formation is achieved by
plasma development of the baked films in an appropriate gas mixture chosen
to optimize the difference in etch rate between aliphatic and aromatic organic
compounds (Figure 3.33). The system has been applied to both electron
beam and synchrotron X-ray lithography (120).

Meyer et al. (121) described a positive-tone, plasma-developable, DUV
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Figure 3.32. Schematic of the plasma-development process.
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resist based on an acrylic copolymer containing silicon side groups that can
be cleaved from the main chain of the polymer by exposure to UV light. In
a subsequent bake step, these photochemically generated, volatile, silicon-
containing species are removed from the exposed regions. The oxygen plasma
etch rate is higher in the exposed areas than the unexposed areas still con-
taining the polymer-bound silicon species. The higher etch rate generates
a positive-tone relief image (Scheme 3.9).

We reviewed plasma-developable resist systems designed on the basis
of the use of an organic film containing a uniform distribution of an organo-
metallic or organic etch barrier precursor, which is removed specifically
from either exposed or unexposed regions after exposure. Another approach
to designing plasma-developable resists is to coat the substrate with an
organic film that lacks a metallic component and, in a subsequent step, to
introduce a metallic species into selected areas of the film.

A conceptually simple example of this approach was described by Ven-
katesan et al. (122). In this scheme, a focused indium ion beam was used to
write a pattern onto the surface of an organic polymer. When the ion-
implanted resist was subjected to oxygen RIE, the surface of the ion-im-
planted regions was oxidized to indium oxide, which functions as an etch
barrier, whereas the areas that were not implanted with indium ions were
etched to the substrate (Figure 3.34). This same approach toward the design
of negative resists was described by Kuwano (123), who used a focused
gallium ion beam and PMMA. In this work, the PMMA layer can be dry
developed with an oxygen—fluorocarbon plasma because both gallium fluor-
ide and gallium oxide are nonvolatile materials.

Taylor et al. (124) described a process in which a bisazide—polyisoprene
resist is exposed to UV light and, in a subsequent step, treated with an

| e i
: CH3—Si—CH2—@ﬁ~CH3 i
|
l CHs N '
______________ | ———d
I
c=o0
¢
cHy [ NcHs”
CHg

Scheme 3.9. Photochemical elimination of a Si-containing side group
for positive-tone plasma development.
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Figure 3.34. Ion implantation for the design of a plasma-developable negative
resist. (Reproduced with permission from reference 122. Copyright 1981 Amer-
ican Institute of Physics.)

inorganic halide such as SiCl, (124). Silicon is reported to be predominantly
incorporated into the unexposed regions (125), and accordingly, this system
yields a positive-tone image when developed in an oxygen plasma. Stillwagon
et al. (126) extended this scheme to a variety of polymer systems in con-
junction with TiCl, and found that the reactivity is markedly dependent on
humidity.

MacDonald et al. (127) used the positive-negative working resist sys-
tems described in Section 3.2.3 in the design of plasma-developable, UV-
sensitive resists. The polymers shown in Chart 3.1 undergo a significant
change in chemical reactivity as well as in polarity upon irradiation. In these
systems, reactive phenolic hydroxyl or carboxylic acid groups are deprotected
as a result of exposure and baking. This difference in chemical reactivity
between the protected and unprotected areas can be converted into a dif-
ferential etch rate by allowing the exposed portions of the polymer to react
with an appropriate organometallic reagent. For example, chlorotrimethyl-
silane, hexamethyldisilazane (HMDS), and bis(trimethylsilyl)acetamide react
with phenolic hydroxyls, carboxylic acids, and other nucleophilic species to
form the corresponding trimethylsilyl derivatives. These silylating reagents
do not react with such compounds as esters and carbonates. Thus, when the
exposed and silylated film is subjected to oxygen RIE, a negative image of
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the mask results (Figure 3.35). Figure 3.36 shows typical SEMs of the relief
images obtained by exposing a 1-pm-thick resist film on a Perkin—-Elmer
M500 scanner in the UV-2 mode, silylating with HMDS vapor, and then
developing with oxygen RIE. As is the case with the resist based on the
interfacial cationic polymerization technique that will be described, the sys-
tems employing onium salts are very sensitive to DUV, electron beam, and
X-ray irradiation because of chemical amplification. Also, these systems can
be readily applied to near-UV lithography by dye sensitization.

Because of the high differential oxygen etch rate between the exposed
and the unexposed regions generated by silylation, this system does not lose
significant film thickness in the exposed and silylated regions during the
oxygen RIE development step. Because of this property, this process can

1. Expose A

#3SSbFg — H SbFg + others

2. Bake :M

e
o\ﬁ/o_*_ OH
(o]
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—_—
OH O—SiRy
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Poly-H — COy, Hy0
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Figure 3.35. Negative plasma-development process via selective silylation of a
positive—negative resist.
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Figure 3.36. SEMs of dry-developed images generated by the process shown

in Figure 3.35: (a) 1.0-um images printed with a Perkin—Elmer M500, UV-2

mode; (b) 0.75-um images printed with a Perkin-Elmer M500, UV-2 mode;

and (c) 0.5-pm images proximity printed with a synchrotron X-ray source.

(Reproduced with permission from reference 127. Copyright 1985 Society of
Plastics Engineers.)
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be extended to a bilayer, dry-developed scheme. In this extension, the
oxygen RIE not only dry develops the relief image in the photosensitive
layer, but also transfers that image into the underlying planarizing layer as
shown in Figure 3.37.

A positive resist can be designed in an analogous fashion by simply
changing the system such that the starting, unexposed film contains a func-
tionality that will undergo silylation, whereas radiolysis of the film destroys
this reactivity. For example, the carboxylic acid group in poly(methacrylic
acid) can be silylated to form a trimethylsilyl ester, but upon ion beam
exposure, this polymer undergoes decarboxylation to yield an unreactive
species. Because treatment with a silylating reagent results in silicon being
incorporated only in the unexposed regions, this process generates positive
images by oxygen RIE development (127).

Postirradiation radical grafting reactions have been applied to the design
of plasma-developable, negative electron beam resists (128). In this scheme,
a polymer film is exposed to an electron beam to generate polymeric radicals
in the matrix, which, when exposed to organometallic monomers, initiate
radical polymerization of the monomer to form a graft polymer in the exposed
areas. Oxygen plasma etches the organic polymer in the unexposed regions
faster than the polymer grafted with organometallic side chains, and negative
images result.

Radical reactions are sensitive to oxygen. To avoid quenching of radicals
by ambient oxygen, Hult et al. (129, 130) used cationic polymerization in
the design of plasma-developable, negative-resist systems. In this scheme
(Figure 3.38), one of the onium salt cationic photoinitiators described pre-
viously (Chart 3.2) is coated directly on substrates or with a radiation-inert
matrix polymer. DUV irradiation results in the formation of strong acids in
the exposed areas. Treatment of the irradiated film with an organometallic
monomer that undergoes cationic polymerization in the vapor phase or in
solution results in deposition of organometallic polymer only in the exposed
areas where the photochemically generated acid initiates the cationic
polymerization. A subsequent oxygen plasma development generates neg-
ative relief images as shown in Figure 3.38. The organometallic polymer is
not grafted onto the host polymer in this case.

3.2.4.2 SELF-DEVELOPING RESISTS

The first example of formation of a resist relief image in the absence of a
wet developing step was reported by Bowden and Thompson in 1974 (131).
They reported that exposure of certain poly(olefin sulfones) to electron beam
radiation resulted in spontaneous relief image formation. When the films
were cast thin enough and the substrates were heated above 90 °C, clean
images were produced in the resist film by exposure alone. They termed
this phenomenon “vapor development”.
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Figure 3.37. Bilayer negative dry-development scheme. The SEM shows the

final image obtained by the bilayer process with a Perkin—-Elmer M500 in the

UV-2 mode. (Reproduced with permission from reference 127. Copyright 1985
Society of Plastics Engineers.)
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Figure 3.38. Bilayer dry process using photoinitiated interfacial polymerization
of a Si-containing monomer.

