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

X R O G R E S S IN MICROELECTRONICS, and especially in microlithographic 
technology, is proceeding at an astonishing rate. Today, it is believed 
that conventional photolithography, which uses 365-405-nm radiation, 
will be able to print 0.5-0.6-μπι features in production and that it will 
remain the dominant printing technology well into the 1990s. 
Diazonaphthoquinone-novola
materials of choice fo
introducing new resist materials and new hardware are strong driving 
forces pushing photolithography to its absolute limit The technological 
alternatives to conventional photolithography are largely the same as 
they were a decade ago, that is, deep-UV photolithography, scanning 
electron-beam lithography, and X-ray lithography. The leading candidate 
for the production of devices with features as small as 0.3 μτα is deep-
U V lithography. 

No matter which technology eventually replaces photolithography, 
the new resists and processes that will be required will necessitate an 
enormous investment in research and process development. The 
polymer materials that are used as radiation-sensitive resist films must 
be carefully designed to meet the specific requirements of the 
lithographic technology and device process. Although these requirements 
vary according to the radiation source and device process, properties 
such as sensitivity, contrast, resolution, etching resistance, shelf life, and 
purity are ubiquitous. 

This volume is not intended to be comprehensive, but the chapters 
found here should provide the reader with an appreciation for the 
diversity of chemical research efforts that are required for the 
development of new resist materials and processes. They span the range 
of novel synthetic reactions that may be applied to imaging processes, to 
new processing techniques to enhance image quality, to understanding 
the fundamental science behind processes such as polymer dissolution 
and photoablation. The contents have been divided into three sections: 
Chemically Amplified Resist Chemistry, Multilevel Resist Chemistry and 
Processing, and Novel Chemistry and Processes for Microlithography. 
Each section contains an introduction written by a recognized expert in 
the field. 

xi 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Acknowledgments 
We are indebted to many people and organizations for making the 

symposium and book possible, particularly the authors, for their efforts 
in providing manuscripts of their presentations. We are especially 
grateful to the Petroleum Research Fund and the Division of Polymeric 
Materials: Science and Engineering for financial support. Finally, our 
sincerest thanks are extended to Cheryl Shanks and the production staff 
of the ACS Books Department for their efforts in publishing this 
volume. 

ELSA REICHMANIS 
AT&T Bell Laboratories 
Murray Hill, NJ 07974 

SCOTT A. MACDONALD 
IBM Almaden Research Center 
San Jose, CA 95120-6099 

TAKAO IWAYANAGI 
Hitachi Central Research Laboratory 
Kokubunji, Tokyo 185, Japan 

July 31, 1989 

xii 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Chapter 1 

Polymers in Microlithography 

A n Overview 

Elsa Reichmanis and Larry F. Thompson 

AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, NJ 07974 

The evolution
at an astonishing rat
true of microlithographic technology which is the technology 
used to generate the high resolution circuit elements 
characteristic of today's integrated circuits. While almost all of 
these commercial devices are made by photolithographic 
techniques that utilize 365-436nm UV radiation, within the next 
3-8 years, new lithographic strategies will be required. These 
technological alternatives, such as deep-UV, e-beam and x-ray 
lithography, will require new polymeric resist materials and 
processes. A brief overview of the current trends in 
microlithography is presented along with an examination of the 
varied chemistries that can be applied to this technology. The 
reader is referred to alternate sources for detailed reviews of the 
field. 

The evolution in microelectronics technology, and microlithography in 
particular, has progressed at an astonishing rate during the past decade. The speed 
of integrated circuit devices has increased by several orders of magnitude, while 
the cost associated per bit has decreased at a still faster rate (Figure 1). These 
improvements are a direct result of the increase in the number of components per 
chip, a trend that has progressed at a rate of Ι Ο 2 - 10 3 per decade. It is expected 
that this trend w i l l continue, although perhaps at a slower rate (1). 

This increase in circuit density has been made possible by decreasing the 
minimum feature size on the chip. In the mid 1970's, the state-of-the-art dynamic 
random access memory ( D R A M ) device was capable of storing 4000 bits of data 
and had features 5 μπι in size. Today, 4 megabit D R A M ' s are in production with 
minimum features in the 0.8 - 1.0 μπι range, while state-of-the-art devices with 0.6 
- 0.8 μπι features are in pilot production (2). A s shown in Figure 2 and Table I, 
contact printing was the dominant lithographic technology used for device 
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2 POLYMERS IN MICROLITHOGRAPHY 

1950 1960 1970 1980 1990 2 0 0 0 
YEAR 

Figure 1: Plot of the power delay product vs. year and cost per bit vs. 
year for commercially available V L S I devices. 

1978 1988 1998 

YEAR COMMERCIALIZED 

Figure 2: Graphical representation of the minimum feature size vs. year 
of commercialization for M O S devices. 
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1. REICHMANIS & THOMPSON An Overview 3 

production wel l into the 1970's. Although contact printing is ostensibly a high 
resolution technology, its utility is limited by mask and wafer defects which begin 
to affect yield and economics at geometries below about 3μπι . Contact printing 
thus gave way to one-to-one projection printing which obviated the contact induced 
defects by separating the mask and wafer, and allowed a reduction in feature size 
to about 1.5 μηι. A t that time, this was believed to be the resolution l imit for 
photolithography in a production environment. The development of reduction 
step-and-repeat exposure tools allowed further improvement of the resolution 
obtainable by optical techniques. High numerical aperture(NA) steppers operating 
at the conventinal 405 or 436nm ( H or G) lines of the H g arc lamp are used to 
produce today's state-of-the-art devices and it is generally believed that such tools 
w i l l be capable of producing chips with features as small as 0.6 μπι. Further 
reduction in feature size w i l l require the introduction of a new lithographic 
technology the strategy for which is discussed below  Conventional G-line (436 
nm) lithography employin
manufacturing to produce today'  μπι  Highe
line and I-line (365nm) lenses are available that w i l l push the technology to the 
sub-0.5 μπι regime. Concomitantly, deep-UV (230-260nm) systems are becoming 
available that effectively compete with the I-line technology. Work is progressing 
on development of higher N A (0.45) deep-UV systems which should be available 
by mid-to-late 1990 (3). This technology is expected to have a production 
resolution capability of at least 0.4 μπι. Ε-beam and x-ray lithography w i l l play an 
increasingly significant role in the production of devices by the turn of the century 
when minimum features are expected to reach the sub-0.25 μπι level (4,5). 

The technological alternatives to conventional photolithography are largely the 
same as they were a decade ago, viz . , deep-UV photolithography, scanning 
electron-beam and x-ray lithography (1,6). The leading candidate for the 
production of devices with features perhaps as small as 0.3 μπι is deep-UV 
lithography (Figure 2, Table I) (2,7). Major advances in this technology in the 
past decade relating to improved quartz lenses and high output light sources have 

Table I: Photolithographic Trends 

Lithographic Years in Min imum 
Technology Use Feature 

Contact Printing 1960-1973 5 μπι 

1:1 Projection 1973-1982 1.5 μπι 

5:1 Projection 1982-present 0.8 μπι 
Step and Repeat 

Deep/Mid U V 1988- 0.3 μπι 
Step and Repeat 

X-ray 1995- 0.1 μπι 
E-beam 
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4 POLYMERS IN MICROLITHOGRAPHY 

occurred. Several step and repeat 5x and lOx reduction systems that use excimer 
laser sources have been designed and/or built (8,9). Systems using refractive 
optics require a very narrow bandwidth light source (less than 0.001 A ) since it is 
not practical to correct for chromatic aberrations in quartz lenses. Laser sources 
provide such narrow bandwidths with enough intensity to accommodate resists with 
~50 mJ c m ' 2 sensitivities, enabling a rather wide choice of resist chemistries. 
Work is also being done on 4x reduction systems based on all reflective optical 
systems and wide bandwidth H g arc sources in the 240 to 260 nm region (10). 
However, since the intensity of these sources is less than that of laser sources, 
more sensitive resists (<10 m J c m - 2 ) w i l l be required for high throughput. 

N o matter which technology eventually replaces photolithography, new resists 
and processes w i l l be required, necessitating enormous investments in research and 
process development. The polymer materials that are used as radiation sensitive 
resist films must be carefull
lithographic technology and
according to the radiation source and device process, the following properties are 
common to all resists: sensitivity, contrast, resolution, etching resistance, shelf-life 
and purity. 

The sensitivity of a resist must be sufficiently high to meet the throughput 
requirements of a given exposure tool, while the contrast must be adequate to 
ensure high differential solubility between the exposed and unexposed regions of 
the resist film. These parameters are determined by measuring the change in 
solubility as a function of the radiation dose received by the material (6,11). 
Although the sensitivity and contrast of a resist are dependent on many variables 
such as developer strength, photon or particle energy, and processing conditions, 
plotting the sensitivity curves as depicted in Figure 3 provides a standard means of 
comparing the sensitivity and contrast of different resist materials. The contrast (γ) 
for either a positive or negative resist is detemined from the slope of the linear 
portion of the curves shown in Figure 3. The sensitivity for a positive resist is the 
minimum dose required to clear a given feature and for a negative resist it is the 
dose required to effect 50-70 % film thickness remaining after development. The 
resolution of a resist is defined as the smallest feature that can be resolved in a 
densely patterned area. For a negative resist, resolution should be reported in 
terms of the smallest trench that is resolvable between two large pads; and for a 
positive resist, the smallest isolated line. A n accepted alternative is to use an equal 
line-space pattern for both tones of resist. Resolution is a difficult property to 
quantify since many external variables, e.g., radiation type, developer selection, 
pattern density, resist thickness and substrate material, affect the size of the 
minimum feature that can be resolved. When reporting the resolution of a resist 
system it is critical to give complete experimental details to ensure that valid 
comparisons can be made. 

The etching resistance of a resist is simply a function of how well the material 
withstands the pattern transfer processes used in device manufacturing. Its 
resistance must be sufficiently high to allow precise transfer of the resist image 
into the underlying substrate with < 10% line width change. This is not an easy 
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6 POLYMERS IN MICROLITHOGRAPHY 

requirement to meet, especially for plasma and reactive-ion etching (RIE) processes 
which are extremely harsh. Etching resistance is often reported in relative terms 
by comparing the etching rate of a given resist with that of a conventional positive 
photoresist. A s with resolution, many process and materials variables affect the 
etching rate of a polymer and complete experimental details should be reported to 
allow val id comparisons of different resists. 

Generally, the desired resist properties can be achieved by careful manipulation 
of the structure and molecular properties of resist components. A s mentioned 
earlier, new resists w i l l be required that are both sensitive to different types of 
radiation and compatible with advanced processing requirements. Further, the 
necessity to accommodate substrate topography w i l l l ikely demand some form of 
"multi-level" resist technology. This technology utilizes two or more discrete 
layers, each of which provides a specific function. Considerable work is underway 
to develop suitable multi-leve
numerous reports on metal containin
which are the simplest of the multi-level schemes. Since all the alternatives to 
conventional wavelength photolithography employ rather high energy radiation, 
resists designed for one type of radiation, e.g. e-beam, w i l l frequently be applicable 
to the other lithographic technologies. The reader is referred to references 1, 7, 11, 
12, 13, and 14 for general, in depth reviews on the subject of polymers for 
microlithography. A brief overview is given below. 

Single-Level Resist Chemistry 

Negative resists are a class of materials that become less soluble in a developer 
after exposure to radiation. Generally, the chemistry of negative resists involves 
some form of radiation induced crosslinking. The parent polymers are usually 
soluble in organic solvents, which in turn are used as developers (crosslinking 
novolac and poly(hydroxystyrene) systems are an exception). Since polymer 
dissolution occurs first by swelling of the matrix followed by chain 
disentanglement, it is critical to select a developer that minimizes swelling of the 
crosslinked regions thereby facilitating high resolution. The ideal developer should 
be a kinetically good, but thermodynamically poor solvent for the resist. This 
ensures that the developer w i l l dissolve the unexposed regions of the film while 
minimizing the swelling volume of the irradiated regions in a given development 
time. Novembre and co-workers (15) developed a method based upon the Hansen 
3-dimensional solubility parameter model to screen potential organic-based resist 
developers. This methodology facilitates selection of an optimal developer without 
the tedious trial and error approach commonly used. The sensitivity of negative 
resists is generally high since only a few events per chain are required to achieve 
differential solubility. Some negative systems crosslink via a chain reaction 
yielding even higher sensitivities. 

The first resist used to fabricate solid-state devices was a negative resist based 
on cyclized poly(cw-l,4-isoprene) which is crosslinked using a photoactive bis-
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1. REICHMANIS & THOMPSON An Overview 7 

aryldiazide crosslinking agent (16,17). A major limitation of these resists is that 
they require organic solvent developers which cause image distortion due to 
swelling. A n alternate, aqueous developable material that utilizes poly(p-
vinylphenol), an aqueous-base soluble phenolic resin, as the matrix has been 
reported and overcomes this problem (18,19). 

Three classes of inherently crosslinking polymers have been reported to be 
useful as negative-acting resists for deep-UV, e-beam and x-ray applications. 
These include epoxy (glycidyl), v iny l and halogen containing materials in which 
the radiation sensitive unit is an integral part of the polymer (Figure 4). 
Crosslinking of glycidyl and v iny l groups occurs via chain mechanisms leading to 
high crosslinking efficiency and high resist sensitivity. Unfortunately, these highly 
efficient reactions give rise to poor resist contrast and line-size control due to 
post-exposure curing reactions (20-25). 

The incorporation of haloge
facilitates radiation-induced crosslinking with high crosslinking efficiency without 
the presence of a chain-propagation mechanism. Radiation induced cleavage of the 
carbon-halogen bond generates a radical that may then undergo rearrangement, 
abstraction or recombination reactions leading to the formation of a crosslinked 
network. The mechanism of crosslinking in chloromethylated polystyrene has been 
extensively studied by Tabata and Tagawa (26). The localized nature of the 
crosslinking reaction in these polymers, as opposed to the chain-propagation 
mechanism occurring in the epoxy and v inyl containing resists, eliminates the 
post-exposure curing effects seen in the v inyl and epoxy materials. Taylor and 
coworkers (27) found that incorporating halogen into methacrylate and acrylate 
polymers results in a significant increase in sensitivity to radiation-induced 
crosslinking. Poly(2,3-dichloropropyl acrylate) is nearly three orders of magnitude 
more sensitive to x-ray irradiation, for example, than the parent, poly(propyl 
acrylate). Some of this increase can be attributed to increased X-ray absorption; 
however, much of it is due to enhanced susceptibility to radiation-induced 
crosslinking. This observation was applied to styrene based electron resists by 
Thompson et al (28). Polystyrene is a high resolution, negative electron and x-ray 
resist with excellent plasma resistance. However, its sensitivity is too low for 
practical application. The sensitivity of polystyrenes can be improved through 
incorporation of CI or chloromethyl groups into the polymer via substitution on the 
aromatic ring. Alternatively, sensitivity can be improved through copolymerization 
with known radiation-sensitive monomers such as glycidyl methacrylate (29). The 
copolymer of chlorostyrene and glycidyl methacrylate is an example of a resist that 
incorporates both of these sensitivity-enhancing features. The incorporation of 
chloromethyl groups into polystyrene can be accomplished by a variety of routes 
including polymerization of chloromethylstyrene (30), chlorination of 
poly(methylstyrene) (31) and chloromethylation of polystyrene (32). A s little as 5 
wt% of chlorine, substituted at the methyl moiety, results in over an order of 
magnitude improvement in sensitivity compared with polystyrene of similar 
molecular weight (2 μ C c m " 2 vs. 50 μ C cm"* at 10 k V ) . Many such resists have 
been described, al l of which exhibit good lithographic performance. 
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8 POLYMERS IN MICROLITHOGRAPHY 

Materials that exhibit enhanced solubility after exposure to radiation are defined 
as positive resists. The mechanism of positive resist action in most of these 
materials involves either main-chain scission or a polarity change. Positive 
photoresists that operate on the polarity change principle have been widely used for 
over three decades in the fabrication of V L S I devices and they exhibit high 
resolution and excellent dry etching resistance. Ordinarily, the chain scission 
mechanism is only operable at photon wavelengths below 300 nm where the 
energy is sufficient to break main chain bonds. 

The "classic" positive resist that undergoes chain scission upon irradiation is 
poly(methyl methacrylate) ( P M M A ) (33). The radiation chemistry involves initial 
cleavage of the methacrylate side chain to generate a radical which may undergo 
β-scission. This results in a reduction in polymer molecular weight leading to 
enhanced solubility of the exposed regions (34). Choice of an appropriate 
developer such as methyl isobuty
areas with minimum swellin

Whi le P M M A exhibits high resolution, its sensitivity to radiation-induced 
degradation is low and dry etching pattern transfer characteristics are poor 
(33,35,36). However, the high-resolution characteristics of P M M A have prompted 
several investigators to examine substituted systems and copolymers to improve 
sensitivity and etching resistance. Examples include substitution of the backbone 
α-methyl group with electronegative groups such as CI or C N , (37) introduction of 
bulky groups that provide steric hindrance to weaken the main chain of the 
polymer, (38) or improvement of the absorption characteristics of the polymer 
(39,40). Additionally, incorporation of fluorine into the ester groups of P M M A has 
been shown to be effective in improving the susceptibility of P M M A to radiation-
induced degradation (41-43). Systems based on methacrylic acid that form inter-
and intramolecular anhydrides also show improved sensitivity due to the enhanced 
radiation sensitivity of the anhydride linkages and the excess strain in the polymer 
due to cyclization (44-48). 

Another class of "chain scission" positive resists is the poly (olefin sulfones). 
These polymers are alternating copolymers of an olefin and sulfur dioxide. The 
relatively weak C-S bond is readily cleaved upon irradiation and several sensitive 
resists have been developed based on this chemistry (49,50). One of these 
materials, poly(butene-l sulfone) (PBS) has been made commercially available for 
mask making. P B S exhibits an e-beam sensitivity of 1.6 μ C c m " 2 at 20 k V and 
0.25 μπι resolution. 