Ito and co-workers (105, 107, 108) reported a new positive-tone, dry-
developing resist system incorporating two stages of chemical amplification.
The polymer upon which the system is based is a polyaldehyde. Aldehydes
undergo anionic and cationic polymerization in a reversible equilibrium
reaction. Many of these systems have ceiling temperatures well below room
temperature, and the polymerization reactions must be carried out at cry-
ogenic temperatures. If the polymer is isolated or the reaction is warmed,
the product rapidly depolymerizes to the monomer. If, however, these pol-
ymers are end-capped by acylation or alkylation prior to isolation or warming,
they are often quite thermally stable. Aromatic polyaldehydes such as
polyphthalaldehyde are highly soluble in common casting solvents unlike
their aliphatic counterparts. A formulation consisting of the end-capped pol-
yphthalaldehyde, sensitized by addition of onium salt cationic photoinitia-
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tors (109), has allowed imaging of 1-pm-thick films at extremely low doses
of DUV, electron beam, and X-ray radiation to produce clean relief patterns
spontaneously upon exposure without development by solvent, plasma, or
heating. Ito and Willson termed this dry-development phenomenon “self-
development,” in order to distinguish it from the vapor development of
polysulfones, which requires simultaneous heating, and from dry develop-
ment using plasma.

The mechanism by which this system functions involves radiochemical
generation of a strong acid that catalyzes cleavage of the polyacetal main
chain (Scheme 3.10). Because the acid is not consumed in the acidolysis
reaction, a single molecule of acid is capable of cleaving many chains, thus
producing one stage of chemical amplification. The second stage of ampli-
fication is achieved because a single cleavage of the polyacetal chain rees-
tablishes the equilibrium, and the polymer simply “unzips” into the
monomer at a temperature above the ceiling temperature. Under the con-
ditions of exposure, especially under high vacuum, the monomer is volatil-
ized, and spontaneous relief image formation results. Optical micrographs
of the self-developed images are shown in Figure 3.39.

The intrinsic radiation sensitivity of polyphthalaldehyde is low in the
absence of the acid generators, but films of the polymer subjected to electron
beam, X-ray, and DUV exposure exhibit spontaneous high-resolution relief
image formation without a development step (107). Unfortunately, exposure
of the polymer alone does not provide clean self-development under these
radiation conditions. However, high-power excimer laser radiation (in this
case, KrF) of the polymer film results in clean, spontaneous self-development
to the substrate as shown in Figure 3.40 (105). Several polymers such as
nitrocellulose (132) and certain polysilanes (133, 134) were shown to exhibit
self-development under similar exposure conditions. Polymethacrylates
were also shown to be directly engraved by synchrotron X-ray (135) or DUV
irradiation (136, 137). Direct photoengraving of PMMA requires very high
doses of radiation at the fluence available from discharge lamps.

Organic materials strongly absorb below 200 nm. Excimer lasers with
a wavelength below 200 nm have been shown to “ablatively” decompose
organic polymers into small fragments that are expelled out of the film during
exposure. This process will be discussed later (see Section 3.4.4).
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Scheme 3.10. Acid-catalyzed depolymerization of polyaldehyde.
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Figure 3.39. Optical micrographs of self-developed images of a polyphthal-
aldehyde—onium salt resist. (Reproduced with permission from reference 105.
Copyright 1986 Electrochemical Society.)
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Figure 3.40. SEM of positive image self-developed in polyphthalaldehyde by
a KrF excimer laser. (Reproduced with permission from reference 105. Copy-
right 1986 Electrochemical Society.)

3.2.4.3 THERMALLY DEVELOPABLE RESISTS

The third class of dry-developable resists involves heating the exposed resist
films in a development step. This development method does not require
expensive etching tools, is therefore economical, and could alleviate the
potential problem of exposure tool contamination associated with the self-
developing resist systems. Many of the plasma-developable resist systems
involving a relief-bake step, as discussed in Section 3.2.4.1, have the thermal
development characteristics to a certain extent. In the thermally developable
resist scheme, development is minimal during irradiation but completed to
the substrate upon postbaking.

The first example designed on the basis of this concept is poly(olefin
sulfones) sensitized with pyridine N-oxides (138). Positive-tone relief images
were obtained upon postbaking at 100 °C because of depolymerization of
poly(butene-1 sulfone) initiated by energy transfer from the sensitizer.

Another example is thermally depolymerizable polycarbonates that are
sensitized with onium salt cationic photoinitiators (139). As discussed pre-
viously (Section 3.2.3), one of the positive-negative resists based on poly-
styrene with pendant tertiary butyl carbonate protecting groups undergoes
acid-catalyzed thermolysis to generate poly( p-vinylphenol), carbon dioxide,
and isobutene. Therefore, if the tertiary butyl carbonate moiety is incor-
porated in the polymer backbone as a repeating unit, such polymers will
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depolymerize upon heating by reaction with radiochemically generated
acids. Such polycarbonates were prepared by phase-transfer-catalyzed po-
lycondensation of activated carbonyloxy derivatives of tertiary or other re-
active diols with simple diols such as bisphenol A. The polycarbonates are
sensitive to thermolysis and decompose rapidly and smoothly to bisphenol
A, carbon dioxide, and dienes when heated to ca. 200 °C. For the polycar-
bonate resist containing a few percent of triphenylsulfonium metal halide,
exposure of the film to a very small dose of DUV radiation creates a latent
image (acid formation). Upon baking after exposure, development of a visible
image is instantaneous as carbon dioxide and volatile dienes are evolved
(Scheme 3.11). Because bisphenol A is not very volatile at the baking tem-
perature, full development is achieved by removal of bisphenol A by using
isopropanol or aqueous base. High-resolution positive images printed in this
resist on a Perkin—Elmer M500 scanner in the UV-2 mode are provided in
Figure 3.41. New resist systems that undergo clean thermal development
to the substrate are awaited.

3.2.5 Inorganic Negative Resists

Inorganic resist systems form another interesting class of resist materials
(140, 141). The concept of using the GeSe chalcogenide glass as a resist for
microelectronics was first reported by Nagai et al. (142). In subsequent
papers (143, 144), they used light-induced silver migration (photodoping)
for the Ag-GeSe inorganic resist systems, demonstrating that the systems
can provide negative-working optical and electron beam resists with high
contrast.

These workers also demonstrated other unique resist characteristics in
these systems such as no swelling during development, opacity to actinic
light, and resistance to various acids commonly used in microelectronic
fabrication processes. Chang-and co-workers studied AgCl-As,S; inorganic
resist systems with optical (145, 146) and X-ray exposure tools (147). They

ﬁ (|3H3 (|3H3 (ID ?Hs
[
—(—c—o—clz—CHQCHz—clz—o—c—o@——cl:@—o—)—
CHj

H® |
-~ HO ——C|3 —OH + CO, + dienes
CHg

Scheme 3.11. Acid-catalyzed thermolysis of polycarbonate.
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Figure 3.41. SEMs of positive images generated in a polycarbonate—onium salt
resist by thermal development followed by a 2-propanol rinse (Perkin-Elmer
M500, UV-2 mode).
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were the first to report dry development of an As,S;-based resist system
(145).

More recent work on Ag,Se-Ge,Se,_, by Tai and co-workers (140,
148-150) highlighted the value of inorganic resist systems in very large scale
integration (VLSI) microlithography. In their work, the sensitized resist film
was obtained by a two-stage process. Ge,Se,_, chalcogenide glass was evap-
orated or sputtered onto the substrate followed by sensitization with
KAg(CN), to yield a thin (100 A) Ag,Se layer on the surface of Ge,Se,_,
according to the following reaction:

GeSe, + 4KAg(CN), + 8KOH —
2Ag,Se + K,GeO, + 8KCN + 4H;0 (3.1)

Patterning of Ag,Se—Ge,Se, _, resists is depicted schematically in Figure
3.42. The process involves exposure (i.e., photodoping, photobleaching, and
diffusion), stripping of the undoped AgSe layer, and development of the
unprotected Ge,Se,_,. In the exposure step, a latent image is formed via
photodoping of Ag into a thin upper layer of the Ge,Se, _,. Two phenomena
occur during the photodoping process.

1. Because of reduction in the concentration of the light-absorb-
ing Agin the Ag,Se layer, the effective light intensity increases
at the Ag,Se-Ge_Se,_, interface. This photobleaching eflect
enhances the image contrast.

2. A rapid diffusion of Ag in the Ag,Se layer occurs from unex-
posed to exposed areas. The diffusing Ag is itself photodoped
at image edges (Figure 3.43), producing an edge-sharpening
effect that compensates for diffraction effects.

Development of the latent image is also a two-stage process. First, the
undoped Ag,Se layer is stripped by immersion of the wafer in a KI/KI,
solution. Full delineation of negative patterns in the GeSe glass is accom-
plished by development of the unprotected Ge,Se;_,. The Ge,Se,_, film
possesses a phase-separated columnar structure consisting of 200-300-A Ge-
rich and Se-rich columns (149, 151). Two-component developer containing
NaOH and a small amount of S~ anion is used to delineate patterns. GeSe,
is rapidly etched by OH ~, whereas S~ slowly etches the Se-rich phase.

Ceseg + 8HO™ — [GeO4]4- + 283_2 + 4H20 (3'2)
Se + S$*~ — [SeS]*-

The Ge-rich phase of the unprotected area is quickly dissolved, allowing
the Se-rich columns to be attacked from the side as illustrated in Figure
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Figure 3.42. Schematic representation of imaging mechanism of
Ag:Se-Ge,Se, .. (Reproduced with permission from reference 151.
Copyright 1985 Society of Plastics Engineers.)

3.44 (151). The exposed areas are protected from development by the thin
Ag-photodoped layer. Undercutting from the side is impeded by the rela-
tively slow etching of the Se-rich columns. Thus, the thin latent image is
transferred to the full thickness of the Ge,Se,_, matrix by anisotropic, wet
chemical etching. This anisotropic etching development and the unique
edge-sharpening effect contribute to the exceptional lithographic perform-
ance of the Ag,Se-Ge,Se,_, resist system.

This resist exhibits a broad-band spectral response to all regions of UV
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Figure 3.43. Mechanism of edge-sharpening effect. The diagram shows the

profile of light intensity (1), photodoped Ag concentration in GeSe film, and

the concentration of Ag remaining in the Ag;Se layer. (Reproduced with per-
mission from reference 149. Copyright 1982 Electrochemical Society.)

radiation and is opaque to 450 nm. Ong et al. (152) measured the sensitivity
of the resist to the DUV radiation in comparison to PMMA and Hitachi
Chemical RD2000N as shown in Table 3.6. This resist is 10 times more
sensitive than PMMA.

Vacuum-deposited Ge,Se;_, film do not smoothly cover topographic
substrate surfaces. Tai et al. (140, 150, 153) combined the thin Ag,Se—
Ge,Se, _, resist film with a thick planarizing organic layer to form a multilayer
resist system. The resolution of the bilevel resist system is extremely high.
Tai et al. (149) addressed the lithographic implications of this inorganic resist
system in terms of resolution limit, field size, defocus tolerance, effects of
coherency, line width control, multilevel resist compatibility, and registra-
tion accuracy. An extrapolated resolution capability of 0.25 pm has been
suggested at 220 nm with a lens NA of 0.35 (152).

One problem with inorganic resist systems is that troublesome depo-
sition techniques are required. Development of high throughput and high
quality, automatic deposition equipment capable of producing defect-free
GeSe films would be indispensable for the application of inorganic resist
systems to device manufacturing. The Ag-doped systems are sensitive to
long wavelength light; hence, their use requires special handling. There are
also concerns about the potential for Ag contamination of semiconductor
devices.
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Figure 3.44. Schematic representation of anisotropic wet chemical etching of
Ge,Se,-.. (Reproduced with permission from reference 151. Copyright 1985
Society of Plastics Engineers.)

Table 3.6. DUV Sensitivity of Ge.Se,-. Resist

Resist 260 nm 220 nm
Ge.Se; -, 72 48-56
RD2000ON (1 pwm) 48¢ 36°
PMMA (1 pm) 1500%, 500¢

Note: All values are exposure energy (mJ/cm?).

“Conditions were as follows: 120-s development in 1:4 MF312/
H 20.

Conditions were as follows: 60-s development in methyl isobutyl
ketone.

“Conditions were as follows: 60-s development in chlorobenzene.
SoURCE: Reproduced with permission from reference 152. Copy-
right 1982 Electrochemical Society.
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3.3 Applications
3.3.1 Multilayer Resist Systems

Although 5:1 and 10:1 reduction step-and-repeat aligners with high NA are
useful in manufacturing devices with 1-pm features, the high throughput,
low-NA, full-wafer 1:1 projection aligners that operate in the near-UV do
not provide comparable image contrast at these dimensions. Thus, 1:1 pro-
jection aligner manufacturers have offered products operating in the mid-
UV to DUV regions (Section 3.1.3.2). Even with the improved resolution
available at shorter wavelengths, the utility of low-NA aligners (e.g., NA =
0.14 in the Canon MPA520, and NA = 0.16 in the Perkin—-Elmer M500) at
submicrometer levels is marginal. The combination of increased topography
and operation so near the resolution limit seriously hampers engineers in
their attempts to develop stable processes. Thus, the development of new
resist materials and processes that extend the capability of UV lithography
is essential.

One viable approach to the extension of photolithography to the sub-
micrometer domain is the use of multilayer resist schemes (83, 86, 153—156).
Various multilayer systems have been proposed, all of which have in common
the generation of images in a thin layer of resist followed by transfer of the
images into a thick, planarizing, underlying polymeric film (Figure 3.45).
The planarizing layer minimizes the effects of topography and reflection.
After a thin film of a resist coated on the thick planarizing layer is imaged
in a standard fashion, it is used as an exposure or etch mask for patterning
the bottom layer. As illustrated in Figure 3.45, the image transfer into the
planarizing layer may be accomplished by DUV blanket exposure, by oxygen
RIE, or by wet development. Because the image delineated in the top resist
acts as a mask, always conforms to the planarizing layer, and is portable with
the wafer, this sort of process has been termed “portable conformable mask”
(PCM) by Lin (83, 86).

PCM systems can alleviate problems associated with topography and
reflection. A thin imaging layer allows higher resolution than a thick imaging
layer of the sort used in the single-layer resist process. In addition, aniso-
tropic transfer of a top resist image into a thick planarizing layer produces
high aspect ratio images in PCM systems as shown in Figure 3.45. Two
important DUV applications can be found in multilayer resist systems:

® DUV flood exposure for the exposure-PCM scheme and
® DUYV imaging for the RIE-PCM scheme.