The most widely used positive resists are those that operate on the basis of a 
dissolution inhibition mechanism. Such resists are generally two-component 
materials consisting of an alkali soluble matrix resin that is rendered insoluble in 
aqueous alkaline solutions through addition of a hydrophobic, radiation-sensitive 
material. Upon irradiation, the hydrophobic moiety may be either removed or 
converted to an alkali soluble species, allowing selective removal of the irradiated 
portions of the resist by an alkaline developer. 
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1. REICHMANIS & THOMPSON An Overview 9 

The best known of these so called dissolution inhibition resists is "conventional 
positive photoresist"; a photosensitive material that uses a novolac (phenol-
formaldehyde) resin with a diazonaphthoquinone photoactive compound (PAC) as a 
dissolution inhibitor. The novolac matrix resin is a condensation polymer of a 
substituted phenol (often cresol) and formaldehyde. These resins are soluble in 
organic solvents, facilitating spin coating of uniform, high quality, glassy films. 
They are also soluble in basic solutions such as aqueous, sodium hydroxide or 
tetramethylammonium hydroxide ( T M A H ) . The novolac resin is rendered 
insoluble in aqueous base through the addition of 10-20 wt % of the P A C . Upon 
irradiation, the diazonaphthoquinone undergoes a Wolf f rearrangement followed by 
hydrolysis to generate a base-soluble indene carboxylic acid (Figure 5) (51). The 
exposed regions of the film may then be removed by treatment with aqueous base. 
While the basic components of all conventional photoresists are the same, the 
precise performance characteristics depend on the substitution pattern on the 
novolac resin and/or the P A

Through creative chemistry and resist processing, schemes have been developed 
that produce negative-tone images in positive photoresist. One example of such an 
"image reversal" process requires addition of small amounts of base additives such 
as monazoline, imidazole or triethanolamine to diazoquinone-novolac resists (56-
58). The chemistry and processes associated with such systems are shown in 
Figure 6. Thermally induced, base catalyzed decarboxylation of the indene 
carboxylic acid destroys the aqueous base solubility of the exposed resist. 
Subsequent flood exposure renders the previously masked regions soluble in 
aqueous base, allowing generation of negative tone patterns. It is not always 
necessary to add the base to the resist prior to exposure. Alternate image reversal 
processes have been developed involving treatment of exposed photoresist with a 
gaseous amine in a vacuum environment (59). Recently, it has been shown that 
select sulfonic acids generated from an aryl diazonaphthoquinone P A C can catalyze 
the crosslinking of the novolac matrix in the exposed regions, providing yet 
another image reversal scheme (60). 

Whi le "conventional positive photoresists" are sensitive, high-resolution 
materials, they are essentially opaque to radiation below 300 nm. This has led 
researchers to examine alternate chemistry for deep-UV applications. Examples of 
deep-UV sensitive dissolution inhibitors include aliphatic diazoketones (61-64) and 
nitrobenzyl esters (65). Certain onium salts have also recently been shown to be 
effective inhibitors for phenolic resins (66). A novel e-beam sensitive dissolution 
inhibition resist was designed by Bowden, et al a (67) based on the use of a 
novolac resin with a poly(olefin sulfone) dissolution inhibitor. The aqueous, base-
soluble novolac is rendered less soluble via addition of - 1 0 wt % poly(2-methyl 
pentene-1 sulfone)(PMPS). Irradiation causes main chain scission of P M P S 
followed by depolymerization to volatile monomers (68). The dissolution inhibitor 
is thus effectively "vaporized", restoring solubility in aqueous base to the irradiated 
portions of the resist. Alternate resist systems based on this chemistry have also 
been reported (69,70). 
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10 POLYMERS IN MICROLITHOGRAPHY 

C H 2 - C H - ) - POLY (DIALLYL-ORTHO-
CHo P H T H A L A T E ) 
I 2 

Ο 
,C = 0 

x ^ C 0 0 C H 2 C H = C H 2 

POLY (GLYCIDYL METHACRYLATE-
C O - C H L O R O S T Y R E N E ) 

-ir C H 2 - C H - ) - POLY (CHLOROMETHYLSTYRENE ) 

C H 2 C i 

Figure 4: Select examples of resists incorporating radiation sensitive 
groups that undergo crosslinking. 

OH 
CRESOL NOVOLAC 
MATRIX RESIN 

AQUEUOUS BASE INSOLUBLE AQUEOUS BASE SOLUBLE 
PAC PHOTOPRODUCT 

S 0 2 R S 0 2 R 

Figure 5: Chemistry associated with a typical conventional positive 
photoresist. 
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A s device features move into the submicron regime, advanced processing 
techniques and new lithographic technologies w i l l be required to accomodate high-
resolution, high-aspect ratio imaging over device topography. This necessitates the 
development of new resist materials with improved etching resistance, resolution 
and sensitivity. One approach to improving sensitivity involves the concept of 
chemical amplification (71-73). Aryldiazonium, diaryliodonium and 
triarylsulfonium metal halides, for example, dissociate upon irradiation to produce 
an acid that can, in turn, catalyze a variety of bond-forming or bond-breaking 
reactions in a surrounding matrix polymer. The quantum efficiency of such 
reactions is thus effectively much higher than the quantum yield for initial onium 
salt dissociation. Many chemistries based on these processes have been developed 
and the reader is referred to reference 7 for an in-depth discussion of this topic. 
Recent developments are discussed in subsequent chapters of this book. 

This chemical amplificatio
negative resists based on aci
monomers, (72,74) or crosslinking of polymers (73,75). However, such materials 
generally exhibit poor contrast and resolution. A notable exception is the three 
component resist developed by Feely, et al (75) that consists of a blend of novolac 
resin, melamine crosslinking agent and acid generator. Irradiation generates an 
acid catalyst that induces formation of a crosslinked network between the novolac 
matrix resin and amine additive. 

Ito, et al. proposed and applied the concept of chemical amplification to the 
development of high resolution, dual-tone resist materials. Their initial studies 
dealt with the catalytic deprotection of poly(t-butoxycarbonyloxystyrene) (PBOCS) 
(73,76,77). Here, the thermally stable, acid labile, t-butoxycarbonyl group is used 
to mask the hydroxy functionality of poly(vinylphenol). Irradiation of P B O C S 
films containing small amounts of an onium salt such as diphenyliodonium 
hexafluoroarsenate with U V light liberates an acid species that upon subsequent 
baking, catalyzes cleavage of the protecting group to generate poly(p-
hydroxystyrene) and regeneration of the acid, making it available for subsequent 
deprotection reactions (Figure 7). Aqueous base developers selectively remove the 
irradiated regions affording high-resolution, high-aspect ratio images. 
Alternatively, organic solvent developers remove the unirradiated portions of the 
resist and high quality negative images obtain. 

Recently, nonionic acid precursors based on nitrobenzyl ester photochemistry 
have been developed for chemically amplified resist processes (78-80). These ester 
based materials (Figure 8) exhibit a number of advantages over the onium salt 
systems. Specifically, the esters are easily synthesized, are soluble in a variety 
organic solvents, are nonionic in character, and contain no potential device 
contaminants such as arsenic or antimony. In addition, their absorption 
characteristics are wel l suited for deep-UV exposure. 

Three component, aqueous-base developable, positive-tone resists utilizing the 
chemical amplification principle have also recently been reported (81,82). In these 
systems, irradiation of a phenolic resin/inhibitor/acid generator resist generates an 
acid which upon mild heating, catalyzes either depolymerization or deblocking of a 
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Figure 6: Image reversal process and related chemistry based on a 
conventional positive photoresist and monazoline. 
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Figure 7: Chemical reactions associated with a typical positive acting 
chemically amplified resist system. 
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dissolution inhibitor, allowing aqueous base removal of the irradiated regions. 
Specifically, Ito found that polyphthalaldehyde, a polymer that undergoes acid-
catalyzed depolymerization to volatile monomer, is an effective dissolution 
inhibitor for phenolic resins, (81) while a class of non-polymeric inhibitors 
containing acid labile blocking groups (Figure 9) was developed by O 'Br ien (82). 

Multi-Level Resist Chemistry 

The increasing complexity and miniaturization of integrated circuit technology 
are pushing conventional single-layer resist processes to their limit. The demand 
for improved resolution requires imaging features with increasingly higher aspect 
ratios and smaller linewidth variation over steep substrate topography. The 
decrease in feature size can
lithographic technique employed
can be affected by standing wave effects and reflections from the substrate surface 
which limit the resolution attained with optical techniques. A number of schemes 
have been proposed to address these problems including the use of polymeric 
planarizing layers, anti-reflection coatings, and contrast enhancement materials 
(83). The latter two schemes involve the use of thin organic films that have 
precisely designed light absorption characteristics. Antireflective coatings are 
designed to be highly absorbing at the exposure wave length and are applied to the 
substrate prior to spin-coating the resist. Contrast enhancement materials ( C E M ) 
are generally applied to the surface of the resist and through photochemical 
bleaching during exposure, improve the quality of the aerial light image (84-86). 
The process utilizes photobleachable materials that are opaque before exposure but 
bleach (i.e. become transparent) on exposure to radiation. The contrast 
enhancement layer is coated directly onto the surface of the resist. The dynamics 
of the bleaching process are such that the transmitted image is of much higher 
contrast than the incident, aerial image (85) thereby improving the resist's ability 
to discriminate mask features. The optical density of C E M films should be greater 
than 2 for thicknesses less than 0.5 μπι. 

The first C E M system described by Griffing and West (84) consisted of an 
organic dye dispersed in an inert polymer film that is spin coated onto the surface 
of a resist and subsequently removed following exposure but prior to resist 
development. The chemistry of this system is based on the photoisomerization of 
an aromatic dye to an oxaziridine (87) (Figure 10). Other workers have evaluated 
polysilanes (88) and diazonium salt chemistry (89,90) for C E M applications. 

It is predicted that C E M techniques wi l l extend resolution to feature sizes as 
small as 0 .4λ/ΝΑ, or -0 .6 μ ιη for currently available exposure tools operating at 
405 and 436 nm (91). The currently available materials afford improved resolution 
and yield, and increased process latitude (92). Further developments to achieve 
practical, water soluble systems plus a better match with the absorption 
characteristics of the resist would be desirable. 
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Figure 8: Structure and photochemical reaction of a dinitrobenzyl ester 
based acid generator. 

Figure 9: Chemistry associated with a three component aqueous-base 
developable, chemically amplified resist. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



1. REICHMANIS & THOMPSON An Overview 15 

MASK IMAGE 

AERIAL IMAGE 

CEM LAYER 

DOSE 

υ 

R - - © - N « C - @ - R ' 

NITRONE 
( € - 3 5 0 0 0 AT 3 6 5 - 4 3 6 nm) 

hi/ 

(CONTRAST 
E N H A N C E D 
IMAGE) 

R N - N C H R 7 

0XAZIRID1NE 
( 6 < 5 0 0 0 AT 3 6 5 - 4 3 6 nm) 

Figure 10: Schematic representation of the C E M process and oxaziridine 
C E M chemistry. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



16 POLYMERS IN MICROLITHOGRAPHY 

There are a number of multilevel resist schemes summarized in Figure 11, that 
are based on planarization of the topographic features on the substrate surface. 
The process involves spin coating thick (1-2μπι) films of thermoplastic materials 
such as P M M A , polystyrene, polyimide or novolac resins (usually as conventional 
photoresist formulations) onto the surface of the wafer. This process readily 
provides local planarization of closely spaced features, but global, or large area 
(wafer), planarization where both closely spaced and isolated features are 
planarized, is rarely achieved by this process. Global planarization is important to 
produce a perfectly level surface that w i l l minimize depth of focus problems found 
with photolithographic techniques and associated with variations in film thickness 
resulting from topographic features on the wafer surface, induced from previous 
processes (93). Mathematical models that predict the degrees of local and global 
planarization of different polymer coatings have recently been presented (94,95) 

Two approaches have bee
First, planarizing layers consistin
coated from solution and flowed in a low viscosity state prior to curing have 
achieved 70-90% planarization over an entire wafer. Alternatively, planarizing 
layers of a low viscosity epoxy resin containing an onium salt curing agent that is 
spin coated without solvent, allowed to stabilize, and then cured to a high T g fi lm, 
have shown excellent planarization properties. A good review of the planarization 
process and materials has been recently published and the reader is referred to this 
review for more detailed information (96). 

After deposition of the planarizing layer, the imaging resist is spin-coated either 
directly on top of the planarizing layer or onto an intermediate R I E barrier layer 
and subsequently exposed and developed by conventional methods. The problem 
then becomes one of transferring the denned image through the planarizing layer to 
the substrate. There are two generic types of processes used, viz. l iquid developed 
and dry developed. The liquid developed processes which typically involve a 
second exposure step have been extensively discussed by L i n (83) and w i l l not be 
covered here. The dry developed processes based on RIE for pattern transfer have 
received considerable attention and use materials with properties that depend on the 
specific strategy employed. There are two pattern transfer schemes that have been 
used: trilevel and bilevel and these are briefly discussed below. 

Trilevel processing begins with planarization of the device topography with a 
thick layer of some organic polymer such as a polyimide, or positive photoresist 
that has been "hard-baked" (baked to induce crosslinking), or otherwise treated, to 
render it insoluble in most solvents. Next, an intermediate R I E barrier such as 
silicon dioxide is deposited, and finally the structure is coated with the desired 
resist material. A pattern is delineated in the top resist (imaging) layer and 
subsequently transferred into the planarizing layer by dry etching techniques 
(97,98). 

Several variations of the generic process have been reported. The most 
common intermediate oxygen R I E barrier layer is S i 0 2 . While trilevel lithography 
is a time consuming process requiring precise contol of several processing steps, it 
improves the resolution capability of conventional resists by separating the imaging 
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Figure 11: The process sequence for several multi-level resist schemes 
involving planarization techniques. 
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function of the resist from the subsequent etching mask function and permits 
imaging in a relatively thin resist film. 

A simplification of trilevel lithography involves combining the properties of the 
top imaging layer with those of the oxygen R I E resistant intermediate layer into a 
single layer which is coated onto the surface of the thick planarizing layer resulting 
in a "bilevel" structure. Conventional processing allows pattern definition of this 
upper layer, and the pattern is then transferred to the substrate by oxygen R I E 
techniques. One of the first examples was described by Shaw, et al who 
demonstrated the utility of polysiloxanes as deep-UV and e-beam resists (99). 
Organometallic polymers are, in general, ideal candidates for bilevel lithography 
(100). Treatment of such compounds, particularly organosilicon materials, with an 
oxygen plasma leads to the formation of the corresponding metal oxide. Taylor 
and W o l f have shown that incorporation of silicon into organic polymers renders 
them resistant to erosion in oxyge
from the formation of a protectiv
Model ing studies predict that the thickness of this layer should be about 50A, a 
value that has been confirmed by surface analysis (102,103). The preliminary 
work of Taylor et al has led to development of numerous silicon containing resist 
systems for bilevel R I E pattern transfer processes (1,13). Selected examples of 
silicon containing resists that utilize standard exposure and development techniques 
are shown in Figure 12. 

Gas phase functionalization is a new technique that is receiving increased 
attention as a method for combining advantages of multilevel processing and 
solventless development in a single layer. Many of these schemes involve the use 
of inorganic reagents to selectively funtionalize the resist film after exposure to 
enhance oxygen R I E resistance (104-108). In one example, the chemically 
amplified resist based on poly(t-butoxycarbonyloxystyrene) is converted to poly 
(vinylphenol) after irradiation and post-exposure-bake. The phenolic polymer thus 
generated is reactive towards silylating agents so that treatment with an 
organosilicon reagent such as hexamethyldisilazane or chlorotrimethylsilane results 
in selective incorporation of silicon into the irradiated parts of the film, allowing 
high-resolution oxygen R I E pattern transfer (107). Another approach utilizes 
conventional novolac-diazoquinone chemistry to induce differential reactivity 
towards an organometallic reagent (108). In these systems, the dissolution 
inhibitor blocks the diffusion of a silylating agent in the unexposed regions of the 
film, while diffusion and thus reactivity are enhanced in the exposed portions. R I E 
pattern transfer of the resultant images affords sub-micron resolution for 365-
405nm exposure. 

Conclusion 

The continual progress in V L S I device development is placing increasing 
demands on the lithographic technologies used for their manufacture. A t the 
present time, almost all commercial devices are made by photolithography utilizing 
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Figure 12: Select examples of organosilicon resist chemistries that undergo 
crosslinking, chain scission or solution inhibition. 
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365-436nm U V radiation. However, within the next 3-8 years, new lithgraphic 
strategies such as deep-UV, e-beam and x-ray lithography w i l l be required to meet 
resolution needs extending below 0.5 μιη. Each of these alternative technologies 
w i l l require new polymeric resist materials and processes, whose development 
contains many challenges in the areas of both fundamental and applied polymer 
chemistry as well as process engineering. 
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Chapter 2 

Brönsted Acid Generation 
from Triphenylsulfonium Salts in Acid-Catalyzed 

Photoresist Films 

D. R. McKean, U. Schaedeli1, and Scott A. MacDonald 

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

Acid-catalyzed photoresists have emerged as the most sensitive resists 
for deep-uv application. We have studied one such system containing 
poly(t-4-butoxycarbonyloxystyrene) and triphenylsulfonium 
hexafluoroantimonate and analyzed both the photochemical and 
thermal resist chemistry. The amount of acid generated in the resist 
film has been measured directly using a merocyanine dye technique. 
The quantum efficiencies for acid generation have been determined 
and compared with the quantum yield in solution. The catalytic chain 
length for the acid-catalyzed deprotection step was measured and then 
used to determine the range of acid migration during the postbake 
step. 

Semiconductor microelectronic device manufacturers have been remarkably 
successful in continuing to increase circuit densities while reducing the cost per 
circuit element. The increased density has been achieved by improvements in 
lithographic processing techniques, materials, and exposure tools which have 
permitted large reductions in the size of circuit elements. The theoretical resolution 
obtained from an optical exposure system is proportional to Λ/ΝΑ where λ is the 
wavelength and N A is the numerical aperature of the lens system. Improvements in 
resolution and corresponding circuit element size reduction can be achieved by either 
decreasing wavelength or increasing numerical aperature. However, an increase in 
numerical aperature is accompanied by a decrease in field size and depth of focus. 
Resolution improvements obtained by means of decreased exposure radiation 
wavelength can be obtained without the loss of field size or depth of focus. 

O f the several competing strategies for obtaining 0.5 micrometer resolution 
necessary for 4 megabit static R A M devices (1), use of deep-uv exposure tools is the 1

1Current address: Ciba-Geigy A G , Fribourg, Switzerland 
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only means of achieving desired resolution without undesirable loss of field size and 
depth of focus or introduction of significant processing complexity. The major 
drawback associated with deep-uv photolithography is that conventional positive 
photoresists cannot be utilized due to low transparency in the wavelength region of 
interest (235-255 nm). 

While many new deep-uv photoresist strategies have been considered, much of 
the attention has focused on systems which have incorporated acid-catalyzed chem
istry (2,3). These resists are advantageous because of high sensitivity to deep-uv 
irradiation which permits high wafer throughput. Λ number of acid-catalyzed 
schemes have been developed including cationic polymerization, depolymerization, 
polymer cross-linking reactions, and acid-catalyzed functional group inter-
conversions or rearrangements. 

The development of new classes of cationic photoinitiators has played a critical 
role in the production of highly sensitive, acid-catalyzed deep-uv photoresists. 
Sulfonium salts have been widel
tively easy to prepare and structura
wavelength sensitivity. Triphenylsulfonium salts are particularly well suited for 
deep-uv application and in addition can be photosensitized for longer wavelength. 
These salts are quite stable thermally and certain ones such as the 
hexafluoroantimonate salt are soluble in casting solvents and thus easily incorpo
rated within resist materials. 