3.3.1.1 DEEP-UV BLANKET-EXPOSURE-PCM SYSTEMS

DUYV contact printing offers a potential for delineating submicrometer fea-
tures with high aspect ratio (Figure 3.19), but suffers from mechanical defects
caused by the intimate contact between a mask and a resist film. In contrast,
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optical projection printing offers a freedom from such defects and a high
alignment accuracy but suffers from low contrast in image intensity profiles
at the resist surface caused by diffraction of light in projection optics (Figure
3.14). An elegant combination of the advantages of the two printing methods
led to the exposure-PCM technique, first described by Lin (157). In this
scheme, a thin resist layer that is opaque in the DUV region is spun on top
of a thick, planarizing, DUV resist layer. The top layer is first imaged by an
optical projection aligner and then serves as a mask for the bottom DUV
resist that can now be flood exposed to DUV radiation (Figure 3.45).

Lin chose AZ1350] as a top imaging resist because of its high opacity
in the DUV region (158) and PMMA as a bottom planarizing layer (157).
The top layer can be imaged by electron beam exposure as well as by optical
projection (159). The bottom PMMA image can be developed in chloroben-
zene or toluene, with the top resist cap retained, or in MIBK, which dissolves
the cap, to provide capped or uncapped structures, respectively (Figure
3.45).

The capped configuration is preferred over the uncapped one for sub-
sequent RIE applications because PMMA has less etch resistance than ar-
omatic materials (43, 44). On the other hand, MIBK development provides
higher contrast than development in chlorobenzene or toluene. Figure 3.46
exhibits uncapped 0.85-pum lines delineated in 1.9-wm-thick PMMA. Figure
3.47 shows capped images obtained with 0.3-pwm-thick AZ1350] on 2-pm-
thick PMMA. The top resist layer was imaged by electron beam exposure
(30 pC/cm? in both cases (159). Considerable effort has been devoted to
the design and application of the exposure-PCM system since Lin’s report.
Table 3.7 summarizes the exposure—-PCM systems based on the diazoqui-
none resist—-PMMA two-layer scheme.

One problem associated with the PCM scheme is that during application
of a photoresist such as AZ1350] onto a PMMA film, a thin layer of PMMA
is redissolved and mixed with the photoresist so that a thin interfacial layer
is formed that remains after development of the photoresist layer and inhibits
proper exposure and development of the PMMA layer. Because the PMMA
developer, such as chlorobenzene or toluene, used in the capped process is
chosen to be a nonsolvent for the photoresist, such a solvent cannot remove
the interfacial layer. Therefore, some process, like plasma treatment, is
required to remove the interfacial layer prior to the blanket exposure of the
bottom PMMA layer (83, 85).

MIBK used in the uncapped process dissolves the interfacial layer.
However, attenuation of DUV light due to the novolac resin in the interfacial
layer, coupled with the intrinsic, low sensitivity of PMMA developed in
MIBK (see Table 3.6), demands prolonged blanket DUV exposure. This high
dose of DUV leads to excessive cross-linking and photooxidation of the no-
volac resist (53, 166—169) and, consequently, to incomplete removal of the
top resist during the development of PMMA in MIBK. Lin et al. (85) re-
ported that a soak in methanol/water (1:1) prior to the MIBK development
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Figure 3.46. Uncapped resist image (0.8-wm lines separated by 2.4 wm) printed

in 1.9-um-thick PMMA by DUV blanket exposure with 0.2-um-thick AZ1350]

as a PCM. (Reproduced with permission from reference 159. Copyright 1979
American Institute of Physics.)

2 um fe=>{}=«-0.3 um

Figure 3.47. Capped resist image obtained with a DUV PCM system. (Repro-
duced with permission from reference 85. Copyright 1981 American Institute
of Physics.)
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facilitates the cap removal. Bartlett et al. (163) used Kodak 809 as the top
imaging resist and removed it in a metal-free alkaline developer after blanket
DUYV exposure and before PMMA development in MIBK; thus, the inter-
facial layer problem in the uncapped process was overcome.

Wijdenes and Geomini (170) examined the effects of the phenolic resin
composition, its molecular weight distribution, solvent composition, and
prebake temperature on the interfacial layer formation. They found that
combined use of poly(p-vinylphenol) (structure 3.10) as matrix resin and
cyclohexanone as the casting solvent in the diazoquinone resist formulation
minimizes mixing of the two layers and yields a capped PCM structure
without any plasma treatment.

Another problem with the PCM process stems from reflections from
substrate surfaces, which cause line width variations in the masking resist
exposure. O’'Toole et al. (171) demonstrated that even the PCM scheme
suffers from line width variations due to reflections from the topographic
structures on the wafer. They minimized the effect of the reflected light by
dyeing the bottom planarizing layer in a three-layer RIE-PCM scheme.
Hewlett—Packard manufactures VLSI NMOS (n-channel metal oxide semi-
conductor) chips in an uncapped PCM process by using Kodak 809 and a
dyed planarizing layer (163, 172). A coumarin dye, coumarin 6 (structure
3.14), was chosen because this dye strongly absorbs at the imaging wave-

ST

RN SN
NEt, 0”0
3.14

length, is transparent at the alignment wavelength, and does not prevent
exposure of PMMA (Figure 3.48). The NMOS III chips in Hewlett—Packard’s
HP9000 32-bit computer are manufactured by this bilevel-dyed DUV PCM.
Various modifications of the basic diazoquinone resist—~PMMA combination
in the bilayer blanket-exposure—PCM system have been proposed. Modified
PCM systems are summarized in Table 3.8.

The bottom PMMA layer can be replaced with more sensitive DUV
positive resists such as IMMA-OM) and PMIPK (cf. Section 3.1.2) to reduce
blanket-exposure time. Conventional positive photoresists are opaque
enough below 250 nm to act as an excellent mask for the image transfer
exposure of PMMA, which is sensitive to the DUV radiation ranging from
200 to 230 nm. On the other hand, PMIPK is most sensitive in the range
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Figure 3.48. UV transmission characteristics of dyed PMMA and Kodak 809
resist as a function of wavelength. (Reproduced with permission from reference
173. Copyright 1984 Society of Photo-Optical Instrumentation Engineers.)
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of 290-310 nm, where the novolac resists are transparent enough to render
the mask useless for PMIPK exposure (Figures 3.10 and 3.11). Therefore,
incorporation of a dye with absorption centered at about 300 nm is required
to make the resist film more opaque at the wavelength of PMIPK exposure.
Bispyridylethylene (structure 3.15) (A, = 300 nm) has been found to be
a good dye in Kodak 809 for this PMIPK PCM scheme as shown in Figure

3.49 (173).
N@—CH=CH—©N

3.15

Lin et al. (177) replaced PMMA with IBM terpolymer resist (a terpol-
ymer of MMA, methacrylic acid, and methacrylic anhydride developed as
an electron beam resist), which has a higher thermal stability and a higher
DUV sensitivity.

Another interesting, DUV-sensitive, planarizing layer for the expo-
sure-PCM scheme is poly(dimethyl glutarimide) (PMGI) (structure 3.7).
Exposure of PMGI to DUV light or electron beam radiation results in main-
chain scission; therefore, this resist is positive working.

A totally aqueous-base-developable bilayer PCM system that takes ad-
vantage of the high thermal stability, aqueous-base solubility, and high sol-
vent resistance of PMGI has been reported (64, 65). The glass transition
temperature (T,) of PMGI is ca. 189 °C; consequently, the resist image is
thermally stable to this temperature. The acidic N-H groups render PMGI
soluble in aqueous base with the dissolution properties similar to those of
novolac resins. This polymer is sparingly soluble in common organic solvents.
This characteristic results in minimal interfacial mixing between a top im-
aging layer and the bottom planarizing layer. The significant absorption of
PMGI in the DUV region to 280 nm necessitates the incorporation of a dye
into a diazonaphthoquinone photoresist to render the imaging layer more
opaque in the 250-nm region. SEMs demonstrating the thermal flow re-
sistance and high aspect ratio PCM patterning are provided in Figures 3.50
and 3.51.

In the PCM systems just described, both top and bottom resists are
positive working. Residual exposure of a bottom positive resist during UV
or electron beam imaging of a positive top resist is acceptable. However,
when a negative resist is used as the top layer, the residual exposure may
reduce the contrast of a bottom positive resist. The several PCM systems
involving the use of a negative resist as a top layer listed in Table 3.8 (imaging
layers 3-6) indicate that if there is a sufficient sensitivity difference between
the top and the bottom resists, the residual exposure can be tolerated.
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Figure 3.49. UV transmission characteristics of dyed PMIPK and dyed Kodak
809 resist in a mid-UV exposure-PCM scheme. (Reproduced with permission
from reference 173. Copyright 1984 Society of Photo-Optical Instrumentation

Engineers.)
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Figure 3.50. SEMs of a PMGI pattern obtained by DUV exposure. (Reproduced
with permission from reference 64. Copyright 1985 Society of Photo-Optical
Instrumentation Engineers.)

Lin et al. first reported a negative top resist PCM system with PSTTF
(structure 3.12; Section 3.2.2.2) as an imaging layer. The PSTTF-PMMA
system offers two advantages over the AZ1350]-PMMA system (174):

1. formation of a capped structure with the high-contrast devel-
opment of PMMA in MIBK, and

2. no interfacial mixing.

The same advantages have been obtained with other systems that use
a negative resist as an imaging layer. These systems include MRS-PMMA
and Ag,Se-GeSe-PMMA systems (Table 3.8) that are reportedly free from
reflection problems due to the intense absorption of imaging UV irradiation
by the top resist layer. Figure 3.52 demonstrates patterns generated in the
capped PCM mode in 0.4-pm-thick MRS and 1.2-pm-thick PMMA layers
coated on a 0.7-pm-stepped SiO, substrate (19).

An isolation layer can be incorporated between the two layers to alleviate
the interfacial mixing problem. Table 3.9 summarizes such three-layer PCM
systems composed of a diazoquinone resist, an isolation layer, and PMMA.
The use of aluminum, amorphous silicon, and a spin-on antireflective coating
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Figure 3.51. SEMs demonstrating thermal stability (180 °C) of a PMGI pattern.
(Reproduced with permission from reference 64. Copyright 1985 Society of
Photo-Optical Instrumentation Engineers.)

- - - ' nie l r
' -
e JEmi
Nominal 0.75- micrometer Nominal 1.0- micrometer
Lines and Spaces Lines and Spaces

Figure 3.52. Patterns formed in a bilayer resist system consisting of a 1.2-pm-

thick planarizing layer of PMMA and a 0.4-wm-thick RD200ON imaging resist.

(Reproduced with permission from reference 19. Copyright 1984 Technical
Publishing.)
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Table 3.9. Three-Layer DUV Flood Exposure—PCM Systems

Isolation Planarizing
Imaging Layer Layer Layer Imaging Reference
AZ1350] Al PMMA E-beam 159
AZ1350] a-Si¢ PMMA Stepper, 178
E-beam
Microposit 1400-17 ARC PMMA Stepper 179
Kodak 820 ARC PMMA Stepper 180

“a-Si is amorphous silicon.

(ARC) as the isolation layer has been reported. Attractive among the isolation
materials is the ARC, because all of the layers can be obtained by spin
casting. The ARC is a thin organic coating composed of a polyamic acid and
dyes for near-UV projection lithography that reduces the reflection effect in
diazoquinone positive resists (181). The ARC absorbs strongly at the near-
UV exposure wavelength to eliminate detrimental effects of standing waves
and scatterings from the surface topography in the top resist layer. The ARC
layer can be etched away during the alkaline development of the top resist.
Because the properly baked ARC film does not interact with either the
bottom PMMA or the top photoresist, chlorobenzene development of
PMMA produces a capped structure desirable for RIE processes without
cumbersome plasma descumming. The major limitation of this PCM scheme
seems to be the narrow process window of the ARC layer. Careful control
of baking conditions is necessary to avoid severe erosion of the ARC layer
during the alkaline development of the top resist layer because the ARC
material is not photosensitive and is etched isotropically in base. Overbaking
renders the ARC totally insoluble.

3.3.1.2 DEEP-UV IMAGING AND RIE-PCM SYSTEMS

A PCM system that uses RIE to define patterns in a thick planarizing layer
was first reported by Havas for the metal lift-off process (182). Moran and
Maydan (183, 184) fully demonstrated the versatility and process compati-
bility of this system. In the trilevel RIE-PCM system, the thin top resist
is patterned in the standard fashion. The relief image is then transferred by
RIE through an intermediate layer, which then serves as an oxygen RIE
mask for the thick bottom layer (Figure 3.45). Hard-baked novolac resists
or hard-baked polyimides are commonly used as the planarizing layer. In-
termediate layers used in various trilevel systems include vacuum-deposited
films of SiO,, SizN,, Si, Ge, spun-on films such as “spin-on-glass”, and
soluble titanium complexes. Moran and Maydan (184) demonstrated the use
of electron beam, X-ray, refractive near-UV projection, and reflective near-
UV projection for imaging of the top resist and addressed the benefit of the
trilevel RIE scheme in each lithography technique.

DUV lithography can also benefit from the RIE-PCM scheme. Table
3.10 summarizes multilayer RIE systems that use DUV exposure to image
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the top resist. Most of the efforts in this area have been devoted to the
design of simple, bilayer RIE-PCM systems, as Table 3.10 shows.

The intermediate layer in the trilevel scheme can be eliminated if the
top layer offers sufficient oxygen RIE resistance as well as imaging capability.
Inorganic resist systems are quite suitable in this respect. Figure 3.53a shows
profiles of 0.75-pm line and space arrays delineated in a hard-baked pho-
toresist with Ag,Se—Ge,Se,_, a mask, which was exposed in the UV-2 mode
on a Perkin—Elmer M500 scanner (152). A 50% change in exposure time of
this resist still results in adequate resolution of 0.75-pm lines and spaces
with reasonable line width control. Ong et al. (152) estimated that 0.65-wm
line and space features could be resolved in this resist system with the
scanner operating in the UV-2 mode, although 0.5-um line and space pat-
terns were not resolved. When the inorganic resist was exposed to the broad-
band radiation, 0.75-pm features were resolved (Figure 3.53b), and the
exposure time was 4 times faster than in the UV-2 mode.

Resist materials composed of organic polymers do not possess sufficient
plasma etching durability to function properly as masking layers for the
etching of thick planarizing polymer layers (197). To simplify the RIE-PCM
scheme, various organometallic resists that offer both imaging capability and
oxygen RIE resistance have been developed (Table 3.10). In general, all of
the systems contain a significant weight percentage of an element that forms
a refractory oxide upon reaction with oxygen plasma. When these organo-
metallic resists are placed in an oxygen plasma, a thin layer of nonvolatile
oxide is generated on the surface that is impervious to further oxygen etching
(198) and acts as a mask for the anisotropic etch transfer of the top image
into the thick polymer planarizing layer.