The generally accepted mechanism for the generation of acid from irradiation 
of triphenylsulfonium salt (1) is depicted in Scheme 1. The sulfonium salt excited 
state undergoes homolytic cleavage of the carbon-sulfur bond to give an intermediate 
sulfur-centered radical cation along with phenyl radical. Brônsted acid is believed to 
arise from hydrogen atom abstraction by the radical cation followed by dissociation. 
Phenylthiobiphenyl rearrangement products have also been observed (5), suggesting 
that acid may arise by photorearrangement followed by dissociation. Some evidence 
has been presented which suggests that phenyl cation is produced by heterolytic 
cleavage of the excited state of the sulfonium salt (6). Nucleophiles such as ethers, 
epoxides and sulfides, i f present, react rapidly with the radical cation (7). The 
quantum efficiency for production of Brônsted acid from triphenylsulfonium 
hexafluoroarsenate is known (8). Acetonitrile solutions were irradiated at 254 nm. 
A c i d was analyzed by either aqueous or potentiometric titration. A quantum yield 
of 0.7 was observed. 

A number of acid-catalyzed resist schemes have used the t-butoxycarbonyl 
( t-BOC) functionality as protecting groups. These groups have been widely em
ployed in peptide chemistry and are well known for their lability toward strong acids 
(9). The t -BOC groups have been employed as pendant groups on acid-sensitive 
polymers (10-12) and also on small molecule dissolution inhibitors (13). Sulfonium 
salts or other acid-photogenerators are dissolved in the polymer solution and films 
are prepared. After irradiation the films are heated and the t -BOC groups are con
verted to hydroxyl groups (Scheme 2). The reaction proceeds by an A A L - 1 mech
anism in which the acid is regenerated in the final step of the mechanism. While the 
generation of the acid is limited by the dose of radiation and the quantum yield, the 
overall chemistry is amplified because of the catalytic nature of the deprotection step. 

The characterization of t -BOC containing resists has generally been done by 
infrared analysis of the carbonyl group before and after exposure and postbake. This 
analysis provides a measure of overall chemistry within the resist film but doesn't 
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Scheme 1. Mechanisms for acid generation from triphenylsulfonium salts. 
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give any information about the amount of acid generated or the extent ot the cata
lytic chain. We have carried out a detailed characterization of a resist film contain
ing triphenylsulfonium hexafiuoroantimonate in poly(4-t-butoxycarbonyl-
oxystyrene) and have measured quantum yields, the amount of acid generated, and 
the extent of the catalytic chain for this resist. 

Results and Discussion 

Merocyanine Dye Method for A c i d Analysis. Resist photochemistry can often be 
monitored by the changes in ultraviolet absorption spectra associated with a 
bleaching of the sensitizer absorbance. In the case of resist systems with 
triphenylsulfonium salts, no change in the film absorption is observed on irradiation. 
In order to determine the amount of acid produced, a direct method for acid analysis 
was required. Λ highly sensitive method was desirable since the amount of acid 
produced is approximately 1
fer. Furthermore a nonaqueou
of the hexafiuoroantimonate salt. Hydrolysis gives hydrogen fluoride (14) which 
makes accurate acid determination more difficult. 

Gaines (15) has previously described the use of merocyanine dyes as a 
nonaqueous means of determining Brônsted acid concentration. Merocyanine dyes 
are protonated by strong acids to produce protonated dye which has a distinct visible 
absorption (Figure 1). The unprotonated dye form (3) has a solvent dependent vis
ible absorption maxima. The present studies were performed in acetonitrile or 
dichloromethane solvent where absorption maxima were at 576 nm and 610 nm re
spectively. The absorbance of the protonated form (4) is relatively unaffected by 
choice of solvent and is clearly separable from the absorbance of the free dye. The 
extinction coefficient of the free dye is quite large (71,000 in dichloromethane) which 
allows determination of small amounts of acid such as 10~6 mmol with an average 
error of less than 10%. 

The equilibrium reaction depicted in Figure 1 is dependent on acid strength. 
Accurate determination of acid concentration is dependent on shifting the equilib
rium to favor product formation. Experiments were performed to determine the de
pendence of the equilibrium on acid strength. Known quantities of trifiuoroacetic 
acid were added to the dye solution and the visible absorption spectra were recorded 
(Figure 2). A direct correlation was observed between the number of equivalents of 
acid added and the degree of bleaching of the dye which indicates complete product 
formation. A similar result was observed by Gaines Q5) for addition of 
methanesulfonic acid. Since the superacids such as hexafluoroantimonic acid are 
stronger than either trifiuoroacetic acid or methanesulfonic acid (16), the bleaching 
of dye absorbance with superacids will correlate well with acid concentration. 

A c i d Generation in Photoresist Films. A resist composition was chosen to give in
complete t -BOC removal after irradiation with 0.5-2.0 m l / c m 2 dose at 254 nm fol
lowed by postbake at 100°C for one minute. These conditions were satisfied for 
films consisting of 1% triphenylsulfonium hexafiuoroantimonate (1) in 
poly(4-t-butoxycarbonyloxystyrene) (2). The amount of acid produced on 
irradiation was determined by performing acid analyses before and after irradiation 
and taking the difference between these two values. A l l analyses were performed on 
four different wafers and the results were taken as the average of the four replicate 
experiments. Average error for the four experiments was less than 10%. 
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The analysis of acid present before irradiation was determined to be 
2 χ 10 6 mmol for a one micrometer films on a 2 inch wafer. This is a significant 
fraction of total acid present after irradiation. For a 0.5 m l / c m 2 dose, this is nearly 
30% of the total acid content. However, the acid present before exposure is not 
significant for t -BOC thermolysis. N o carbonyl infrared absorbance change was 
noted following softbake. 

Analyses were performed on each of the resist components to determine the 
source of the background acid. Background acid was present in all three resist 
components - polymer, sulfonium salt, and casting solvent. However the sulfonium 
salt contained the highest concentration of acid by two orders of magnitude. Resi
dual acid in sulfonium salt may be due to the method of preparation which involves 
an aqueous metathesis step to exchange the hexafiuoroantimonate ion for bisulfate. 
This procedure is likely to produce hydrogen fluoride due to hydrolysis of 
hexafiuoroantimonate salt (14). 

After irradiation at 254
were noted. The amount o
tracting the unexposed acid content from the total acid content after irradiation. 
The results (Table I) show that the amount of photogencrated acid is very 
small - approximately 1 χ 1 0 s mmol for a 2 m ï / c m 2 dose on a two inch wafer. 
However it should be noted that the amount of sulfonium salt used for these exper
iments Is quite small. Actual photoresist compositions might contain significantly 
more sensitizer. For example, Ito and Willson (2) performed imaging experiments 
on resin 2 containing 20% of diphenyliodonium salt. The generation of acid is fairly 
linear with dose (Figure 3) at conversions less than 25%. 

Despite the small amount of acid generated in these experiments, the film dis
solution behavior following postbake is dramatically affected. Ac id content exceed
ing 5 χ 10 6 mmol per 2 inch wafer is sufficient to change the solubility 
characteristics of the resist such that exposed resist film is no longer soluble in non-
polar developer solvent. 

A quantum yield was determined for acid generation based on the total 
absorbance of the film and the reflectivity from single crystal silicon at 254 nm. 
Total film absorbance at 254 nm is 0.185 which corresponds to 35% absorption by 
the film. Reflectivity at 254 nm is 0.66 Q7) and so an additional 15% of the incident 
light is absorbed after reflection. Total absorption was taken to be 50% of incident 
dose. It should be noted that the resin absorption without sulfonium salt is 0.155 
and thus constitutes about 84% of the total film absorbance with sulfonium salt. 

The quantum yields for acid generation vary from 0.26 to 0.40 (Table I). The 
highest quantum yield was observed for the lowest dose - a fact which cannot be 
rationalized on the basis of absorption change since no bleaching of film absorbance 
is observed during the irradiation. Quantum yield variation with dose may be due 
to inhomogeneous distribution of sulfonium salt in the resin causing some salt to 
generate acid at greater efficiency than the bulk distribution. 

For comparison, the solution quantum yield was determined by the merocyanine 
dye technique. Acetonitrile solutions of triphenylsulfonium hexafiuoroantimonate 
were irradiated with a 5 m l / c m 2 dose. Dye solution was added and the acid content 
was determined by changes in dye absorption. The quantum yield for acid pro
duction was determined to be 0.8, which agrees reasonably well with the value (0.71) 
determined for the hexafluoroarsenate salt (8). 
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Figure 2. Bleaching of merocyanine dye absorption on addition of fractional equiv
alents of trifiuoroacetic acid. 
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Figure 3. A c i d photogeneration versus dose. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



34 POLYMERS IN MICROLITHOGRAPHY 

Table I. A c i d Production and Quantum Yields from Irradiation 
at 254 nm of Polymer 3 Films Containing 1% Sulfonium Salt 4 

Incident Absorbed Acid Percent Quantum 
Dose (mJ/cm2)a Dose (mJ/cm2)b Production (mmol)c Conversion (%) Yieldd 

0.5 0.25 4.8 χ ΙΟ"6 10 0.40 
1.0 0.50 6.6 χ 10"6 13 0.30 
1.5 0.75 9.2 χ 10~6 19 0.28 
2.0 1.0 1.1 χ ΙΟ"5 23 0.26 

irradiations and dose measurements were performed through 254 nm band pass filters. 

bTaken as 50% of incident dose based on absorbance of 0.185 and reflectance of silicon of 0.66 
at 254 nm. 

cAmount of acid produced on irradiation of l.l micrometer films on 2 inch diameter silicon 
wafers. The acid present in the film before irradiation has been subtracted out. Results are 
averaged for four measurement

d l mJ/cm2 of 254 nm light incident on a 2 inch diameter wafer corresponds to 2.6 χ 10
photons. 

Thus the quantum yield for acid production from triphenylsulfonium salts is 
0.8 in solution and about 0.3 in the polymer 2 matrix. The difference between acid 
generating efficiencies in solution and film may be due in part to the large 
component of resin absorption. Resin excited state energy may not be efficiently 
transferred to the sulfonium salt. Furthermore a reduction in quantum yield is 
generally expected for a radical process carried out in a polymer matrix due to cage 
effects which prevent the escape of initially formed radicals and result in 
recombination (18). However there are cases where little or no difference in 
quantum efficiency is noted for radical reactions in various media. 
Photodissociation of diacylperoxides is nearly as efficient in polystyrene below the 
glass transition point as in fluid solution (19). This case is similar to that of the 
present study since the dissociation involves a small molecule dispersed in a glassy 
polymer. 

Catalytic Chain Length. After irradiation of an acid-catalyzed resist film a postbake 
is carried out to affect some chemical change. For the t-BOC containing polymer 
2 postbake results in removal of the t-BOC functionality to give 
poly(4-vinylphenol). Under ordinary lithographic conditions the exposure dose and 
acid photogenerator concentration is adjusted to obtain complete removal of t-BOC 
functionality. For the current study we have chosen conditions to avoid complete 
loss of carbonate group in order to measure catalytic chain length for the process. 

The resist films were irradiated with the same incident doses used for the 
determination of acid content. A postbake was performed at 100°C for one minute. 
The carbonyl absorption was measured before and after irradiation and postbake. 
The difference was used to determine the number of t-BOC groups removed for a 
given weight of resist film. By dividing the number of t-BOC groups by the amount 
of photogenerated acid, the catalytic chain length was determined (Table II). 

For the incident doses studied, the catalytic chain length varies from about 800 
to 1100. The lowest numbers were observed for the lowest and highest doses. At 
2.0 ml/cm 2 incident dose the catalytic chain begins to drop off as t-BOC group 
removal starts to approach completion. 
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Table II. Catalytic Chain Length for Ac id Catalyzed t-Butylcarbonate 
Decomposition 

Absorbed Loss of 1 voss of Acid (Catalytic Chain 
Dose (mJ/cm2)a Carbonyl (%) Carbonyl (mmol) Producedb (mmol) Length* 

0.25 33 3.7 χ 10~3 4.8 χ 10 6 800 
0.50 65 7.3 χ 10 3 6.6 χ 10 6 1110 
0.75 82 9.2 χ 10 3 9.2x 10 6 1000 
1.0 86 9.7 χ 10 3 1.1 x 10 5 870 

aTaken as 50% of incident dose based on absorbance of film at 254 nm (0.185) and reflectance 
of silicon at 254 nm (0.66). 

bAverage of four measurements with average error of less than 10%. 

cDefined as mmol of carbonyl loss per mmol of photogeneratcd acid. 

A c i d diffusion. Ac id catalyzed resist systems are particarly noteworthy for their high 
sensitivity toward radiation. However it has been suggested that the amplification 
effect observed with catalytic resist systems is achieved only at the expense of lost 
resolution. Some diffusion of catalyst is necessary to achieve sufficient loss of B O C 
groups in order to impart sufficient difference in polarity for discriminatory film 
dissolution. Yet unlimited acid diffusion would result in loss of resolution. 

The present study permits the evaluation of acid diffusion in 
poly(4-t-butoxycarbonyloxystyrene) during the postbake step. Catalytic chain 
lengths of 1000 require acid diffusion over a volume of polymer film which 
encompasses 1000 repeat units. Since the film density is 1.1 g/cm 3 , the volume of 
polymer containing 1000 repeat groups can be described by a sphere with a radius 
of 50Â. Thus concerns regarding resolution loss during postbake would appear 
unwarranted even at very small feature size in poly(4-t-butoxycarbonyloxystyrene). 
The resolution of features down to several hundred Â should not be adversely 
affected by diffusion during postbake. A recent study with scanning transmission 
electron beam exposure has achieved a resolution of 150 Â for this resist system 
(20). 

Experimental 

General. Dichloromethane was freshly distilled from calcium hydride prior to use. 
A l l glassware used for the analysis was first rinsed with dye solution and then with 
dichloromethane. The visible absorption spectra were recorded on a 
Hewlett-Packard Model 8450A UV/Vis ib le Spectrometer. Measurements were 
conducted in yellow light due to the photosensitivity of the dye solutions. Exposures 
were performed on the O A I 30/5 Exposure Tool through 254 nm band pass filters 
(10 nm band width for transmission greater than 10%). The exposure doses were 
measured with O A I Exposure Moni tor Model 355 equipped with a 254 nm sensor 
(monitor and sensor were calibrated with a National Bureau of Standards secondary 
standard), infrared spectra were recorded on an I B M IR/32 (FTIR) . F i lm thickness 
measurements were performed with an Tencor Alpha Step 200. 
Poly(4-t-butoxycarbonyIoxystyrene) (21) and triphenylsulfonium 
hexafiuoroantimonate (22) were prepared by known procedures. 
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Fi lm A c i d Analysis. A dye solution was prepared by dissolution of 4.4 mg of 3a in 
dichloromethane (50 m l ) . The blank solution was prepared by transferring by 
pipette 2.0 m L of dye solution to a 25 m L volumetric flask. The solution was then 
diluted with dichloromethane to a total solution volume of 25 mL. Eight 2 inch 
wafers were spincoated with 1.1 micron of a polymer solution containing 1% 
triphenylsulfonium hexafiuoroantimonate in poly(4-t-butoxycarbonyloxystyrene). 
Four of the films were used for background acid determination. The films were dis
solved in dichloromethane and 2.0 m L of dye solution was added. The resulting 
solution was transferred to a 25 m L volumetric flask and the wafer was rinsed with 
two more portions of dichloromethane to ensure quantitative transfer of material. 
The combined dichloromethane solution was diluted with more dichloromethane 
until the final volume of the solution was 25 mL. The procedure was repeated for 
all four wafers and visible spectra were measured for the four wafer solutions and the 
blank solution. A n average value was determined for the optical density of the wafer 
solutions and background acid content determined based  extinctio  coefficient 
of 71,000 for the 610 nm absorption
254 nm band pass filters to predetermine ,
acid content was determined as above. The acid production was computed by taking 
the difference between the acid content after irradiation and the background acid 
content. 

Catalytic Chain Lengths . Resist films (1.1 microns) containing t-butoxycarbonate 
protected phenolic resin (3) and 1.0 weight percent of triphenylsulfonium 
hexafiuoroantimonate (4) were spin coated on two inch silicon wafers (quantitative 
acid measurements, film thickness) and one inch sodium chloride plates 
(IR-analysis). Flood exposure with deep U V light was performed with a mercury-arc 
lamp through a 254 nm filter applying doses of 0.5, 1.0, 1.5 and 2.0 m l / c m 2 to both 
coated silicon wafers and sodium chloride plates. Quantitative IR measurements 
(intensity change of carbonyl absorption at 1760cm 1 were done before and after 
postbake at 100°C for 60 sec. The catalytic chain length for the acid catalyzed 
cleavage of t-butoxycarbonyl groups was calculated by dividing the number of re
moved carbonate groups by the number of photogenerated protons. 

Solution Quantum Yield. A sulfonium salt solution was prepared by dissolving 20.4 
mg of 1 in 50 m L of acetonitrile. The absorbance of the solution at 254 nm was 
measured to be greater than 2 and no bleaching was observed on irradiation. A dye 
solution was prepared by dissolving 5 mg of 3a in 2 mL dichloromethane followed 
by dilution with acetonitrile to obtain a total solution volume of 50 mL. To 1.0 m L 
of sulfonium salt solution was added 2.0 m L of dye solution and the absorbance at 
576 nm was measured. Sulfonium salt solution (1.0 mL) was then irradiated through 
254 nm band pass filters with a 5.0 mJ/cm 2 dose. The sulfonium salt solution was 
irradiated in a cuvette cell held in a horizontal position using 254 nm filtered light 
from the O A I 30/5 exposure tool. The sides of the cell were protected from scattered 
light and only the top surface was exposed. Following irradiation, 2.0 m L of dye 
solution was added to the sulfonium salt solution. The absorbance at 576 nm was 
then determined. This procedure was repeated three more times for both exposed 
and unexposed solutions. From this data an average value for acid generation was 
calculated as above and the quantum yield determined. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



2. McKEANET AL. Brônsted Acid Generation 37 

Conclusions 

The irradiation of films prepared from 1% triphenylsulfonium salts in 
poly(4-t-butoxycarbonyloxystyrene) with lithographically useful doses of 254 nm 
light generates acid which is less than 0.1% of the t -BOC groups. The efficiency of 
the photochemistry is several times less than the efficiency of acid generation from 
triphenylsulfonium salts in solution. The catalytic chain is about 1000 for the t - ^ O C 
deprotection step at 100°C. This implies that catalyst diffusion during postbake is 
on the order of 50A 
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Chapter 3 

Chemically Amplified Resists 

Effect of Polymer and Acid Generator Structure 

Francis M. Houlihan, Elsa Reichmanis, Larry F. Thompson, and Regine G. 
Tarascon 

AT&T Bell Laboratories

Deep-UV photolithography will have an important place in the 
semiconductor manufacturing arena by the mid 1990's. For this 
lithographic technology to achieve its ultimate capability, it will 
be necessary to have non-novolac based resists and new resist 
processes. Resist materials based on chemical amplification 
have been reported and shown to have most of the resist proper
ties needed for deep-UV photolithography. The polymer and 
acid generator structures are critical issues in the design of an 
optimum chemically amplified deep-UV resist. This paper 
reports on the effect of polymer and acid generator structures on 
the lithographic performance of three polymers; poly(4-t
-butoxycarbonyloxystyrene) (TBS), poly(4-t-butoxycarbonyloxy-α
-methylstyrene) (TBMS), and poly(4-t-butoxycarbonyloxystyrene 
sulfone) (TBSS) and three photoactive acid generator materials; 
2,6 dinitrobenxyl tosylate (Ts), triphenylsulfonium hexafluoroars
enate (Af), and triphenylsulfonium trifluoromethonesulfonate (Tf) 
The polymer TBSS is known to undergo radiation induced chain 
scission and provides an improvement in the sensitivity com
pared to resists formulated with polymers which do not undergo 
chain scission. The lithographic performance of a resist formu
lated from this polymer and 2,6-dinitrobenzyl tosylate acid gen
erator is reported. 