The use of organometallic polymers in the bilevel RIE-PCM scheme
was first reported by Shaw et al. (185). They used polysiloxane (structure
3.16) as a negative-working electron beam imaging layer. The etch rate ratio

T1 Ts

Si—O0—Si—0

R, R4
3.16

of AZ1350] to polysiloxane in an oxygen plasma is reported to be 50:1,
indicating that only a 40-nm-thick polysiloxane layer would be sufficient to
protect a 2-pm-thick novolac resist. Figure 3.54 shows high aspect ratio 0.4-
pm lines imaged in the poly(dimethyl-diphenylvinylsiloxane)-hard-baked
AZ1350] system. Incorporation of a chloromethyl group into the benzene
ring of polydiphenylsiloxane improves the DUV sensitivity as described in
the case of chloromethylated polystyrene (CMS) (see Section 3.2.2.2). A high
sensitivity (10 mJ/cm? 254 nm) has been reported for chloromethylated
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Figure 3.53. SEMs of 0.75-wm lines and spaces projection printed with a GeSe
bilayer system: (a) UV-2 mode and (b) broad-band exposure. (Reproduced with
permission from reference 152. Copyright 1982 Electrochemical Society.)
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Figure 3.54. High aspect ratio images obtained by oxygen RIE pattern transfer
with a polysiloxane as an etch mask. (Reproduced with permission from ref-
erence 185.)

polydiphenylsiloxane (186, 187). This material has a T, room temperature,
whereas polydimethylsiloxane is a grease at room temperature.

The high oxygen plasma resistance of trimethylsilyl- and trimethylstan-
nylstyrene polymers has been combined with high DUV sensitivity through
copolymerization with chlorinated or chloromethylated styrene polymer
(188-191) to provide another example of an imageable oxygen etch barrier
material. A very high sensitivity of 5.5 mJ/cm?® 254 nm has been reported
for a 1:1 copolymer of trimethylstannylstyrene and p-chlorostyrene (189)
(structure 3.17). Electron spectroscopy for chemical analysis (ESCA) (189)

—~~CHy—CH——~CH,—CH-}-

.

CH3z—M—CH3 R
|
CHj
M = Si or Sn
R = ClI or CH,CI
3.17

and Auger electron spectroscopic studies (190) showed that silicon or tin in
a variety of oxidation states generates an effective oxygen etch barrier. The
ESCA spectra shown in Figure 3.55 demonstrate that after oxygen RIE
treatment of polytrimethylsilylstyrene, the binding energy of the Si 2p tran-
sition increases by 2.7 eV, indicating the formation of SiO,, where x has a
value between 1.5 and 2. MacDonald et al. (189) found that the incorporation

In Electronic and Photonic Applications of Polymers; Bowden, M., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1988.



Publication Date: October 1, 1988 | doi: 10.1021/ba-1988-0218.ch003

3. IWAYANAGI ET AL.  Deep-UV Lithography 195

| 1 1 L I I I I

( CHZ—CH )y

Si2p
Si (CHg),

Intensity (Arbitrary Units)

Oxygen Plasma
Treated
——/ /

| Il ] I | | 1 |
106 105 104 103 102 101 100 99 98 97

Binding Energy (eV)

Figure 3.55. ESCA spectra of polytrimethylsilylstyrene before and after oxygen
plasma treatment, showing formation of SiO,. (Reproduced with permission
from reference 189. Copyright 1983 North—Holland.)

of a small amount of Si (3 wt %) into an organic polymer has a substantial
effect on the oxygen plasma etch rate, and that the incorporation of approx-
imately 10 wt % Si is sufficient to produce an effective etch barrier. Reich-
manis and Smolinsky (195) reported a similar trend in a Si-containing
positive-working methacrylate resist system in which Si ranged from 0 to
17.5 wt %. Under their etching conditions, incorporation of approximately
7 wt % Si produced an effective etch barrier. These results suggest that if
the Si content is above a threshold value, which is dependent on the specific
etching conditions, an effective etch barrier is formed even though the bulk
of the resist system is organic in nature.

Polysilanes, a class of Si-Si backbone polymers, have attracted much
attention because of their lithographic potential. They have been shown to
function as high-resolution, positive DUV and mid-UV resists. A unique
photochemistry with high quantum yields and nonlinear photobleaching was
reported by Hofer et al. (192) and by Miller et al. (193). Backbone scission
of polysilanes upon irradiation leads to a decrease in chain length, an ac-
companying blue shift of absorption maximum, and a reduction in the ex-
tinction coefficient. The spectra in Figure 3.56 show the photobleaching and
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Figure 3.56. UV spectra of an aliphatic polysilane demonstrating bleaching
and blue shifting. (Reproduced with permission from reference 192. Copyright
1984 Society of Photo-Optical Instrumentation Engineers.)

blue shift typically observed upon exposure of aliphatic polysilanes. The
researchers used aliphatic polysilanes (structure 3.18) as a thin imaging layer

L
—6—?i~>n—
R
3.18

for bilevel oxygen RIE image transfer. High aspect ratio patterns imaged in
an aliphatic polysilane—hard-baked photoresist system are shown Figure
3.57, where the top resist was imaged at 313 nm at a dose of 100 mJ/cm*
a 1:1 projection printer (structure 3.19). Nate et al. (194) reported use of

?H3?H3
—{—?r—sr—<:::>—};
|
R R
3.19

poly( p-disilanylenephenylene) (structure 3.19) for patterning polyimide by
the bilevel oxygen RIE technique. Three-layer RIE-PCM systems obtained
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l ym23508 Kk 108E4

Figure 3.57. SEMs of high aspect ratio images transferred into a hard-baked

photoresist by oxygen RIE after mid-UV projection printing of a 0.25-pum-

thick polysilane resist. (Reproduced from reference 193. Copyright 1984 Amer-
ican Chemical Society.)
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by using a negative DUV resist MRS as the imaging layer have been reported
(Table 3.10, RD2000N) (87, 196).

Multilayer resist systems can improve the performance of optical, elec-
tron beam, X-ray, and ion beam lithography (83, 86). Whereas these schemes
increase processing complexity, they appear to be gaining popularity and
are currently used in several manufacturing areas. Both DUV blanket-ex-
posure—PCM and DUV imaging and RIE-PCM schemes are strong candi-
dates for submicrometer lithography.

3.3.2 Deep-UV Hardening

DUV blanket exposure of novolac photoresists significantly reduces thermal
deformation of resist images during high-temperature treatments such as
those currently practiced in semiconductor manufacturing. The DUV-hard-
ening effect was first observed independently by van Pelt (53) and by Hiraoka
and Pacansky (166, 199, 200). In the course of AZ1350]-PMMA PCM ex-
periments, van Pelt (53) found that DUV blanket exposure rendered the
photoresist insoluble in organic solvents and effectively reduced thermal flow
of the resist image to 200 °C. This thermal stability of DUV-cured positive
photoresists was first ascribed to the generation of indenecarboxylic acid or
its salt (199, 200). Photochemical (168, 169) and processing (201, 202) studies
later revealed that the thermal stability of resist patterns after DUV exposure
is due to the formation of a surface skin layer of photocross-linked and
photooxidized novolac resin.

Figure 3.58 (left) shows a cross section of AZ1470 photoresist images
that were exposed with a low-pressure Hg lamp after normal patterning and
then baked for 30 min at 180 °C. Figure 3.58 (right) shows a cross section
of resist images that were irradiated with a Hg lamp by using a glass filter
to remove DUV radiation. Even the standing wave patterns on the resist
side wall are intact in the DUV-cured sample. Near-UV exposure (A > 300
nm) of novolac resist patterns does not result in the formation of a cross-
linked surface layer. If the DUV-hardened surface layer is removed by an
oxygen plasma treatment, the underlying layers behave the same as patterns
that received only near-UV exposure (201, 203).

DUV exposure of poly( p-substituted styrenes), such as poly( p-chloro-
styrene), poly( p-chloromethylstyrene), and poly( p-hydroxystyrene) [poly( p-
vinylphenol)] (structure 3.11), in air leads to photocross-linking and pho-
tooxidation. Consequently, DUV hardening is applicable to resists based on
these polymers as well as novolac-based resists (168, 169).