"The more things change, the more they stay the same" is a well-known quote 
that is very applicable to photolithography. For nearly four decades, integrated cir
cuits have been patterned with photolithography. The complexity and speed of 
IC's have increased by several orders of magnitude with a concomitant decrease in 
feature size and cost per bit. During these dramatic changes, photolithography has 
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remained the dominant imaging technology. The cost and sophistication of expo
sure tools have been increasing, and their performance has kept up with device 
process demands for resolution and registration accuracy. These improvements 
have been accomplished through the availability of more precise tools and a 
decrease in the exposure wavelength. The most advanced i line (365 nm) stepper 
w i l l produce features as small as 0.5 μπι; but a shorter wavelength source w i l l be 
required for the production of smaller features. To meet these future requirements, 
equipment manufactures have already made available prototype 5 X reduction 
steppers with refractive optics based on 248 nm radiation produced by eximer 
lasers (1,2), in addition to I X and 4 X reflective optics system using a H g arc 
source (3,4). 

During these decades of change and evolution in photolithography, novolac-
diazoquinone chemistry remained the basis of conventional positive photoresists 
(5). However, preliminary result
too optically opaque to be usefu
lac matrix resin has significant absorption (6). For the first time, new resists must 
be introduced into manufacturing in conjunction with a new photolithographic tech
nology. Based on initial evaluations, we have established some performance cri
teria for an optimum deep-UV resist, and they are given in Table I. When one ex-

TABLE I: Performance Criteria for a Deep-UV Resist 

Sensitivity <50 mJ cm 2 * 
Contrast >4 
Resolution <0.35 μπι 
Optical density <0.4 μ π Γ 1 

Etching resistance = novolac based positive photoresists 
Shelf-life > 1 year 

* For tools using conventional H g sources a sensitivity 
of < 10 mJ c m " 2 may be required. 

amines the available light sources and associated optical systems, it appears 
unlikely that a material with an overall quantum efficiency of one or less w i l l pro
vide the required sensitivity (7). A new class of resists that achieve differential 
solubility from an acid catalyzed chemical reaction were discovered by Ito, et al 
(8,9). The first systems reported were based on poly(4-t-
butoxycarbonyloxystyrene)(TBS) and arylsulfonium or iodonium salts as the pho
toactive acid generators (AG) . These systems meet many of the requirements 
listed in Table I; however, they may have certain practical and processing draw
backs that result from the ionic character of the A G . Ionic materials have limited 
solubility in organic polymers thus limiting the choice of polymers available for 
the matrix resin. In addition, many of these "onium" salts contain metal atoms 
such as arsenic and antimony that are known to be device contaminants. 
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A nonionic, non-volatile photoactive acid generator, 2,6-dinitrobenzyl tosylate 
has been recently reported and shown to be effective in chemically amplified resist 
systems (10). This ester is a nonionic compound that has a much wider range of 
solubility in matrix polymers and does not contain undesirable inorganic elements. 
While it is known to exhibit a lower sensitivity to irradiation than the onium salt 
materials, many structural variations can be produced to precisely vary the acid 
properties of the molecule and to control the diffusion of the A G in the polymer 
matrix (11). 

M u c h less work has been focused on the effect of polymer structure on the 
resist performance in these systems. This paper w i l l describe and evaluate the 
chemistry and resist performance of several systems based on three matrix poly
mers: poly(4-t-butoxycarbonyloxy-a-methylstyrene) ( T B M S ) (12), poly(4-t-
butoxycarbonyloxystyrene-sulfone) (TBSS) (13) and T B S (14) when used in con
junction with the dinitrobenzy
(As) and triphenylsulfonium
pled with mass spectroscopy ( G C / M S ) has been used to study the detailed chemi
cal reactions of these systems in both solution and the solid-state. These results 
are used to understand the lithographic performance of several systems. 

EXPERIMENTAL 

Materials 

The dinitrobenzyl tosylate, (15) triphenylsulfonium hexafluoroarsenate (16), and 
triphenylsulfonium triflate (17) were prepared as described in the literature. The 
monomers, 4-t-butoxycarbonyloxy-a-methylstyene (t-BOC-a-methylstyrene), and 
4-t-butoxycarbonyloxystyrene (t-BOC-styrene) and their respective homopolymers, 
T B S and T B M S were prepared as described in the literature (12,14). T B S S was 
prepared by conventional, free-radical methods (13,18). The composition of this 
polymer (ratio of SO2 to t - B O C styrene) is controlled by changing the polymeriza
tion temperature and/or initiator concentration (Table Π). 

TABLE II: Composition and Reaction Conditions 
for the preparation of TBSS Polymers 

Composition 
Ratio 

t - B O C styrene 
(ml) 

S 0 2 

(ml) 
A I B N 

x l 0 3 g m 
Temp 

°C 
Y i e l d 

% 
2:1 10.0 4.0 57 55 41 

3:1 15.5 6.0 85 60 74 

5:1 20.0 8.0 115 62 43 

The substituted styrene monomer and azo-to-isobutyronitrile initiator were placed 
in a glass reactor which then was attached to a vacuum manifold. The reactor was 
evacuated and cooled in a dry-ice-acetone bath. The appropriate quantity of SO2 
monomer was distilled into the reactor, the reactor was then sealed under vacuum 
and placed in a constant temperature bath for three to eight hours. After the 
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desired conversion was reached, the reaction was terminated by cooling to -20 e C, 
opening the reactor and diluting its contents with acetone. The polymer was pre
cipitated into methanol, the product filtered, dissolved and reprecipitated. After the 
final precipitation, the polymer was filtered, dryed and weighed to determine the 
yield. The composition was determined by elemental and IR analysis. Table ΠΙ 
contains polymer molecular weight and molecular weight dispersity data for the 
materials used in the lithographic evaluations. 

TABLE ΙΠ: TBS, TBMS and TBSS Polymer Molecular Properties 

Polymer M w M w / M n 

x l O " 5 

S 0.2 1.53 

T B M S 3.45 2.32 

T B S S a 1.96 2.1 

The ratio of t - B O C styrene to SO2 was 3:1. 

GC /MS Studies 

G C / M S experiments were done using an HP5995c mass spectrometer equipped 
with a crosslinked methyl silicone column (0.2 mm diameter, 12 m length), and 
helium carrier-gas at a flow rate of 0.5 m L per min. A split interface was used 
with a split ratio of 1/100. The column temperature was held at -10°C for 2 mins 
followed by a rapid ramp at 30°C min" 1 to 250°C. Samples of polymer were 
heated on a Chemical Data Systems platinum ribbon probe. Polymers were dis
solved in cyclohexanone or xylene (1 wt%), and 2-nitrobenzyl tosylate, tosic acid 
hydrate, 2,6-dinitrobenzyl tosylate, or triphenylsulfonium hexafluoroarsenate (5 
wt% relative to the polymer) were added to the polymer solutions. Samples for 
analysis were prepared by casting ΙΟμΙ. of solution onto the platinum ribbon and 
heating to either 8 0 e C (2-nitrobenzyl tosylate samples), or 120°C (all other sam
ples) to remove excess solvent. In the case of the samples containing 2-
nitrobenzyl tosylate, G C / M S spectra were taken of the volatile products evolving 
from cast and baked films which were heated in the G C / M S at 130 e C for 2 mins. 
In the case of the samples containing 2,6-dinitrobenzyl tosylate or triphenylsul
fonium hexafluoroarsenate, G C / M S spectra were taken of the volatile products 
evolving from the samples that were irradiated at 248 nm with a dose of 195 
mJ /cm 2 followed by rapid heating to 120°C in the G C / M S . In all cases, spectra of 
the volatile material given off during the pyrolysis of remaining material at 725°C 
for 2 min were taken. The percent depolymerization of the polymer during the in i 
tial heating period is defined as the ratio of the amount of the products given off 
during the post-irradiation bake at 120°C (or a simple bake in the case of the sam
ples treated with 2-nitrobenzyl tosylate) and the total amount of products given off 
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during both this bake and the final pyrolysis. Authentic samples were used to cali
brate the G C results. 

GPC Studies 

G P C analyses were performed with a Waters Model 244 chromatograph using 
Microstyragel columns. Both differential refractive index and UV (254 nm) 
detectors were used. T H F was the eluant with a flow rate of 2 m l m i n " 1 . A ben
zene internal standard was employed to correct for flow variations and for normali
zation of the integrated peak areas. The column set was calibrated using nearly 
monodispersed polystyrene standards and all molecular data are reported as 
polystyrene-equivalent molecular weights. 

Samples for analysis were prepared by spin-coating S i substrates from 
cyclohexanone solutions of 2,6-dinitrobenzyl tosylate and T B M S or T B S  The 
samples were prebaked at 9 0
after exposure and heating a
dissolved with 5 m l of T H F and a 1 m l aliquot of 0.1 vo l % benzene in T H F 
added. Finally, the solutions were diluted to 10 ml with T H F , and ΙΟΟμΙ injected 
onto the G P C for analysis. 

Lithographic Evaluation 

Resist solutions were prepared by dissolving the appropriate matrix polymer in 
cyclohexanone (10 g of polymer in 100 ml of solvent) followed by the addition of 
the required amount of acid generator. These solutions were filtered through teflon 
membrane filters with the last filtration being done with 0.2 μπι pore size niters. 
The resists were spin-coated onto freshly cleaned, oxidized S i substrates and pre
baked at 105°C for 30 minutes. The resist-coated substrates were exposed using a 
Suss model M A 5 6 M contact aligner equipped with a Lambda-Physik excimer laser 
operating at 248nm. Immediately after exposure, the wafers were post-exposure 
baked (PEB) on a C E E Mode l 2000 hot-plate equipped with a vacuum hold-down 
chuck at 105 e C for one to three minutes. The P E B times were adjusted for 
optimum performance for each acid generator-matrix polymer resist combination. 
The exposed and baked wafers were developed in an aqueous-base media such as 
tetramethylammonium hydroxide. Sensitivity and contrast were determined by 
measuring film thickness with a Nanometrics Nanospec/AFT thickness gauge and 
plotting normalized film thickness remaining as a function of log dose. The sensi
tivity is the dose at 0% film remaining (with no thinning of the unexposed film), 
and the contast (γ) is the slope of the linear portion of the exposure response curve. 
Resolution and image quality were determined by examining developed resist pat
terns with a Hitachi Mode l S-2500 scanning electron microscope equipped with a 
LaB6 gun and low voltage column. 

RESULTS AND DISCUSSION 

Three matrix polymers were chosen to evaluate the effect of polymer structure 
on the performance of chemically amplified resists. T B S was used as the reference 
material, while T B M S and T B S S were selected because of their ability to undergo 
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photo-induced chain scission (19-21) in addition to acid catalyzed deprotection. 
Additionally, T B M S undergoes acid catalyzed chain scission. It was reasoned that 
even a small amount of chain scission would lead to an incremental increase in 
solubility affording improved sensitivity. Enhancements in sensitivity are desirable 
for the 2,6-dinitrobenzyl tosylate based systems since the ester is known to exhibit 
a lower sensitivity to irradiation than the onium salts due to a lower quantum yield 
for acid generation, reduced catalytic chain length and reduced acidity. 

Thermally Initiated Depolymerization 

Heating pure T B M S , T B S and T B S S films at 130 e C gave no volatile products. 
Pyrolysis at 725°C gave rise to both deprotection (as determined by the evolution 
of isobutene and carbon dioxide), and depolymerization to afford the respective 
monomers, sulfur dioxide, 4-hydroxystyrene, or 4-hydroxy-a-methylstyrene. The 
compounds, 4-hydroxystyren
the basis of their mass spectra
literature for these materials (22,23). Additionally, T G A analysis confirmed that 
all three polymers undergo complete volatilization upon heating to >400 eC. 

When films of the substituted styrene and styrene-sulfone polymers contaning 5 
wt% 2-nitrobenzyl tosylate were heated to 130 e C, only products arising from the 
decomposition of the protecting group (carbon dioxide, isobutene, oligomers of iso
butene) were detected. Fi lms cast from the α-methylstyrene analog gave products 
arising not only from the deprotection process, but also from a depolymerization 
reaction. Two products of depolymerization were observed, the expected 4-
hydroxy-a-methylstyrene, and an unknown compound subsequently identified as 
5-hydroxy-l,l,3,3-tetramethylindan. Similar results were observed when tosic acid 
hydrate was used as source of acid, indicating that the process is acid initiated. In 
the case of tosic acid hydrate, a third compound, 4-isopropylphenol, was also 
observed as a depolymerization product. 

The G C / M S spectra were used to estimate the % depolymerization of T B M S 
under various conditions (see Table IV) . The % depolymerization of polymer sam
ples containing 2-nitrobenzyl tosylate is dependent upon the solvent used to cast 
films. When xylene is used, a higher % depolymerization is observed than with 
cyclohexanone. Moreover, the ratio of depolymerization products also varies with 
casting solvent. Specifically, the indan thermolysis product is more predominant 
when films were cast from xylene. The reaction with tosic acid hydrate resulted in 
a high degree of depolymerization; this is most l ikely a consequence of depolymer
ization occurring during sample preparation. 

Photochemically Initiated Depolymerization 

Having established the tendency of T B M S to undergo acid catalyzed depoly
merization, the propensity for photochemically generated acid to effect the same 
phenomenon was evaluated. The resistance of T B S and T B S S to acid catalyzed 
depolymerization was also evaluated. Onium salts are well known photogenerators 
of acid, (16,17) while 2,6-dinitrobenzyl tosylate has been shown recently (15) to 
efficiently generate acid upon irradiation. Unirradiated samples of al l the polymers 
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containing either 2,6-dinitrobenzyl tosylate or onium salt showed no detectable sign 
of polymer depolymerization or deprotection when subjected to a P E B temperature 
of 120°C. 

TABLE IV: Depolymerization of TBMS 
Initiated by Thermal and Photochemical Generators of Acid at 120*C 

Acid 
Generator 
(5wt%) 

Mode Casting 
Solvent* 

Atmosphere5 %Depoly-
merization 

Composition0 

Mole% 
I II III 

Nitrobenzyl 
Tosylate 

Thermal C AD 11 87 13 

Nitrobenzyl 
Tosylate 

Thermal X AD 16 64 36 -

Tosic Acid 
Hydrate 

Therma

Dinitrobenzyl 
Tosylate 

hv c AD 16 88 12 -

Dinitrobenzyl 
Tosylate 

hv c AS 4 66 34 -

Dinitrobenzyl 
Tosylate 

hv c AP 10 83 17 -

Triphenylsulfonium 
Hexafluoroarsenate 

hv c AD 14 77 23 

Triphenylsulfonium 
Hexafluoroarsenate 

hv c AWd 8 31 37 32 

a. C denotes cyclohexanone and X denotes xylene. 
b. Experiments done on days of high or low atmospheric moisture are denoted 

as air(AW) or air(AD), respectively. Samples stored during transit on high 
humidity days in a P2O5 glove bag are denoted A P and samples stored dur
ing transit in a glove bag saturated with water are denoted A S . 

c. The products are identified as follows: I is 4-hydrxy-a-methylstyrene, II is 
5-hydroxy-l,1,3,3- tetramethylindan and ΙΠ is 4-isopropyl phenol. 

d. Substantial amounts of isobutene were detected on pyrolysis of these samples 
at 725°C. 

Irradiation followed by P E B of T B M S , T B S and T B S S polymer films contain
ing acid photogenerators, resulted in complete deprotection of the t-butoxycarbonyl 
group providing sufficient dose was used for the exposure. In agreement with the 
thermal experiments using 2-nitrobenzyl tosylate, depolymerization resulting from 
acid catalyzed chain scission is observed only in the case of T B M S . Both depro
tection and depolymerization of the α-methylstyrene polymer occur upon irradia
tion and P E B in the presence of both the dinitro and onium salt compounds (Table 
IV) . The deprotection reaction is essentially quantitative as evidenced by the fact 
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that only trace amounts of isobutene are detected during the final pyrolysis of the 
samples at 725 e C. It was found that the extent of depolymerization, and product 
ratio is dependent upon atmospheric humidity. The presence of the moisture tends 
to give a higher ratio of the indan compound, and for films containing the onium 
salt, reaction in a humid atmosphere results in the appearance of a third depoly
merization product, 4-isopropylphenol. Additionally, samples prepared under high 
humidity resulted in substantial amounts of isobutene during the final pyrolysis. 
This may be due to either incomplete removal of the protecting group upon P E B , 
or, alternatively, to the generation of polyisobutylene during the P E B step. Since 
carbon dioxide was not detected, and substantial quantities of oligomers derived 
from isobutylene were observed, the latter hypothesis appears more likely. A d d i 
tionally, IR analysis of films treated in a similar manner detected the absence of 
the t - B O C group. 

The tendency of the protecte
depolymerize in the presenc
analysis. While quantitative data regarding deprotection and/or depolymerization 
could not be obtained using polystyrene equivalent molecular weights, qualitative 
information, confirming the tendency of T B M S to depolymerize was obtained. The 
analyses for T B M S show striking changes in molecular weight after exposure 
which are amplified upon P E B to effect a 2.5 fold reduction in molecular weight. 
This is accompanied by the appearance of low molecular weight peaks (Figure 1) 
in the region where the 2,6-dinitrobenzyl tosylate acid generator elutes. T w o of 
these new peaks differ in retention time from the ester and they appear to have 
aromatic groups as judged by their response with the 254nm detector. Extensive 
depolymerization, with formation of monomelic products is consistent with these 
results. L o w molecular weight products are also formed when tosic acid is used, 
but their number increased and molecular weights were higher than with the the 
photolyzed ester, presumably because of depolymerization occurring during sample 
preparation. Alternatively, only a slight decrease (-11%) in the polystyrene 
equivalent molecular weight was found for the styrene based system after both 
exposure and P E B and no low molecular weight products were observed. 

Poly(a-methylstyrene) and poly(styrene-sulfone) have been reported to undergo 
both chain scission and depolymerization upon irradiation w i t h 6 0 C o γ-rays (21,24). 
It was demonstrated that for poly(a-methylstyrene), chain scission and the forma
tion of monomer and dimer (l,l,3-trimethyl-3-phenylindan) occur through a 
cationic mechanism. It follows, that addition of a strong acid to poly(oc-
methylstyrene) should promote chain cleavage. The propensity of poly(4-
hydroxy-a-methylstyrene) to undergo acid catalyzed chain scission in solution has 
been reported (12) and the ability of the parent polymer to depolymerize in the 
presence of acid in the solid-state was confirmed here. Thermolysis of poly(cc-
methylstyrene) in the presence of 2-nitrobenzyl tosylate at 120°C effects 5% depo
lymerization and exclusive formation of the dimer, l,l,3-trimethyl-3-phenylindane. 
Based on this evidence, it is clear that the solid-state depolymerization of T B M S 
and formation of 5-hydroxy-l,l,3,3-tetramethylindan observed in this study 
proceeds through cationic mechanisms as outlined in Schemes I and I I respec
tively. While poly(styrene-sulfone) does not undergo an acid catalyzed chain 
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— MOLECULAR WT — -

Figure 1: G P C chromatograms of poly (t-BOC-oc-methylstyrene) formu
lated with 2,6-dinitrobenzyl tosylate (A, B) and p-
toluenesulfonic acid (C). The processing conditions were (A) 
as coated, (B) after post-exposure-baked and (C) after post-
exposure-bake. The top, inverted traces were obtained with the 
U V detector. 
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Scheme I 
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Scheme II 
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scission process, aromatic sulfones are known to undergo radiation induced chain 
scission and have been demonstrated to be effective e-beam and deep-UV resists 
(20). 

Process Considerations 

The chemically amplified resists reported here for deep-UV applications require 
a post-exposure thermal treatment process step to effect the deprotection reaction. 
This step has proven to be critical, and in order to understand the processing con
siderations it is instructive to discuss, qualitatively, the various primary and secon
dary reactions that occur with these systems during both exposure and P E B , ie: 

Δ 

A G + hv -> A H + G - » A " + H + + G (1) 

A ~ + C 4" -> A C (2

H + + D " -> H D (3) 

H+ + p-poly -> poly-OH + H * (4) 

where A G is the radiation sensitive acid generator, C * is a contaminant cation, ¥t 
is the proton that is regenerated after each deprotection reaction (4), D~ is a con
taminant anion, p-poly is the protected polymer and poly-OH is the alkali soluble 
product polymer. The "contaminants" addressed above (C* and D~) are not 
present in every system, their concentrations have not been established and their 
presence is inferred from observed lithographic effects. Even with these uncertain
ties, it is the authors experience that the qualitative kinetic equations are useful in 
process optimization and in guiding fundamental studies to gain insight into indivi
dual process steps. 

The A G molecule is converted to a strong acid (AH) upon absorption of a pho
ton and the rate of this reaction is fast, with the extent of reaction being governed 
by the quantum effeciency of the particular acid generator and flux. The acid pro
ton affects the desired deprotection reaction (4) with a finite rate constant. This 
rate is a function of the acid concentration, [H*], the temperature and most impor
tantly, the diffusion rate of the acid in the polymer matrix. The diffusion rate in 
turn, depends on the temperature and the polarity of the polymer matirx. A t room 
temperature, the rate of this reaction is typically slow and it is generally necessary 
to heat the film to well above room temperature to increase reaction rates and/or 
diffusion to acceptable levels. The acid ( H + ) is regenerated (reaction 4) and con
tinues to be available for subsequent reaction, hence the amplification nature of the 
system. 

From these highly idealized reactions, one can gain an understanding of some 
potential diffculties and process related concerns. For this system to work satisfac
torily, it would be necessary for the radiation generated acid concentration, [H*], to 
remain constant. However, in most chemically amplified systems, undesired side 
reactions occur that prematurely destroy the acid, i.e., reactions with contaminants 
such as water, oxygen, ions or reactive sites on the polymer (reactions 2 and 3). 
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The rates of these reactions depend upon the contaminant concentration and the 
inherent rate constants of the reactions. While the exact nature of these reactions 
differ for each type of chemically amplified system and are not fully understood, 
this generalized discussion is sufficient to understand many of the process issues. 

The process control of the post-exposure bake that is required for chemically 
amplified resist systems deserves special attention. Several considerations are 
apparent from the previous fundamental discussion. In addition for the need to 
understand the chemical reactions and kinetics of each step, it is important to 
account for the diffusion of the acid. Not only is the reaction rate of the acid-
induced deprotection controlled by temperature but so is the diffusion distance and 
rate of diffusion of acid. A n understanding of the chemistry and chemical kinetics 
leads one to predict that several process parameters associated with the P E B w i l l 
need to be optimized i f these materials are to be used in a submicron lithographic 
process. Specific important proces

1. Time between exposure and post-exposure bake 

The rate and extent of the deprotection reaction (4) is critically dependent 
on the acid concentration, [ H + ] . Side reactions (2 and 3) reduce the effective 
acid concentration and must be controlled. A l l of these reactions are thermally 
activated, however they do occur at a finite rate at room temperature. In order 
to assure a constant total extent of deprotection (reaction 4) it is necessary to 
control the elapsed time between exposure and P E B . 

2. Temperature of post-exposure bake 

The P E B temperature and temperature uniformity must be tightly controlled 
for the same reasons discussed above. It has been found that it is feasible to 
drive the deprotection reaction in t-butoxycarbonyl protected systems to com
pletion, providing the side reactions are minimized or controlled. This is a 
necessary requirement for satisfactory lithographic performance. 

3. Time of post-exposure bake 

Since it is important to control the thermally activated side reactions in 
addition to the temperature, the time of the P E B must also be controlled. It 
should be noted that excessive time at an elevated temperature can result in 
undesirable additional chemical changes in the polymer such as crosslinking or 
oxidation that result in solubility changes of both the exposed and unexposed 
regions. 

Lithographic Characterization 

The lithographic performance, as measured by sensitivity and contrast for the 
T B S , T B M S and T B S S polymers containing two onium salt A G systems and the 
tosylate A G is given in Table V . The absorbance of these films at 248nm was 
-0.3 μ π ι - 1 in each case. 
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TABLE V: Lithographic Performance of Resist Systems Formulated 
with TBS, TBSS and TBMS Matrix Polymers 

and 5 wt% Tf, Ar and TS Acid Generators 

A c i d Sensitivity Contrast 
Polymer Generator mJ c m " 2 

γ 

T B S T f 3 3 
T B M S T f 5 3 
T B S S T f 4 5 

T B S 
T B M S 
T B S S A r 6 6 

T B S Ts 170 2 
T B M S Ts 90 3 
T B S S Ts 65 6 

The triphenylsulfonium mfluoromethanesulfonate (Tf) photoactive acid generator 
affords the highest sensitivity (3-5 mJ cm" 2 ) for all polymer systems studied. The 
contrast for these systems ranged between 2 and 6 and sub-micron resolution was 
obtained with a l l the materials. Resist systems using the triphenylsulfonium 
hexafluoroarsenate (Ar) precursor exhibited slightly lower sensitivities (16-20 mJ 
cm" 2 ) while contrast values were similar, i.e., 2-6. Upon formulation with 5 wt% 
2,6-dinitrobenzyl tosylate (Ts) the substituted styrènes exhibited still lower sensi
tivities (65-170 mJ c m 2 ) and contrast remained in the range of 2-6. 

Differential solubility of chemically amplified resists is the result of two 
sequential reactions: photoinduced decomposition of the acid generator followed 
by a thermally driven catalytic reaction that decarboxylates the protected matrix 
polymer. When comparing different polymers and acid generator resist systems, it 
is important to ensure that the P E B results in equivalent degrees of deprotection 
(near complete). While some effect on the sensitivity and contrast of the styrene 
based polymers formulated with an onium salt acid generator is observed when an 
inherently photodegradable polymer is used, the small differences in sensitivity 
could easily be attributed to process related variables. Resist exposure dose is 
reduced (sensitivity increased) by as much as a factor of 2.5 when the tosylate 
ester is used in conjunction with T B S S or T B M S , polymer systems known to 
undergo radiation induced main chain cleavage. This increased sensitivity is l ikely 
the result of an increase in solubility that arises from a reduction in polymer 
molecular weight due to chain scission. This effect would work synergistically 
with the change in polymer solubility resulting from the catalytic deprotection of 
the t-butyloxycarbonyl groups to afford the hydroxystyrene derivative. 
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The sensitivity of both T B S S and T B M S can be further improved by the addi
tion of higher weight fractions of Ts (Table VI ) . The absorbance of the T B M S / T s 
resist compositions is also given in Table V I . 

TABLE VI: Lithographic Performance of a 2:1 TBSS and TBMS 
Polymer with the Ts Acid Generator 

Polymer % 
Ts 

Absorbance 
248nm 
μ ι ι Γ 1 

Sensitivity 
mJ c m - 2 

Contrast 
γ 

T B S S 5 .27 65 6 
T B S S 10 .40 52 10 
T B S S 15 

T B M S 5 0.24 90 2 
T B M S 10 0.37 38 4 
T B M S 15 0.50 18 5 

Note that incorporation of 15 wt% Ts in either polymer affords resists that require 
an irradiation dose as low as 20 mJ c m " 2 . Other lithographic properties such as 
adhesion and crack resistance are improved with T B S S vs. T B M S . The best 
overall lithographic performance was achieved with the poly(4-t-
butoxycarbonyloxystyrene-sulfone) polymers. Although the sensitivity of resist 
systems formulated with 2,6-dinitrobenzyl tosylate was lower, the contrast, resolu
tion and process latitude were superior in comparison to the onium salt formula
tions, and the alternate matrix resins. Figure 2 depicts typical contrast curves for 
T B S S containing 5, 10 and 15 wt% of the 2,6-dinitrobenzyl tosylate acid generator, 
and Table V I lists the sensitivity and contrast values taken from such curves. The 
remarkably high contrast for the 10 and 15 wt% formulations indicates a very non
linear relationship between the extent of deprotection and dissolution rate, a 
phenomenon not observed with the onium salt systems. Although this is not fully 
understood, it is perhaps due to an increase in dissolution inhibition imparted by 
the nonionic character of the tosylate acid generator. 

Scanning electron microscopy confirmed s u b - 0 ^ m resolution capabilities in 
T B S S -acid generator resist films (Figure 3). Note that the edge profiles are nearly 
vertical. Preliminary results indicate that the plasma etching resistance is satisfac
tory for semiconductor device processing. 

S U M M A R Y 

Deep-UV resists comprised of matrix polymers and a 2,6-dinitrobenzyl tosylate 
photoactive acid generator have been described and compared to previously 
reported onium salt systems. Although these resists exhibited lower sensitivity 
than onium salt-based materials, the contrast and processibility are superior. The 
use of a matrix polymer capable of radiation-induced chain scission improves the 
sensitivity and allows the 2,6-dinitrobenzyl tosylate acid generator to more nearly 
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1000 
EXPOSURE DOSE (mJ/cm ) 

Figure 2: Exposure curv
% TS . 

Figure 3: S E M micrographs depicting 0.5, 0.45, 0.4 and 0.35μπι coded 
line/space images printed in P B S S - A s resist. 
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meet sensitivity requirements of deep-UV steppers. Work is in progress to further 
optimize both the molecular properties and processing conditions for this system. 
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Chapter 4 

Copolymer Approach to Design of Sensitive 
Deep-UV Resist Systems with High Thermal 

Stability and Dry Etch Resistance 

Hiroshi Ito1, Mitsuru Ueda2, and Mayumi Ebina2 

1IBM Research Division, Almaden Research Center, 650 Harry Road, San 
Jose, CA 95120-6099 

2Department of Polymer Chemistry, Yamagata University, Yonezawa, 

A sensitive deep UV resist was designed by copolymerizing 
α,α-dimethylbenzyl methacrylate with α-methylstyrene by radical 
initiation. The electron-rich α-methylstyrene lacks self-propagation 
and tends to undergo alternating copolymerization with 
electron-poor monomers such as methacrylates, especially at high 
feed ratios. Intramolecular anhydride formation that occurs upon 
heating of certain polymethacrylates and poly(methacrylic acid) is 
suppressed in such alternating copolymers. Thus, a high glass 
transition temperature of 210°C is observed for the 1:1 copolymer 
after deesterification. When mixed with an "onium salt" 
photochemical acid generator, the dimethylbenzyl ester moiety 
provides a high resist sensitivity and acid-catalyzed polarity changes. 
The methacrylate units incorporated in the polymer chain give 
excellent UV transmission, while the α-methylstyrene units provide 
good dry etch resistance and high thermal stability. 

A s the trend toward the higher circuit density in microelectronic devices continues, 
there has been an increasing interest in lithographic technologies utilizing short 
wavelength radiations such as electron beam, X-ray, and deep U V (<300 nm). 
Deep U V lithography employing K r F excimer lasers (248 nm) appears to be 
emerging as a major technology for U L S I fabrication. 

Poly(methyl methacrylate) ( P M M A ) has been known to provide a high 
resolution ever since it was first used as an e-beam and deep U V resist. However, 
its lack of sensitivity precludes its use in semiconductor manufacturing. In order to 
improve the sensitivity, various P M M A analogs and copolymers have been 
prepared. For example, incorporation of fluorine into the polymethacrylate 
structure has proved useful in enhancing the sensitivity (/). In addition to the 
radiation-induced main chain scission mechanism, acid-catalyzed deprotection of 
polymethacrylates containing ester functionalities sensitive to A A L - 1 acidolytic 
thermolysis was successfully utilized for the design of sensitive resist systems 
incorporating "chemical amplification" (2). In this scheme, the lipophilic 
polymethacrylates are converted, releasing olefin and a proton upon postbake, to 
hydrophilic poly(methacrylic acid) ( P M A A ) by reaction with strong acids generated 
by irradiation of "onium salt" cationic photoinitiators. The radiation-induced 
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polarity change allows either positive or negative imaging, depending on the choice 
of the developer. However, although the sensitivity requirement has been met and 
their optical properties are excellent for deep U V lithography, polymethacrylates 
are not very useful for device fabrication because aliphatic polymers are not 
resistant to dry etching. 

Diazonaphthoquinone/novolac resists are widely used in semiconductor 
manufacturing due to their high dry etch durability, and because aqueous base 
development provides high contrast and resolution. The resolution capability of 
such photoresists has significantly improved in conjunction with the development of 
high numerical aperture g-line (436 nm) and i-line (365 nm) step-and-repeat 
exposure tools. However, application of such two-component resists to deep U V 
lithography has been hampered by the non-bleachable absorption of 
diazonaphthoquinone and the poor deep U V transmission of novolac resins. 
Crosslinking negative resist systems based on chlorinated polystyrene derivatives 
(3-6) and an aqueous base developable, negative deep U V resist ( M R S , RD2000N) 
based on commercial poly(p-vinylphenol) and diazide (7) both offer a high 
sensitivity and good dry etch
development and the latter fro

Viable deep U V resist materials must possess high sensitivity, high dry etch 
durability, high thermal stability, and high resolution without swelling; as well as 
good transmission in the 250 nm region. One successful combination of these 
properties can be seen in the t B O C resist (8,9), which is based on an onium salt 
acid generator and poly(p-t-butoxycarbonyloxystyrene) (PBOCST) which is 
transparent in the 250 nm region (optical density = 0.1 -0.13/μιτι). The resist can 
be imaged in a positive or negative mode without swelling owing to the 
acid-catalyzed conversion of the lipophilic P B O C S T to hydrophilic 
poly(p-hydroxystyrene) (PHOST) with T g of ca. 180°C, is very sensitive owing to 
chemical amplification, and is resistant to dry etching because of the aromatic 
nature of the polymer. 

In this paper, we report an alternative approach to the design of deep U V 
resist systems combining the desired properties, which involves copolymerization of 
methacrylic ester with styrenic comonomer and the use of the acid-catalyzed 
deprotection chemistry. 

Experimental 

Materials. α,α-Dimethylbenzyl methacrylate ( D M B Z M A ) was synthesized 
according to the previously reported procedure (2). Styrene (ST) and 
α-methylstyrene ( M S T ) were commercially obtained and purified by conventional 
methods. The methacrylate was copolymerized with ST or M S T with 
a,a'-azobis(isobutyronitrile) (ΛΙΒΝ) in toluene at 60°C (Scheme I). Copolymer 
compositions were determined by elemental analysis. P o l y ( D M B Z M A 0 4 8 - S T 0 5 2 ) 
had M n = 55,600 and M w = 193,000. For M S T copolymers, M n = 15,900 and 
M w =29 ,800 (x = 0.57), M n = 11,200 and M w =24,100 (x-0 .75) , M n =20,200 and 
M w =79,800 (x = 0.77), M n =38,200 and M w = 115,000 (x = 0.85). The onium salt 
used in this study was triphenylsulfonium hexafiuoroantimonate ( P h 3 S + S b F 6 ) (10). 
The polymers (ca. 17 wt%) and the sulfonium salt (4.7-4.9 wt% of total solid) were 
dissolved in Arcosolv P M Acetate (propylene glycol monomethyl ether acetate) or 
in cyclohexanone. 

Measurements and Lithographic Evaluation. 1R spectra were measured on an I B M 
IR/32 F T spectrometer. U V spectra were recorded on a Hewlett-Packard Model 
8450A U V / V I S spectrometer using thin films cast on quartz plates. Molecular 
weight determinations were made by gel permeation chromatography ( G P C ) using 
a Waters Model 150 chromatograph equipped with 6 μStyragel columns at 30°C in 
tetrahydrofuran. Thus, the molecular weights reported in this paper are 
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polystyrene-equivalent. Thermal analyses were performed on a D u Pont 1090 
thermal analyzer at a heating rate of 5°C/min for T G A and 10°C/min for D S C 
under inert atmosphere. G C / M S analysis was carried out by using a 
Hewlett-Packard 5995Λ gas chromatograph/mass spectrometer. F i lm thickness was 
measured on a Tencor alpha-step 200. Spin-cast films were baked at 100 or 130°C 
for 10 min and exposed through a narrow bandpass filter (254 nm) to deep U V 
radiation from an Optical Associate Inc. exposure system. Lithographic imaging 
was carried out in a contact mode. A Plasma Therm parallel-plate etcher was used 
for C F 4 reactive ion etching (RIE) with a graphite cathode maintained at 25°C (10 
seem, 35 mtorr, 0.25 W / c m 2 , -195 V) . 

Results and Discussion 

Thermal Analysis. Ito et al. have reported the effect of ester structure on ease of 
thermolysis and A A L - 1 acidolysis of poly(p-vinylbenzoates) (/ /) and 
polymethacrylates (2). The polymethacrylates shown in Scheme II release olefins 
upon heating or by reactio
poly(benzyl methacrylate). A
deprotection (deesterification) temperature depends on the structure of the ester 
group and is in general a good measure of ease of acidolysis. 
Poly(a,a-dimethylbenzyl methacrylate) ( P D M B Z M A ) and the polymethacrylate of 
dimethylcyclopropyl carbinol deesterify at much lower temperatures than 
poly(t-butyl methacrylate) ( P T B M A ) . Though the cyclopropyl carbinol ester is 
more susceptible to thermolysis than P D M B Z M A , it undergoes rearrangement to 
form a thermally stable ester upon heating, especially in the presence of acid (2). 
Thus we have selected D M B Z M A for its high susceptibility to acidolysis. 
P D M B Z M A (x= 1.0 in Scheme I) is converted at ca. 200°C to P M A A releasing 
M S T and then to poly(methacrylic anhydride) ( P M A N ) (2,12) with a glass 
transition temperature (Tg) of 160°C through intramolecular dehydration as T G A 
in Figure 1 and D S C in Figure 2 indicate. P D M B Z M A has been shown to release 
a small amount of M S T upon exposure to electron beams (12). Atactic P T B M A 
undergoes deesterification and dehydration almost simultaneously at temperatures 
above 200°C (2,13-15). Because of the dehydration of these polymethacrylates and 
P M A A , the resist systems based on acid-catalyzed deprotection of 
polymethacrylates cannot realize the potentially high T g of P M A A (228°C). 