3.4 Excimer Laser Lithography
3.4.1 Lithography with Traditional Lasers

One application of lasers to lithography is a maskless patterning technology.
In this application, the spatial coherence of the laser is the essential property;
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Figure 3.58. SEMs demonstrating UV hardening of a photoresist. Top, AZ1470
patterns baked at 180 °C for 30 min after exposure to a low-pressure Hg lamp
containing DUV output and bottom, AZ1470 patterns under the same condi-
tions except that the patterns were exposed through a glass filter. (Reproduced
with permission from reference 201. Copyright 1982 Electrochemical
Society.)
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a single-mode beam allows optimal focusing of a small spot on the substrate
(14). Maskless patterning of ceramic substrates for hybrid integrated circuit
and wiring patterns in multilevel printed circuit boards has been reported.
In these systems, a laser beam is focused onto a resist-coated wafer. The
spot is blanked and scanned by precisely moving the substrate and/or optical
deflection systems to delineate the desired patterns in the photoresist. Fo-
cused laser lithography is a direct-write method, similar to electron beam
lithography. Such direct-write techniques have several problems:

® The laser sources have been limited to continuous wave be-
cause of the scanning nature of the exposure. Reliable contin-
uous wave lasers currently available have limited power in the
Uv.

® Technical problems associated with building high-speed, two-
dimensional optical deflection systems become more formi-
dable as the resolution requirements become tighter.

® The process is serial in nature, requiring pixel-by-pixel ex-
posure, and therefore has limited throughput.

The use of a focused UV laser beam to produce micrometer-size chem-
ical processes on solid surfaces has been reported. These processes are
initiated by the photodissociation of a molecular gas in the vicinity of the
gas—solid interface. Depending on whether the active photofragment reacts
with or is adsorbed on the solid, microetching or microdeposition respec-
tively, occurs. The spatial resolution of this process is determined by

® the laser beam spot size,
® the spatial confinement of the resulting excitation, and
® the reciprocity of the surface chemical process.

Deposition and etching of Si can be accomplished at line widths <0.4
pm (204). Practical applications of this laser microchemical processing in-
clude ohmic contact formation on p-InP (p-type indium phosphide) and
hard-surface-mask repair (205). Further details on recent applications of this
process can be found (204-206).

3.4.2 Contact Printing with Excimer Lasers

As mentioned in Section 3.1.2, attractive UV sources for lithography are
those that produce high power and poor spatial and temporal coherence.
Jain and co-workers (13-15) demonstrated that excimer lasers provide ex-
cellent quality, speckle-free images with resolution to 0.5 pwm in a contact
mode. The images were obtained in 1-pm-thick diazoquinone photoresists
such as AZ2400 with a XeCl laser at 308 nm and a KrF laser at 248 nm
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(Figure 3.59). They also showed that standing wave effects, though not totally
absent, were barely noticeable despite the quasimonochromaticity of the
excimer laser radiation.

Exposures of PMMA with an ArF laser at 193 nm were reported by
Kawamura et al. (207). The laser beam was focused by a convex lens to
increase the power density. The laser beam dose incident on the resist film
was 930 mJ/cm?, delivered in 20 nsec. Kawamura et al. were able to image
0.5-pm lines without interference patterns.

Excimer laser lithography has been extended into the vacuum-UV
(VUV) region with the use of a F, excimer laser operating at 157 nm and a
new mask technology (208). Because the conventional mask technology using
quartz substrates cannot be employed, alkaline-earth halide substrates (e.g.,
CaF,) that have high transmittance at 157 nm were used to fabricate masks.
As shown in Figure 3.60, the exposure was carried out either in vacuum or
in a cell purged with inert gases that do not absorb light at 157 nm. PMMA
and a copolymer of methyl methacrylate (MMA) and methacrylic acid,
P(MMA-co-MAA), developed as an electron beam resist (209), were exposed
in the 157-nm patterning experiments. The transmittance of PMMA at 157
nm decreases as the film is exposed, preventing exposure of the lower level
of the PMMA film. PMMA films thicker than 100 nm were not fully de-
veloped. In contrast, P(IMMA-co-MAA) becomes increasingly transparent
with exposure. Features as small as 0.15 pm were generated by contact
printing with use of this resist at 157 nm.

Experiments with the KrF laser (248 nm) and the inorganic resist
Ag,Se-GeSe, were reported by Polasko et al. (210). These researchers ob-
tained well-controlled 0.5-wm line space arrays by contact printing using a

Figure 3.59. SEMs of images obtained by contact printing with excimer lasers:
(@) 0.5-um lines and spaces obtained with XeCl laser at 308 nm (two pulses,
each 50 mJ/cm?), and (b) 1.5-wm features obtained with a KrF laser at 248
nm ( five pulses, each 25 mJ/cm?). (Reproduced with permission from reference
15a. Copyright 1982 Institute of Electrical and Electronics Engineers.)
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Figure 3.60. Schematic diagram of a VUV excimer laser system for contact
lithography with 157-nm radiation. (Reproduced with permission from ref-
erence 208. Copyright 1983 American Institute of Physics.)

chromium-on-quartz mask. By increasing the fluence to 520 kw/cm?, they
found that the required dose could be lowered from 130 to 5.2 mJ/cm?.
This result signifies a 250-fold improvement relative to the value obtained
with Hg arc illumination at 430 nm. Because contact printing suffers from
damage to the mask and resist films resulting from frequent mask-wafer
contact, projection printing systems using excimer lasers are being studied
by several groups.

3.4.3 Projection Printing with Excimer Lasers

The first demonstration of projection lithography obtained with a UV laser
was reported by Lacombat et al. (211). The laser they used as an illumination
source was not an excimer laser but a 413-nm Kr laser with spatial coherence.
Because the spatial coherence of a source depends directly on the source
size (the larger the source, the less spatially coherent it is), they used a
scanning laser beam system with two rotating mirrors (Figure 3.61) to reduce
speckle. By scanning areas of various sizes in the entrance pupil of their
projection system, they investigated the dependence of partial coherency
degree, o, on the image contrast. They were able to obtain lines as small
as 0.9 pm on 0.5-pm oxide steps and on 1-pm aluminum steps (Figure 3.62)
by using an experimental optical bench setup with the scanning source
system and a commercial 10 X high-resolution lens. No speckle noise effect
was observed on the resist with a coherency value of ¢ = 0.1.

Excimer laser projection lithography was attempted by Dubroeucq and
Zahorsky (212). The image projection system having a KrF laser and a 10 X
microscope objective lens is shown in Figure 3.63. The low divergence of
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Figure 3.61. Scanning point source system. (Reproduced with permission from
reference 211. Copyright 1980 Technical Publishing.)

Figure 3.62. SEMs of 0.9-um lines and spaces printed with a laser projection

system in 0.7-pm-thick AZ1350H on a 0.5-pm oxide step (left) and 1.5-pm-

thick AZ1350H on a 1-pm aluminum step (right). (Reproduced with permission
from reference 211. Copyright 1980 Technical Publishing.)
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Diffuser

Figure 3.63. KrF excimer laser projection printing setup. (Reproduced with
permission from reference 212.)

the beam is inadequate because it causes an excessive local energy density
in the optics and imposes the necessity for working in a quasispatial coherent
illumination mode. They placed a diffuser in front of the laser to modify the
divergence. The best results were obtained with AZ2400, although the ab-
sorption at 248 nm was still significant (see Figure 3.11). Despite the fact
that the 0.2-NA lens was not corrected for 248 nm, they were able to image
0.7-pm lines (Figure 3.64). The exposure dose for the resist was 150-175
m]J/cm® They did not compare the laser exposure with the conventional
lamp illumination in terms of the reciprocity law. Their SEM photographs
show that the wall profiles are overcut and standing wave effects appear at
the resist bottom and vanish at the surface. They also pointed out that the
small NA value (0.2) allows printing of 1-um lines with a depth of focus as
large as 7 wm, compared to the 3.5-um depth of focus obtained with i-line
(365 nm) wafer steppers with NA = 0.35.