As M S T or ST is introduced into P D M B Z M A as a comonomer, the 
intramolecular dehydration becomes less significant according to G C / M S analysis 
(Figure 3) and IR studies (Figure 4). The IR spectrum of a thin film (ca. 1 μπι) of 
P ( D M B Z M A 0 5 7 - c o - M S T 0 4 3 ) shown in Figure 4 indicates that anhydride formation 
is minor with a large amount of P M A A units remaining after heating the film at 
180°C for 65 min. This should be contrasted with the complete dehydration 
observed with the D M B Z M A homopolymer heated under the same conditions (2). 
The limited anhydride formation in the copolymers results in an increased 2nd run 
T . after deprotection and some dehydration, as D S C in Figure 2 demonstrates. The 
almost alternating copolymer of D M B Z M A with M S T (x = 0.57) exhibits a high T . 
of 210°C after deprotection and minor dehydration, which is in contrast to the 1:1 
copolymer with ST (x = 0.48) showing T g at 140°C after the thermal events. The 
1:1 D M B Z M A - S T copolymer produces more anhydride with a smaller 
concentration of P M A A units remaining after heating at 180°C for 65 min than the 
M S T counterpart. In radical copolymerization, both D M B Z M A and ST can 
self-propagate and therefore the 1:1 copolymer is not alternating but random, and 
contains a significant amount of D M B Z M A diad sequences which facilitate the 
intramolecular dehydration. Since M S T does not self-propagate in radical 
copolymerization, the 1:1 copolymer of D M B Z M A with M S T is almost alternating, 
with few D M B Z M A diad sequences, which minimizes anhydride formation. 
Incorporation of M S T into polymethacrylates tends to increase T g due to the high 
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Scheme I Acid-catalyzed deesterification of D M B Z M A copolymers. 
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Scheme II Thermal and acid-catalyzed deesterification of polymethacrylates. 
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Figure 2. D S C of D M B Z M A - M ST copolymers (heating rate: 10°C/min). 
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Figure 4. IR spectra of p o l y ( D M B Z M A - c o - M S T ) before and after heating at 
!80°C for 65 min. 
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T g (168°C) of poly(a-methylstyrene) ( P M S T ) whereas ST incorporation has a 
smaller effect due to the lower T . of polystyrene (ca. 100°C). In addition, 
maintaining a high concentration of methacrylic acid units in the copolymer by 
minimizing dehydration helps increase T g because of the high T ç (228°C) of Ρ Μ Λ Λ . 

Thus, we have chosen the alternating copolymer of D M B Z M A with M S T as 
our resist material for its high thermal stability ( T g = 2 1 0 ° C ) . T G A curves of the 
D M B Z M A - M S T copolymers are compared with that of P D M B Z M A in Figure 5. 
Although incorporation of M S T does not affect the deprotection temperature, the 
copolymers exhibit lower main chain stability than P M A N ( P D M B Z M A becomes 
P M A N above 260°C) and behave like P M M A and poly(a-methylstyrene) in terms 
of their main chain stability. 

Resist Imaging. The U V spectrum of a 1 μπι thick film of 
p o l y ( D M B Z M A 0 5 7 - M S T 0 4 3 ) (Figure 6) indicates that the film is very transparent in 
the 250 nm region with an O D of 0.11 and 0.10/μηη at 254 and 248 nm, 
respectively. Addit ion of 4.7 wt% of P h 3 S t S b F 6 to the copolymer results in an 
O D of 0.24 at 248 nm (58 %
of 254 nm radiation and postbake
deprotection as demonstrated by IR spectra in Figure 7. 

The copolymer resist can be imaged in either a positive or negative mode 
owing to the polarity change incorporated in the design. The resist film (1.3 μπι 
thick) was exposed to 0.15-5 m l / c m 2 of 254 nm radiation and postbaked at 100°C 
or 130°C for 2 min. Positive images were obtained by development with 
A Z 2 4 0 1 / H 2 O = 1/7 or 4 0 0 K / H 2 O = 1/4 while negative images were produced by 
using chlorobenzene or anisole as a developer. Contrast curves are presented in 
Figure 8. The film thickness was measured afler postbake ( · ) and after 
development ( • for positive and À for negative development). The exposed film 
shrinks upon postbake due to liberation of α-methylstyrene, and thus the thickness 
loss that occurs upon postbake is a good measure of conversion of the ester to the 
acid. The maximum shrinkage expected for this system is 41.7 % . The resist 
begins to become soluble in aqueous base at about 20 and 10 % shrinkage when 
postbaked at 130 and 100°C, respectively. Ful l positive development is 
accomplished at 2-3 m l / c m 2 with a very high contrast (γ) ranging from 11 (130°C 
postbake) to 4.8 (100°C postbake). 

The negative development is unusual since the exposed film becomes insoluble 
in an organic developer at much lower conversions (at a much lower dose of 0.4 
ml /cm 2 ) than for positive development. Thus, the thickness remaining in the 
exposed area afler negative development is greater at lower doses as long as the 
imaging dose is greater than the threshold value of 0.4 mJ/cm 2 , simply because the 
thickness loss in the exposed regions occurs during postbake but not in the 
development step. P D M B Z M A containing 4.9 wt% of P h 3 S + S b F 6 behaves 
similarly, losing upon postbake at 130°C 30 and 45 % of its thickness at 0.34 and 
2.30 mJ/cm 2 , respectively, with no additional thickness loss during development. 
When the P D M B Z M A resist is postbaked at 100°C, the shrinkage in the exposed 
regions amounts to 17 and 40 % and the thickness remaining afler development is 
80 and 57 % at 0.36 and 2.3 mJ/cm 2 , respectively. This negative development 
behavior is completely different from resist systems based on 
poly(p-t-butoxycarbonyloxystyrene) (76), poly(t-butyl p-vinylbenzoate) (76), and 
copolymers of T B M A with ST, which can be properly imaged in a negative mode 
only when near-maximum shrinkage is attained upon postbake. The 
P ( D M B Z M A - c o - M S T ) resist exhibits 38 % conversion when postbaked at 130°C 
for 2 min afler exposure to 0.48 mJ/cm 2 according to our IR study. This 
conversion should correspond to 15.6 % shrinkage, which agrees well with the 
contrast curve shown in Figure 8. The copolymers of D M B Z M A and M S T are 
expected to undergo main chain scission upon exposure to high energy radiation. 
However, since the thickness loss that occurs upon postbake corresponds to the 
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Figure 5. T G A of copolymers of D M B Z M A with M S T (heating rate: 
5 e C/min). 
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Figure 6. U V spectra of 1 μτη thick films of the alternating copolymer and deep 
U V resist containing 4.7 wt% of P h 3 S + S b F 6 . 
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Figure 7. IR spectra of 1 μπι thick film of the copolymer resist before and afler 
deep U V exposure. 
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degree of deprotection in this case, it is unlikely that radiation-induced 
depolymerization contributes to the imaging mechanism within the range of 
exposure doses we studied. The cross-section of negative images obtained by 
exposure to 0.52 mJ/cm 2 followed by postbake at 130°C is presented in Figure 9, 
clearly indicating that the thickness loss is only about 10 % (1.32 -+1.2 μπι). It was 
difficult to determine the contrast for the negative imaging because the films 
exposed to <0.2 mJ/cm 2 were uneven in thickness or peeled off the substrate. 

Thus, the sensitivity of the copolymer resist is extremely high and it is possible 
to image resist systems based on the polarity change even when the concentration 
of the polar units produced is less than 50 mole%. The concentration of the polar 
methacrylic acid units is only 19 mole% in the case of the P ( D M B Z M A - c o - M S T ) 
resist exposed to ca. 0.5 mJ/cm 2 and postbaked at 130°C, which still allows negative 
imaging as demonstrated in Figure 9. A s discussed with the P T B V B resist (76), in 
addition to ease of acidolysis, the structure of the protecting groups seems to affect 
the solubility differentiation, which in turn governs the resist sensitivity as well. 

The as-developed negative images are thermally stable owing to the high T ç 

(210°C) of the alternating copolyme
earlier. The thermal stabilit
improved to the range of the negative image simply by exposing the imaged film to 
a small U V dose, followed by brief postbake at ca. 100°C, which converts the ester 
copolymer to the more stable acid copolymer. Scanning electron micrographs of 
positive (3.5 mJ/cm 2 ) and negative images (3.0 mJ/cm 2 ) heated at 200°C for 30 min 
are presented as Figure 10. Cross-sections of the heat-treated positive (3.0 mJ/cm 2 ) 
and negative images (2.2 ml /cm 2 ) in Figure 11 clearly reveal the high thermal 
stability of the resist. 

A l k y l methacrylates such as t-butyl methacrylate ( T B M A ) could be 
incorporated in the place of D M B Z M A . In fact, a copolymer of T B M A (0.49) 
with ST (0.51) containing 4.9 wt% of P h 3 S + S b F 6 can be imaged at 5-8 mJ/cm 2 of 
254 nm radiation as demonstrated by the scanning electron micrograph of negative 
images in Figure 12. In this case, the sensitivity is reduced as well as the thermal 
stability. 

Dry Etch Resistance. Aromatic polymers are more stable than aliphatic polymers 
in dry etching environments (17,18). Alternating copolymers of ST with olefins tri
or tetra-substituted with electron-withdrawing groups behave like P M M A in 
electron beam and U V irradiation but are as resistant as polystyrene to C F 4 plasma 
(19). Similarly, increased etch resistance has been observed with copolymers of 
M M A and M S T (20). C F 4 R I H rates of the copolymers with and without 
P h 3 S + S b F 6 are compared with those of P M M A , P D M B Z M A , and P M S T in 
Figure 13. P D M B Z M A is etched at a slower rate than P M M A because of the. 
aromatic ester group but loses its thickness much faster than P M S T . Incorporation 
of 25 % of M S T into P D M B Z M A does not improve the etch resistance much. 
However, the copolymer containing 43 % M S T is as stable as P M S T in C F 4 

plasma and the presence of the sulfonium salt does not affect the etch rate. 
Conversion of the ester to the acid form by U V exposure and postbake does not 
alter the etch rate either, indicating that the positive and negative images are both 
as durable as P M S T in the plasma. 

Summary 

We have prepared a sensitive deep U V resist by copolymerizing D M B Z M A with 
M S T . The resist is designed such that each component provides specific functions 
as shown in Scheme III. The methacrylate unit in the polymer chain provides good 
U V transmission, allowing the triphenylsulfonium chromophore to absorb the deep 
U V light. The α,α-dimethylbenzyl ester moiety provides facile acidolysis and 
therefore a high sensitivity as well as a polarity change for dual tone imaging. The 
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Dose (mJ/cm2) Dose (mJ/cm2) 

Figure 8. Deep U V contrast curves for p o l y ( D M B Z M A - c o - M S T ) containing 
4.78 wt% of P h 3 S + - S b F 6 : thickness measured ( · ) afler postbake, ( • ) afler 
development with 4 0 0 K / H 2 O = 1/4, and ( A ) after development with anisole. 

Figure 9. Cross-section of negative images obtained by exposure to 0.52 
m l / c m 2 of 254 nm radiation (130°C postbake). 
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Figure 10. Scanning electron micrographs of positive (top, 3.5 mi /cm 2 ) and 
negative images (bottom, 3.0 mJ/cm 2 ) heated at 200°C for 30 min (the positive 
image was re-exposed to 2.8 mJ/cm 2 of 254 nm radiation and baked at 130°C 
for 2 min prior to the 200°C bake). 
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Figure 11. Cross-section of positive (top, 3.0 mJ/cm 2 ) and negative images 
(bottom, 2.2 mJ/cm 2 ) heated at 200°C for 30 min. 

Figure 12. Scanning electron micrograph of negative images delineated in 
po ly(TBMA-co-ST) resist at 7.6 mJ/cm 2 of 254 nm radiation. 
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Figure 13. C F 4 etching of the copolymers and reference polymers. 
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Scheme III Two-component copolymer resist. 
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M S T unit in the polymer chain offers dry etch durability and high thermal stability 
in conjunction with the alternating nature. The sulfonium salt generates a strong 
Brônsted acid upon irradiation, with the sulfonium cation absorbing the deep U V 
light and with the gegen anion determining acid strength thereby contributing to 
the resist sensitivity. 
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Chapter 5 

Nonswelling Negative Resists Incorporating 
Chemical Amplification 

The Electrophilic Aromatic Substitution Approach 

Jean M. J. Fréchet 1, Stephen Matuszczak1, Harald D. H. Stöver1,3, 
C. Grant Willson2, and Berndt Reck2 

1Department of Chemistry, Baker Laboratory, Cornell University, Ithaca, 
NY 14853-1301 

2IBM Research Division,

Photoinduced crosslinking of polymers through electrophilic aromatic 
substitution has been achieved with a family of styrenic polymers or 
copolymers containing both latent electrophiles and activated aromatic 
groups. These polymers can be used in combination with a photoacid 
generator to design a non-swelling negative multipurpose resist which 
can be used for deep-UV, X-ray or Ε-beam imaging and has a very 
high sensitivity. For example, in the deep-UV, sensitivities of less 
than 1 mJ/cm2 are obtained with very high contrasts. Irradiation of 
the two-component resists results in the generation of strong acid 
which, upon baking, activates the latent electrophile to a carbocationic 
species that couples to neighboring activated aromatic moieties in a 
crosslinking process. Vinyl-phenol units are incorporated in the copol
ymer formulation to provide activated aromatic sites, solubility of the 
resist in aqueous base, and lack of swelling during image develop
ment. Alternate three-component formulations in which the latent 
electrophile is separate from the activated aromatic moiety are also 
suitable. 

A number of new resist materials which provide very high sensitivities have been 
developed in recent years [1-3]. In general, these systems owe their high sensitivity 
to the achievement of chemical amplification, a process which ensures that each 
photoevent is used in a multiplicative fashion to generate a cascade of successive 
reactions. Examples of such systems include the electron-beam induced [4] ring-
opening polymerization of oxacyclobutanes, the acid-catalyzed thermolysis of poly
mer side-chains [5-6] or the acid-catalyzed thermolytic fragmentation of polymer 
main-chains [7]. Other important examples of the chemical amplification process 
are found in resist systems based on the free-radical photocrosslinking of acrylated 
polyols [8]. 

The seminal work on deep-UV resist materials which incorporate chemical 
amplification was started at IBM San Jose's Research Laboratory in 1979 when 
Frechet and Willson first prepared poly(4-t-butyloxycarbonyloxy styrene) and end-
capped copolymers of o-phthalaldehyde and 3-nitro-l,2-phthalic dicarboxaldehyde. 
3Current address: Department of Chemistry, McMaster University, Hamilton, Ontario L8S 4M1, 
Canada 

0097-6156/89/0412-0074$06.00/0 
ο 1989 American Chemical Society 
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The former material was designed for its ability to lose its t-BOC protecting 
groups under a variety of conditions thereby affording a free phenolic polymer and 
imaging by differential dissolution. The second, designed as a self-developing 
imaging system, owed its activity to the presence of photocleavable o-nitrobenzyl 
groups which allowed its partial depolymerization upon exposure to UV light due to 
a ceiling temperature phenomenon. 

These interesting new approaches were later extended and improved by Ito 
et al. [5] with the introduction of appropriately chosen triarylsulfonium or diarylio-
donium salts as the photoprecursors of catalytic amounts of strong acid for t-BOC 
group removal or cleavage of the poly(phthalaldehyde). 

The use of phenolic polymers in photocrosslinkable systems usually involves 
multicomponent systems which incorporate polyfunctional low molecular weight 
crosslinkers. For example, Feely et al. [9] have used hydroxy methyl melamine in 
combination with a photoactive diazonaphthoquinone which produces an indene 
carboxylic acid upon irradiation to crosslink a novolac resin. Similarly, Iwayanagi et 
al. [10] have used photoactive bisazides in combination with poly(p-hydroxy-sty
rene) to afford a negative-ton
ment in aqueous base. 

Preparation of the Resists and Lithographic Evaluation. 

Design of the Resist Material. Our approach to resists that operate via electrophilic 
aromatic substitution is outlined in Scheme I. 

The reaction sequence which is used can be summarized as follows: In the 
first step acid is generated by photolysis of a triarylsulfonium salt. Subsequent reac
tion with a latent electrophile, such as a substituted benzyl acetate, produces a 
carbocationic intermediate while acetic acid is liberated. The carbocationic interme
diate then reacts with neighboring aromatic moieties in a coupling reaction which 
liberates a proton thus ensuring that the overall process is catalytic and that chemi
cal amplification is achieved. Several approaches are possible as the latent electro
phile and the activated aromatic compound may be part of the same or of different 
molecules. However, it is necessary that at least one of the components of the 
mixture be a polymer with good coating, solubility, and optical properties and that 
the different components of the mixture be compatible. The paragraphs below will 
describe first an approach in which both the latent electrophile and the electron-
rich aromatic components are part of the same polymer, then a second approach in 
which non-polymeric difunctional latent electrophile is used with a phenolic poly
mer. In both cases the source of photogenerated acid is a triarylsulfonium salt, 
other sources of photogenerated acid are available [5]. 

Preparation of Copolymers Containing Both Electrophilic and Nucleophilic Groups. 
Our first implementation of this reaction scheme involved the preparation of a series 
of copolymers incorporating both a latent electrophile and an electron-rich aromatic 
moiety which, being phenolic, also provides access to swelling-free development in 
aqueous medium. The copolymers are prepared as shown in Figure 1 by copolymer
ization of 4-t-butyloxycarbonyIoxy-styrene with 4-acetyloxymethyl-styrene. A l 
though the reactivity ratios of these two monomers are different [11], our study of 
this system has confirmed that they copolymerize essentially in random fashion. 

Removal of the t-BOC protecting groups from the copolymer is best done by 
refluxing in glacial acetic acid, a process which does not affect the acetoxymethyl 
pendant groups or the molecular weigh distribution of the final polymer. Figure 2 
shows the GPC trace for a copolymer containing 80% free phenolic groups and 20% 
4-acetoxymethyl groups (80/20 copolymer). Curve (a) shows the polymer before 
deprotection with M w = 62,000 and M n = 28,000 (polydispersity = 2.2), while curve 
(b) shows the same polymer after deprotection with M w = 45,000 and M n = 20,000 
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Scheme I. Resist design based on electrophilic aromatic substitution. 
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Figure 1. Preparation of the copolymers of 4-vinylbenzyl acetate and 4-vinyl-
phenol. 
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Figure 2. Gel Permeation Chromatogram of the copolymer (a) before and (b) 
after removal of the t-BOC protecting groups 
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(polydispersity = 2.2) confirming the clean nature of the deprotection process. 
Figure 3 shows the UV spectrum of a 1 jim thick film of a resist consisting of 90 
wt% of the same 80/20 copolymer and 10 wt% of triphenylsulfonium hexafiuoroan
timonate; it is seen that the film is suitable for imaging at 254nm since the absorb
ance of the resist does not exceed 0.6 per micrometer of film thickness. 

Sensitivity and Contrast Measurements. Imagewise exposure of films of the 
various copolymers containing from 5-10% triphenylsulfonium hexafiuoroantimo
nate to U V light at 254 nm resulted in the crosslinking of the exposed areas as 
shown in Figure 4. 

The characteristic curves [1] for the various copolymers were determined at 
a constant loading of 10 wt% sulfonium salt using lum thick films and exposure 
through a narrow bandwidth Hg-line filter to varying doses of 254 nm radiation. 
The characteristic curve shows the thickness of the insolubilized regions of the film 
remaining after development as a function of log[exposure dose]. These measure
ments provide access to Dg or gel dose  the minimum dose required to observe the 
formation of an insoluble residue
produce an insolubilized film
this instance). The characteristic curve of a 65/35 copolymer is shown in Figure 5. 
This Figure shows that the lithographic sensitivity of the resist material based on a 
65/35 copolymer having M n = 22,000 and M w = 46,000 is approximately 0.6 
mJ/cm 2 while its contrast (slope of the curve) is close to 4. Measurements of the 
lithographic characteristics of a series of copolymers having different compositions 
and essentially the same molecular weights and polydispersities are summarized in 
Table 1. 

It can be seen in Table 1 that the lithographic sensitivity of the copolymers 
blended with 10% sulfonium salt increases as the percentage of latent electrophile 
(vinylbenzyl acetate) units is increased. For a 50/50 copolymer the lithographic 
sensitivity is approximately 0.5 mJ/cm 2 with a very high contrast of over 4. It 
should be noted however that aqueous development is no longer possible for the 
50/50 copolymer for which some isopropanol must be added to the aqueous base 
developer. 

Table 1: Lithographic sensitivity and contrast data for various copolymers 

Copolymera M w M n M w / M n D g 
D°g Y 

95/5 44,000 20,000 2.2 0.68 1.0 > 4 
90/10 45,000 21,000 2.1 0.56 1.0 ~ 4 
80/20 45,000 20,000 2.2 0.56 1.0 ~ 4 
65/35 46,000 22,000 2.1 0.45 0.85 3.6 
50/50 41,000 21,000 2.0 0.51 0.6 > 4 
100/0 39,000 20,000 1.9 0.86 1.2 > 4 

^Copolymer composition x/y: the first number χ indicates the mole % of 4-
hydroxystyrene units and the second number y indicates the mole % of 4-
acetoxy methyl styrene units in the copolymer. All measurements were made at a con
stant 10 wt% loading of triphenylsulfonium hexafiuoroantimonate. 

Use of a Difunctional Crosslinker. An alternate approach to chemically amplified 
imaging through electrophilic aromatic substitution is shown in Figure 6 below. In 
this approach a polyfunctional low molecular weight latent electrophile is used in a 
three component system also including a photoactive triaryl sulfonium salt and a 
phenolic polymer. In this case again crosslinking of the polymer is observed upon 
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Figure 5. Characteristic curve for sensitivity measurement on the 65/35 
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Figure 6. Crosslinking via a non-polymeric multifunctional latent electrophile. 
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irradiation. Sensitivity measurements for such systems are still in progress. Another 
example of this approach involves the use of a novolac as the phenolic component 
[12]. 

Imaging experiments 

The resist material was prepared using 90 wt% of the 80/20 copolymer and 10 wt% 
of the triphenylsulfonium hexafiuoroantimonate. After spin-coating onto silicon 
wafer to Ιμτα thickness and baking 5 min at 105°C the wafer was exposed to <2 
mJ/cm 2 of filtered 254nm radiation through a mask in a contact printing process, 
then post-baked 2 min at 125°C and developed using aqueous base developer. With 
polymers containing 5-10% vinylbenzyl acetate units the developer was a 1:1 mix
ture of commercial developer MF312 and water. MF312 developer was used for 
formulations containing 20 and 35% of vinylbenzyl acetate units, while a 9:1 mix
ture of MF312 and isopropanol was used for the 1:1 copolymer. Finally, the vinyl
benzyl acetate homopolymer was developed with a 3:4 mixture of anisole and iso
propyl alcohol. Figure 7 show
ed image which was obtaine
and 80% 4-hydroxystyrene, formulated with 10% triarylsulfonium hexafiuoroantim
onate and developed with MF312 (aqueous base). Similarly, exposure using 5 inch 
wafers and a Perkin-Elmer 500 projection printing tool operating with a narrow 
bandwidth filter at 254nm afforded images such as that shown in Figure 8 after 
development under the conditions outlined above for a polymer containing 20mole% 
vinylbenzyl acetate. In the latter case, the resist material was formulated with 5% 
of the onium salt. 
We have also performed preliminary imaging experiments usin Ε-beam exposure, 
these experiments indicate that the 80:20 copolymer is a sensitive Ε-beam resist 
material which requires an exposure dose of < 1/iC/cm2. Further experiments in
volving both Ε-beam and X-ray exposure are in progress. 

Mechanistic and model studies. 

We have carried out extensive modeling studies of this imaging system using NMR 
spectroscopy and liquid chromatography to monitor the reaction. These studies 
(Figure 9) involving for example electrophilic reactions between 4-isopropyl phenol 
1 and benzyl acetate or substituted benzyl acetate 2 have provided us with a good 
understanding of the overall reaction and may furnish valuable insights on ways to 
improve our new imaging system. The rate-determining step in the alkylation proc
ess is the formation of the benzylic carbocationic species 3. This may then react 
either by C-alkylation or O-alkylation to afford 4 or 5 respectively. While the final 
products of the reaction are C-alkylated, it appears that O-alkylation may be an 
important pathway towards these final products. In fact, a small amount of 5 is 
always seen during the reaction, consequently, our model studies have been extended 
to a number of appropriately functionalized benzyl phenyl ethers. For example, the 
reaction of 4-isopropylbenzyl phenyl ether with a catalytic amount of triflic acid 
proceeds at least three orders of magnitude faster than the same reaction with 4-
isopropylbenzyl acetate. This is somewhat surprising in view of the relative nucleo-
philicities of the leaving groups (acetic acid or phenol) and it suggests that the reac
tion pathways available to the ether and to the acetate are different. In particular, 
cleavage of the benzyl ether may well be promoted by the formation of an intramo
lecular sandwich pi-complex [13, 14], a pathway which is not available to the ace
tate. The detailed results of these modeling studies will be reported shortly [15]. 
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Figure 7. Scanning electron micrograph of a contact printed image. 

Figure 8. Scanning electron micrograph of an image obtained by projection 
printing using a Perkin-Elmer 500 tool. 
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+ Other Alkylation 

Products 

Figure 9. C-Alkylat ion and O-alkylation in the mechanism of crosslinking. 
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Experimental Procedure 

Preparation of Copolymers of Vinvlbenzvlacetate and 4(t-BOOstvrene. 4-Vinylben
zyl acetate was obtained from Eastman Kodak or prepared from 4-chloromethylsty-
rene by displacement with acetate under phase transfer conditions. 
A solution of 5.0g of 4-t-butyloxycarbonyloxystyrene and 1.20g of 4-vinylbenzyl 
acetate in 6mL toluene containing 0.060g of azobisisobutyronitrile was heated over
night in an oil bath at 75°C. The polymer was diluted with toluene and precipitated 
into hexane. After drying the polymer (5.3g) was analyzed by NMR spectrometry 
and found to contain 20 mole% of vinylbenzyl acetate units. 

Removal of the t-BOC Protecting Groups. The polymer prepared above was dis
solved in glacial acetic acid and the solution was heated at reflux for 3 hours under 
nitrogen atmosphere. After cooling the deprotected polymer was recovered in near 
quantitative yield by precipitation into water. Spectroscopic analysis confirmed the 
complete removal of the t-BOC phenolic protecting groups while the acetate groups 
remained on the polymer. 

Resist Modeling Experiments. 
These experiments were carried out mainly by NMR spectrometry (*H and ^ C ) and 
high performance liquid chromatography. Stopped-flow and low temperature tech
niques were used in some of the NMR experiments. In all cases the reactions were 
aimed at monitoring the half-life of the starting materials as well as monitoring the 
products which were formed. Detailed procedures will appear shortly [15]. 

Conclusion 

This study demonstrates clearly that excellent resist materials incorporating chemical 
amplification can be obtained using systems which operate on the basis of radiation-
induced electrophilic aromatic substitution. The copolymers we have described 
show excellent sensitivities both under U V and Ε-beam exposure due to the catalyt
ic nature of the reactions which are involved. The design we have used involving 
copolymers containing large amounts of free phenolic groups is particularly well 
suited to negative imaging since it provides high light transmission in the deep-UV 
and allows development in aqueous base without image distortion due to swelling. 
Resist modeling experiments have provided us with a thorough understanding of the 
key variables in the overall process and are useful in guiding the design of new and 
even more active materials based on the same principle. This study is continuing as 
several new polymers incorporating new design features have been created. 
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Chapter 6 

Acid-Catalyzed Cross-Linking 
in Phenolic-Resin-Based Negative Resists 

A. K. Berry1, K. A. Graziano1, L. E. Bogan, Jr.1, and J. W. Thackeray2 

1Rohm and Haas Company, 727 Norristown Road, Spring House, PA 19477 
2Shipley Company, Inc., 2300 Washington Street, Newton, MA 02162 

Modelling studies of acid hardening resin 
(AHR) resists have shown that (a) 10 - 6 

mole acid/g resist are required to induce 
sufficient crosslinking to effect a 
fifty-fold decrease in dissolution rate, 
and (b) the activation energies of 
crosslinking (E*) for 4 experimental 
crosslinkers are in the range of 21-57 
kJ/mol. A crosslinker showing potential 
for high sensitivity, contrast and wide 
process latitude based on these studies 
also failed to provide high resolution. 
Diffusion of acid within the resist film 
is suggested to account for this 
observation. Studies involving different 
strong acid catalysts show a correlation 
between size of the acid molecule and its 
efficiency in crosslinking. 

Chemical a m p l i f i c a t i o n has been employed s u c c e s s f u l l y i n 
the development of a new c l a s s of hi g h s e n s i t i v i t y , h i g h 
r e s o l u t i o n r e s i s t s . These systems a r e c a t a l y t i c i n 
nature i n t h a t a s i n g l e photoevent, o f t e n the g e n e r a t i o n 
of a s t r o n g a c i d , g i v e s r i s e t o m u l t i p l e c h e m i c a l 
r e a c t i o n s ( i ) . In a p o s i t i v e r e s i s t f o r m u l a t i o n , f o r 
example, photogenerated a c i d c a t a l y t i c a l l y d e s t r o y s a 
d i s s o l u t i o n i n h i b i t o r (2.) . A l t e r n a t i v e l y , t h e r e e x i s t s 
a c l a s s o f c h e m i c a l l y a m p l i f i e d n e g a t i v e r e s i s t s i n 
which photogenerated a c i d c a t a l y z e s a s e r i e s of chemical 
r e a c t i o n s l e a d i n g t o c r o s s l i n k i n g (3., 4.) · In t h i s case, 
the p h o t o a c i d i s not consumed i n t h e c r o s s l i n k i n g 
r e a c t i o n and i s " a m p l i f i e d " i n p r o p o r t i o n t o the number 
of c r o s s l i n k s t h a t one molecule of c a t a l y s t can produce. 

0097-6156/89/0412-0086$06.00/0 
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N e g a t i v e tone r e s i s t s based on a c i d h a r d e n i n g r e s i n 
(AHR) c h e m i s t r y are t h r e e component systems (3_, A.) 
comprised o f a novolak r e s i n , a melamine c r o s s l i n k i n g 
agent, and a r a d i a t i o n s e n s i t i v e a c i d g e n e r a t o r (RSAG). 
C l a s s e s of compounds which have been used t o generate a 
s t r o n g a c i d upon exposure i n c l u d e the w e l l s t u d i e d onium 
s a l t s (ϋ) , a f a m i l y o f n i t r o b e n z y l e s t e r s (_£.) , and a 
v a r i e t y of halogenated o r g a n i c compounds i n c l u d i n g 1,1-
b i s ( p - c h l o r o p h e n y l ) - 2 , 2 , 2 - t r i c h l o r o e t h a n e (DDT) (1) and 
s u b s t i t u t e d s - t r i a z i n e d e r i v a t i v e s (&) . The sequence 
l e a d i n g t o c r o s s l i n k f o r m a t i o n b e g i n s w i t h t h e 
g e n e r a t i o n o f a c i d upon exp o s u r e . The p r o t o n a t e d 
melamine l i b e r a t e s a molecule of a l c o h o l upon h e a t i n g t o 
l e a v e a n i t r o g e n s t a b i l i z e d carbonium i o n , as shown i n 
Scheme 1. A l k y l a t i o n o f t h e n o v o l a k then o c c u r s a t 
e i t h e r the p h e n o l i  (a  shown) t  carbo
the a r o m a t i c r i n g
are s e v e r a l r e a c t i v g
t o r e a c t more t h a n once p e r m o l e c u l e t o g i v e t h e 
c r o s s l i n k e d polymer. 

The c r o s s l i n k i n g c h e m i s t r y o f AHR r e s i s t s i s 
f u n d a m e n t a l l y s i m i l a r t o t h a t f ound i n t h e r m o s e t 
c o a t i n g s (9.) . A l t h o u g h r e a c t i o n s based on h y droxy-
f u n c t i o n a l r e s i n s and melamine c r o s s l i n k e r s have been 
w i d e l y i n v e s t i g a t e d , c o n t r o v e r s y s t i l l e x i s t s c o n c e r n i n g 
th e c r o s s l i n k i n g mechanism. Model s t u d i e s i n b o t h 
s o l u t i o n CLQJ and f i l m (11-13) have demonstrated the 
e f f e c t s of a c i d c a t a l y s t c o n c e n t r a t i o n and s t r e n g t h and 
the e f f e c t s of cure temperature on the r a t e c o n s t a n t s of 
the c r o s s l i n k i n g r e a c t i o n . These s t u d i e s have l e d t o 
the d e t e r m i n a t i o n of the r e a c t i o n o r d e r i n a c i d and the 
a c t i v a t i o n energy f o r a v a r i e t y of a c i d c a t a l y s t s and 
h y d r o x y - f u n c t i o n a l polymers. 

The e f f e c t s of a c i d c a t a l y s t c o n c e n t r a t i o n and post 
exposure bake (PEB) temperature and time are o f g r e a t 
concern i n AHR r e s i s t s as w e l l . I t has been shown t h a t 
the s e n s i t i v i t y of these r e s i s t s depends s t r o n g l y on PEB 
c o n d i t i o n s (1_4_) . R e c e n t l y S e l i g s o n and Das (1£_) 
proposed a model f o r t h e r m a l l y a c t i v a t e d r e s i s t s which 
e x p l a i n s t h e o b s e r v e d v a r i a t i o n s o f AHR r e s i s t 
s e n s i t i v i t y w i t h PEB c o n d i t i o n s . T h e i r model a l s o 
a l l o w s p r e d i c t i o n of any dose-dependent parameter i n 
terms of changes i n PEB time and temperature. They have 
shown f o r example, t h a t M i c r o p o s i t SAL601-ER7 e x h i b i t s 
low enough a c t i v a t i o n energy t o be f a i r l y i n s e n s i t i v e t o 
s m a l l changes i n the PEB s t e p . 

In t h e p r e s e n t s t u d y we use t h e a c i d c a t a l y z e d 
c r o s s l i n k i n g r e a c t i o n d i r e c t l y (Scheme 1) as a means t o 
e s t i m a t e the amount of a c i d generated i n a t y p i c a l AHR 
r e s i s t . We then use the model proposed by S e l i g s o n and 
c o w o r k e r s t o d e t e r m i n e t h e a c t i v a t i o n e n e r g y o f 
c r o s s l i n k i n g f o r a v a r i e t y of c r o s s l i n k i n g r e s i n s as 
t h e y might be used i n a r e s i s t f o r m u l a t i o n . Where 
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\ + ^ \ H 
Ν CH2OR + H + ^ w Ν CH2OR FAST 

\ Η ^ \ + 

Ν C H 2 O R < ~ • Ν C H 2 + R O H SLOW 

\ \ Η 
Ν CH 2

+ + ArOH „ *" Ν CH2OAr FAST 

\ Η \ 
CH2OAr ^ CH2OAr + H + FAST 

Scheme 1. Mechanism of c r o s s l i n k f o r m a t i o n . 
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p o s s i b l e , r e s i s t a c t i v a t i o n e n e r g i e s w i l l b e c o m p a r e d t o 
l i t h o g r a p h i c p e r f o r m a n c e . 

E x p e r i m e n t a l 

T h e p o l y m e r u s e d i n t h i s s t u d y w a s a τ η , ρ - c r e s o l n o v o l a k 
( M ^ = 1 4 0 0 0 , Mn = 1 3 0 0 ) . M e l a m i n e r e s i n s w e r e o b t a i n e d 
f r o m A m e r i c a n C y a n a m i d C o . P o l y m e r / c r o s s l i n k e r 
f o r m u l a t i o n s w e r e p r e p a r e d u s i n g 2 3 w t % n o v o l a k i n 
c e l l o s o l v e a c e t a t e a n d 1 5 p a r t s p e r h u n d r e d c r o s s l i n k e r 
b a s e d o n n o v o l a k s o l i d s . p - T o l u e n e s u l f o n i c a c i d w a s 
a d d e d a s a 1 w t % s o l u t i o n i n c e l l o s o l v e a c e t a t e . F i l m s 
w e r e s p u n t o 1 . 0 m i c r o n t h i c k n e s s a n d b a k e d o n a 
T e m p c h u c k S y s t e m , T C 1 0 0 v a c u u m h o t p l a t e . W a f e r s w e r e 
d e v e l o p e d i n m e t a l i o n f r e e t e t r a m e t h y l a m m o n i u m 
h y d r o x i d e ( T M A H ) a  c o n c e n t r a t i o n  g i v i n  3 0 0 - 5 0 0 Â / s e
u n c r o s s l i n k e d d i s s o l u t i o
t e m p e r a t u r e r a n g e . D i s s o l u t i o
l a s e r i n t e r f e r o m e t r y . 

Results and Discuss ion 

T h e c r o s s l i n k e r s e x a m i n e d i n t h i s s t u d y w e r e a m i n o p l a s t 
r e s i n s 1 - 4 s e l e c t e d f r o m m e l a m i n e - f o r m a l d e h y d e , u r e a -
f o r m a l d e h y d e , b e n z o g u a n a m i n e - f o r m a l d e h y d e , a n d 
g l y c o l u r i l - f o r m a l d e h y d e r e s i n s , a l l o f w h i c h u n d e r g o t h e 
c r o s s l i n k i n g s e q u e n c e s h o w n i n S c h e m e 1 . T h e r e s p o n s e 
o f t h e s e c r o s s l i n k e r s t o a c i d c a t a l y s i s i n t h i n f i l m s i s 
c o m p a r e d o n a r e l a t i v e b a s i s t o t h e w e l l s t u d i e d 
m e t h y l a t e d m e l a m i n e , 1 ( 9 - 1 1 ) . 