Pol et al. (10) developed an excimer laser-based DUV projection system
by modifying a commercial step-and-repeat exposure tool (GCA model 4800
DSW). This system is equipped with a KrF (248 nm) excimer laser, an all-
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Figure 3.64. SEMs of 0.7-pm images projection printed with the experimental
KrF excimer laser setup shown in Figure 3.63. (Reproduced with permission
from reference 212).

quartz lens, and a laser beam scan system. The lens design with no chromatic
correction imposes an extremely narrow bandwidth requirement (0.005 nm)
on the light source, which has been accomplished by extending the lasing
cavity beyond the excitation region and inserting two etalons, which act as
narrow bandpass filters. Consequently, the exposure time for the Microposit
2400-17 resist is about 50 times longer than exposure times on current
production steppers.

Jain and Kerth (213) reported results of excimer laser projection li-
thography that used a commercial projection printer. They demonstrated
high-speed full-wafer exposures, with resolution to 1 wm, and excellent
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image quality on a Perkin—Elmer model 111 full-wafer 1:1 scanning projec-
tion printer equipped with a XeCl excimer laser (308 nm). Images obtained
in a diazoquinone—novolac photoresist are shown in Figure 3.65. The full
exposures were achieved in 15-s scan time. This result is a fivefold improve-
ment in the exposure time compared with a Hg lamp (14).

Kerth et al. (214) reported excimer laser (308 nm) projection lithography
obtained with a modified full-field scanning projection system (Perkin—~Elmer
M500). The modifications included an anamorphic optical system for trans-
forming the nearly collimated rectangular excimer laser beam into the arc
shape. They obtained images of 1-um lines with nearly vertical (85°) wall
profiles.

Projection imaging with DUV (193 nm) and VUV (157 nm) excimer laser
radiation was demonstrated by Ehrlich et al. (215). The optical system makes

L —

-

b 50um

Figure 3.65. Full-wafer excimer laser projection exposure (15 s) showing (a)

2-um squares, and (b) spaces (dark areas) 1.5-5 pm wide and lines (light areas)

1-5 wm wide. A XeCl laser was used with a commercial 1:1 projection printer.

(Reproduced with permission from reference 213. Copyright 1984 Optical
Society of America.)
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use of a reflecting 0.5-NA microscope objective lens. They described pattern
definition by exposure of multilayer organic resists, by maskless etching and
doping of solids in reactive vapors, and by solid-state chemical transforma-
tions in alumina films. Well-resolved 0.4-pm lines and spaces have been
achieved.

The reported results show that projection lithography with excimer
lasers is quite promising. To obtain useful field size and better resolution,
optical systems will have to be improved, including challenges in both con-
denser or coupling optics and in lens design.

3.4.4 Excimer Laser Photoetching of Organic Materials

The etching of organic materials with 193-nm ArF excimer laser radiation
was demonstrated by Srinivasan and Mayne-Banton (216). Upon irradiation
with the 193-nm ArF laser, organic materials undergo an ablative photo-
decomposition. Andrew et al. (217) also reported the direct etching of
polyimide and photoresist films with a XeCl laser. The ablation reaction can
be attributed to the high absorption of almost all the incident light in a thin
upper layer of the material followed by bond breaking and ejection of small
molecules. The researchers concluded that etching was primarily due to a
thermal process involving irradiation with the longer wavelength 308-nm
XeCl laser. In both cases, a fluence threshold below which no material
removal is observed was demonstrated.

Rice and Jain (218) reported the results of laser photoetching of organic
materials obtained with a contact lithography apparatus equipped with an
ArF excimer laser (Figure 3.66). Features as small as 0.3 wm were produced
in 1-pm-thick films with no subsequent wet development steps. The intimate
mask—wafer contact, however, was undesirable because it prevented vola-
tilization of photofragments from the etched areas. Laser etching with a
projection system was reported by Latta et al. (219). Their system used four
planoconvex quartz elements providing a 2:1 reduction (Figure 3.67). Al-
though it had a designed resolution of 10 wm, the on-axis performance was
capable of resolving 2-um lines at the image plane. Features ranging from
2 to 20 pm were etched in 1-pwm-thick films of diazoquinone-novolac pho-
toresists and polyimide. In both contact and projection photoetching lithog-
raphy techniques, the total fluence required was in the vicinity of 1 J/cm®.
The results of Latta et al. show significant broadening at the top of the images
(Figure 3.68). Despite these engineering problems, photoetching may find
use in certain areas such as resist-free patterning of cured polyimide.

3.4.5 Resist Behavior in Excimer Laser Irradiation
3.4.5.1 RECIPROCITY BEHAVIOR

An important and interesting aspect of excimer laser lithography is the effect
of the large instantaneous power density on the resist sensitivity. One might
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Figure 3.66. Experimental setup for contact etching at 193 nm. (Reproduced
with permission from reference 218. Copyright 1984 Springer—Verlag.)
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Figure 3.67. Experimental setup for projection etching at 193 nm. (Reproduced
with permission from reference 219. Copyright 1984 American Institute of
Physics.)
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Figure 3.68. A 0.5-pm line directly photoetched in a diazonaphthoqui-

none—novolac positive photoresist with a 193-nm ArF excimer laser.

(Reproduced with permission from reference 218. Copyright 1984 Springer—
Verlag.)

expect that high-power irradiation would produce photochemical changes
that differ from those produced under conventional Hg lamp illumination.
Turro et al. (220) observed that the photoproducts produced by 248-nm KrF
excimer laser-induced excitation of diphenyldiazomethane and tetraphen-
yloxirane in isooctane are different from those generated by conventional lamp
excitation of the same substances. They also reported that excimer laser
excitation (KrF, 248 nm; XeCl, 308 nm; or XeF, 351 nm) produced a novel,
unprecedented emission from benzophenone in trichlorotrifluoroethane
(Freon-113) (221). These results were attributed to reactions resulting from
the high concentration of active species produced by laser illumination. On
the basis of these results, one may expect resist reciprocity failure in excimer
laser exposure. Studies on the reciprocity behavior of resists have been based
on measurement of both bleaching and photosensitivity at various power
levels (14, 15, 222, 223). The conclusion is that in the power range inves-
tigated (0.27-4.4 MW/cm?), there is no observable reciprocity failure in
AZ2400 and two experimental IBM diazoquinone—novolac resists in 308-nm
XeCl laser illumination (Figure 3.69). Here, bleaching was used as the re-
sponse criterion (223). Photosensitivity lies between 30 and 40 mJ/cm? in
the power range (8 kW/cm?-0.39 MW/cm?), as shown in Figure 3.70. This
response is comparable to that observed with a conventional illumination
(14). The accuracy of the experiments is such that a loss of sensitivity by a
factor greater than 3 would be detectable. It is desirable to investigate the
reciprocity behavior of resists through use of lithographic photosensitivity
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Figure 3.69. Bleaching of an experimental photoresist as a function
integrated exposure dose for four different laser pulse peak powers. (
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Figure 3.70. Photosensitivity of AZ1450] resist measured at different lase
powers. (Reproduced with permission from reference 222.)
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measurements rather than bleaching because sensitivity is dependent on
photoproducts, whereas bleaching experiments give only the loss of pho-
toactive compounds in the resist film without documenting the nature of the
photoproducts.

A remarkable reciprocity failure was observed in the inorganic resist
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