C H 3 O C H 2 ÇH2OCH3 

I 

C H 3 O C H 2 ^ ^ C H 2 O C H 3 

1 

Acid Concentration Required for Crosslinking Resist 
Films. T h e s t r o n g a c i d c a t a l y z e d r e a c t i o n o f m e t h y l a t e d 
m e l a m i n e 1 w i t h n o v o l a k i n a f i l m w a s s t u d i e d f i r s t i n 
o r d e r t o e s t i m a t e t h e a m o u n t o f a c i d g e n e r a t e d i n 
e x p e r i m e n t a l A H R r e s i s t s u p o n e x p o s u r e . I n c r e m e n t a l 
a m o u n t s o f a 1% s o l u t i o n o f p - t o l u e n e s u l f o n i c a c i d 
( p T S A ) w e r e a d d e d t o a r e s i s t s o l u t i o n w h i c h c o n t a i n e d 

n o R S A G . T h e s o l u t i o n s w e r e c o a t e d o n t o w a f e r s a n d 
s u b j e c t e d t o a t y p i c a l b a k e c y c l e . T h e d i s s o l u t i o n r a t e 
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was then monitored by l a s e r i n t e r f e r o m e t r y . By u s i n g 
s e v e r a l c o n c e n t r a t i o n s o f a c i d , t h e l i t h o g r a p h i c 
p o t e n t i a l curve (LP = l o g Ru - l o g Rc, where Ru = 
d i s s o l u t i o n r a t e o f u n c r o s s l i n k e d r e s i s t and Rc = 
d i s s o l u t i o n r a t e of c r o s s l i n k e d r e s i s t ) shown i n F i g u r e 
1 was c o n s t r u c t e d . The a c i d c o n c e n t r a t i o n c o r r e s p o n d i n g 
t o 90% f i l m r e t e n t i o n , or LP = 1.69, was found t o be 4.3 
χ 10~ 6 mole of a c i d per gram of r e s i s t . F i g u r e 1 a l s o 
shows a DRM g enerated LP curve f o r exposure of a DUV 
r e s i s t c o n t a i n i n g c r o s s l i n k e r 1. 

The response of c r o s s l i n k e r s 1 -4 t o pTSA c a t a l y s i s as 
a f u n c t i o n of a c i d c o n c e n t r a t i o n i s shown i n F i g u r e 2 
f o r a 75°C/1 minute softbake and 105°C/1 minute hardbake 
c y c l e . The c o n c e n t r a t i o n of a c i d r e q u i r e d t o c r o s s l i n k 
t h e s e f i l m s t o a g i v e n LP i s an i n d i c a t i o n of the 
r e l a t i v e r e s i s t s e n s i t i v i t i e s  w h i l e the steepness of 
the LP curves r e f l e c t
3 and 4 are about
as 1, w h i l e 2 r e q u i r e s a h i g h e r c o n c e n t r a t i o n of pTSA 
f o r c r o s s l i n k i n g . Furthermore, the steepness of the 
curve f o r 3 suggests t h a t i t would show h i g h e r c o n t r a s t 
i n a r e s i s t f o r m u l a t i o n . 

Determination of A c t i v a t i o n Energy of Crosslinking. In 
any c l a s s of t h e r m a l l y a c t i v a t e d AHR r e s i s t s , i t i s 
i m p o r t a n t t o d e t e r m i n e how r e s i s t s e n s i t i v i t y i s 
a f f e c t e d by v a r i a t i o n s i n the post exposure bake s t e p . 
I f a r e s i s t i s r e l a t i v e l y i n s e n s i t i v e t o s l i g h t 
temperature v a r i a t i o n s , then photospeed and l i n e w i d t h 
can be e a s i l y c o n t r o l l e d from wafer t o wafer. A k i n e t i c 
model d e s c r i b i n g the c r o s s l i n k i n g c h e m i s t r y of a c i d 
h a r d e ning r e s i s t systems has been proposed by S e l i g s o n 
and coworkers (15.) . This model was shown t o be a u s e f u l 
a n a l y t i c a l t o o l i n p r e d i c t i n g r e s i s t response t o changes 
i n i n c i d e n t dose, PEB time and PEB temperature i n AHR 
r e s i s t s . In a d d i t i o n , two k i n e t i c a l l y u s e f u l 
p a r a m e t e r s , t h e a p p a r e n t a c t i v a t i o n e n e r g y o f 
c r o s s l i n k i n g and t h e r e a c t i o n o r d e r f o r t h e a c i d 
c a t a l y s t , can be determined. We use t h i s model as a 
t o o l i n the e a r l y stages of r e s i s t component e v a l u a t i o n 
as one i n d i c a t o r of p o t e n t i a l r e s i s t performance. 

The a c t i v a t i o n energy, E*, and the k i n e t i c o r d e r , m, 
may be d e r i v e d from the f o l l o w i n g e q u a t i o n : 

D e f f = D exp(-E*/RT) ( t / t o ) 1 / * 1 (1) 

where D e f f i s the e f f e c t i v e dose (lu), D i s the i n c i d e n t 
dose, Τ i s PEB or hardbake temperature (K), R i s the Gas 
c o n s t a n t , t / t 0 i s the n o r m a l i z e d PEB t i m e , E* i s the 
a c t i v a t i o n energy of c r o s s l i n k i n g , and m i s the r e a c t i o n 
o r d e r i n a c i d . E x p e r i m e n t a l l y determined v a l u e s of E* 
(42 kJ/mol) and m (2.5 - 3.0) u s i n g t h i s model (1£) are 
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w i t h i n the range found i n o t h e r model s t u d i e s i n f i l m s 
(11-13). 

E v a l u a t i o n o f E* u s i n g E q u a t i o n 1 r e q u i r e d 
d e t e r m i n i n g t he c o n c e n t r a t i o n of a c i d , o r "dose" of 
a c i d , necessary t o c r o s s l i n k the polymer over a range of 
p r o c e s s i n g c o n d i t i o n s . The hardbake temperature was 
v a r i e d from 95 t o 120°C and the bake time from 30 t o 240 
seconds. The r e l a t i v e degree of c r o s s l i n k i n g i n each 
sample was d e t e r m i n e d b a s e d on d i s s o l u t i o n r a t e 
measurements. A 5 0 - f o l d decrease i n d i s s o l u t i o n r a t e 
between t h e u n c r o s s l i n k e d and c r o s s l i n k e d f i l m s was 
chosen t o c o r r e s p o n d t o l i t h o g r a p h i c a l l y u s e f u l 
c r o s s l i n k i n g f o r the purpose of t h i s s t u d y . E* was 
determined by g e n e r a t i n g an A r r h e n i u s type p l o t of l o g 
[H +] , c o r r e s p o n d i n g t o l o g dose i n E q u a t i o n 1, v e r s u s 
1/T at a constant hardbak

C r o s s l i n k e r 1 wa
of the S e l i g s o n mode  c o n j u n c t i o g
p o l y m e r / c r o s s l i n k e r s o l u t i o n s . The c o n c e n t r a t i o n of 
pTSA (moles a c i d / gram r e s i s t s o l u t i o n ) r e q u i r e d f o r LP 
= 1.69 (a 5 0 - f o l d decrease i n Rc) was determined over 
the bake time and temperature range s t a t e d . From a 
l o g - l o g p l o t of [pTSA] versus hardbake time at constant 
t e m p e r a t u r e , the o r d e r of r e a c t i o n i n a c i d , m, i s 
c a l c u l a t e d t o be 2.6, c o n s i s t e n t w i t h o t h e r s t u d i e s 
(10) . An A r r h e n i u s treatment of the data p l o t t i n g l o g 
[pTSA] versus 1/T i s l i n e a r , s u p p o r t i n g the a c t i v a t i o n 
energy d e s c r i p t i o n o f the r e a c t i o n . The a c t i v a t i o n 
energy i s c a l c u l a t e d from the s l o p e of the l i n e , and i s 
found t o be 54 kJ/mol f o r 1, i n agreement w i t h o t h e r 
model s t u d i e s i n f i l m s {11). 

A n a l o g o u s e x p e r i m e n t s were p e r f o r m e d u s i n g 
c r o s s l i n k e r s 2 - 4 and the r e s u l t s are shown i n F i g u r e 
3 and Table I . The order i n a c i d , m, i s s i m i l a r f o r a l l 
c r o s s l i n k e r s . The E* v a l u e found f o r t h e b u t y l a t e d 
c r o s s l i n k e r 3 i s c o n s i d e r a b l y lower t h a n t h o s e found 
f o r the o t h e r c r o s s l i n k e r s . T h i s r e s u l t was s u r p r i s i n g 
i n view of the c r o s s l i n k i n g mechanism shown i n Scheme 1, 
i n which the removal of ROH i s the slow s t e p . While 3 
i s i n the a m i n o p l a s t f a m i l y and e x p e c t e d t o undergo 
c r o s s l i n k i n g as shown i n Scheme 1, the p a r t i c u l a r l y low 
E* c o u l d suggest another lower energy r e a c t i o n p a t h 
a v a i l a b l e t o 3 which a l s o leads t o c r o s s l i n k i n g (12). 

The k i n e t i c s of melamine c r o s s l i n k i n g have been found 
t o depend s t r o n g l y on the r e a c t i o n medium (9-11). Model 
s t u d i e s i n s o l u t i o n f o r example r e v e a l an a c t i v a t i o n 
energy of 96 kJ/mol f o r the r e a c t i o n of 1 w i t h p r i m a r y 
and secondary a l c o h o l s , compared w i t h 52 kJ/mol i n a 
polymer network. M e i j e r (1&) has suggested t h a t the key 
t o t h i s d i f f e r e n c e l i e s i n t h e r e m o v a l o f t h e 
condensation product ROH by e v a p o r a t i o n , p a r t i c u l a r l y i n 
c r o s s l i n k i n g r e a c t i o n s i n v o l v i n g e q u i l i b r i a . F u r t h e r 
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F i g u r e 3. A r r h e n i u s treatment of data f o r 
ex p e r i m e n t a l c r o s s l i n k e r s . 
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TABLE I . A c t i v a t i o n Energy of C r o s s l i n k i n g 
i n Thin F i l m s 

H + 

-OAr + ROH Ν — C H 2 -OR + ArOH -
Δ 

CH 2 
-OAr + ROH 

C r o s s l i n k e r R m E* 
1 Me 2. .6 54 ± 5 kJ/mol 
2 Me 2. .7 57 ± 5 kJ/mol 
3 Bu 3. .1 21 ± 2 kJ/mol 
4 Bu 2. .8 43 ± 4 kJ/mol 

evidence f o r the importanc
seen i n a compariso
melamine c r o s s l i n k i n g r e a c t i o n s i n f i l m s (JL1) . Although 
the l a t t e r might be expected t o have a f a s t e r f o r w a r d 
r e a c t i o n , i t i s found t o r e a c t more s l o w l y than 1 . The 
slow d i f f u s i o n of BuOH out of the f i l m compared t o MeOH 
has been i n v o k e d t o account f o r t h i s d i f f e r e n c e . In 
p r e v i o u s s t u d i e s of aminoplast c r o s s l i n k i n g r e a c t i o n s i n 
f i l m s , the f i l m t h i c k n e s s has been 25 t o 50 micr o n s , 
however f o r the t h i n n e r 1 micron f i l m s i n t h i s study, i t 
i s p o s s i b l e t h a t the c o n t r i b u t i o n o f ROH e v a p o r a t i o n t o 
the o v e r a l l r a t e becomes l e s s s i g n i f i c a n t . 

From a l i t h o g r a p h i c s t a n d p o i n t , the i m p l i c a t i o n s of 
low E* are b e t t e r c o n t r o l of c r i t i c a l dimension (CD) , 
and a l i b e r a l process window. I t i s e v i d e n t from F i g u r e 
3 t h a t the s l o p e of the A r r h e n i u s p l o t g i v e s a r e l a t i v e 
i n d i c a t i o n of the PEB l a t i t u d e of a r e s i s t c o n t a i n i n g 
t h a t c r o s s l i n k e r . S e l i g s o n and coworkers have used the 
k i n e t i c model ( E q u a t i o n 1) a l o n g w i t h l i n e w i d t h 
measurements t o q u a n t i f y r e s i s t p r o c e s s r e q u i r e m e n t s 
(UL,liL) . They have found t h a t a r e s i s t w i t h E* = 42 
kJ/mol has a c c e p t a b l e PEB l a t i t u d e w i t h i n a range of 
2°C, w h i l e a r e s i s t w i t h E* = 20 kJ/mol may be processed 
w i t h i n a 4°C range. Of the c r o s s l i n k e r s e v a l u a t e d here, 
3 appears t o o f f e r the widest process window. 

Lithographic C h a r a c t e r i s t i c s . Based on the p o t e n t i a l o f 
c r o s s l i n k e r 3 t o show h i g h s e n s i t i v i t y and c o n t r a s t and 
wide p r o c e s s l a t i t u d e , i t was of i n t e r e s t t o e v a l u a t e 
i t s l i t h o g r a p h i c c a p a b i l i t y , u s i n g c r o s s l i n k e r 1 as the 
s t a n d a r d f o r comparison. C r o s s l i n k e r s 1 and 3 (equal 
weight) were each i n c o r p o r a t e d i n t o o t h e r w i s e i d e n t i c a l 
e x p e r i m e n t a l AHR r e s i s t f o r m u l a t i o n s . Ε-beam exposures 
were performed so t h a t d i f f e r e n c e s i n DUV absorbance 
c h a r a c t e r i s t i c s of the c r o s s l i n k e r s c o u l d be i g n o r e d . 
The e-beam s e n s i t i v i t i e s o f t h e r e s i s t s c o n t a i n i n g 
c r o s s l i n k e r s 1 and 3 were 6.2 and 4.2 μ ^ ο π ι 2 , 
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r e s p e c t i v e l y , and the r e s u l t s of o p t i m a l e-beam exposure 
are shown i n F i g u r e 4. Submicron f e a t u r e s w i t h steep 
s i d e w a l l s a r e r e a d i l y o b t a i n e d w i t h t h e r e s i s t 
c o n t a i n i n g c r o s s l i n k e r 1 , w h i l e the 0.5 micron l i n e s 
a r e rounded and r e s o l u t i o n i s g e n e r a l l y poor w i t h 
c r o s s l i n k e r 3 . In f a c t , the l i t h o g r a p h i c r e s u l t s are 
o p p o s i t e t o p r e d i c t i o n s based on these s t u d i e s . 

The d i f f u s i o n o f a c i d w i t h i n a r e s i s t f i l m i s a 
c r i t i c a l i s s u e w i t h r e s p e c t t o r e s o l u t i o n c a p a b i l i t y , 
and t h i s i s something which the model s t u d i e s d i d not 
d i r e c t l y address. In a c h e m i c a l l y a m p l i f i e d system a 
s i n g l e p h o t o g e n e r a t e d a c i d m o l e c u l e i n i t i a t e s many 
c h e m i c a l e v e n t s . Thus t h e r e has t o be some m o b i l i t y 
a s s o c i a t e d w i t h t h e a c i d . The low E* v a l u e and h i g h 
s e n s i t i v i t y f o und f o r c r o s s l i n k e r 3 s u g g e s t t h a t 
c r o s s l i n k i n g occurs r a p i d l y compared t o c r o s s l i n k e r 1
I t seems t h a t unde
same a c i d i s more mobil
poor r e s o l u t i o n a s s o c i a t e d w i t h c r o s s l i n k e r 3 t h e n 
c o u l d be due t o the h i g h e r r a t e of a c i d d i f f u s i o n w i t h i n 
t h a t f i l m . 

Effect of Acid on Lithographically Useful Crosslinking. 
The c r o s s l i n k i n g r e a c t i o n shown i n Scheme 1 i s known t o 
respond best t o s t r o n g a c i d c a t a l y s i s . Since the nature 
of the a c i d generated upon exposure v a r i e s from r e s i s t 
t o r e s i s t , we have examined the f o l l o w i n g s t r o n g a c i d 
c a t a l y s t s , many o f which a r e u t i l i z e d i n v a r i o u s 
c h e m i c a l l y a m p l i f i e d r e s i s t s : pTSA, CH3SO3H, H C 1 , HBr, 
and HPF 6 (5.-JL) . The s u l f o n i c and halogen a c i d s are 
s t r o n g a c i d s w i t h pK a v a l u e s l e s s than 0, (IB., 12.) w h i l e 
H P F 5 i s a much s t r o n g e r super a c i d ( 2 H ) . 

These a c i d s were compared on t h e b a s i s of t h e i r 
e f f i c i e n c y t o c r o s s l i n k a novolak / c r o s s l i n k e r 1 f i l m . 
The amount of each a c i d r e q u i r e d t o g i v e LP = 1.69 w i t h 
a 105°C/1 minute postbake are summarized i n Table I I . 

TABLE II . A c i d C o n c e n t r a t i o n f o r C r o s s l i n k i n g 

A c i d £ % ( 1 8 , 1 9 ) Γ Η + 1 r rnole/σ r e s i s t 

pTSA 
CH3SO3H 

HPF 6 

HBr 
HC1 

9 
7 

1 
1 

(2£) 

4.3 χ 10~ 6 

3.6 χ 10" 6 

2.5 χ 10" 6 

1.7 χ 10" 6 

1.5 χ 10~ 6 
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F i g u r e 4. SEM micrographs d e p i c t i n g 0.5 μπι 1/s w i t h 
e-beam exposure o f (a) r e s i s t f o r m u l a t e d w i t h 
c r o s s l i n k e r 1 (6.2 ̂ C//cm2)f (b) r e s i s t f o r m u l a t e d 
w i t h c r o s s l i n k e r 3 (4.2 μΟ/οπι2) . 
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Based on t h e s e d a t a , HC1 seems t o be the most 
e f f e c t i v e a t c a t a l y z i n g c r o s s l i n k i n g . T h i s i s somewhat 
s u r p r i s i n g , s i n c e HPFg i s c o n s i d e r e d t o be a much 
s t r o n g e r a c i d . I t i s p o s s i b l e t h a t the s i z e o f the a c i d 
i n f l u e n c e s the e f f i c i e n c y of c r o s s l i n k i n g , as HC1 i s a 
much s m a l l e r molecule and c o u l d be more mobile i n a f i l m 
and t h u s c a p a b l e o f i n i t i a t i n g more c r o s s l i n k s . In 
a d d i t i o n , i t i s l i k e l y t h a t c o u n t e r i o n e f f e c t s i n the 
novolak / c r o s s l i n k e r medium a l s o p l a y an important r o l e 
i n d e t e r m i n i n g t h e o v e r a l l c r o s s l i n k i n g e f f i c i e n c y . 
A s i m i l a r set of experiments w i t h v a r y i n g the i d e n t i t y 
o f t h e a c i d was p e r f o r m e d u s i n g c r o s s l i n k e r 3 . 
S u r p r i s i n g l y , HC1 d i d not seem t o i n i t i a t e c r o s s l i n k i n g , 
w h i l e t h e amounts o f HBr and pTSA r e q u i r e d f o r 
c r o s s l i n k i n g were comparable, 2.3 χ 10~ 6 mole a c i d / g 
r e s i s t . When 5 χ 10" 6 mole HCl/g r e s i s t was added t o 
the c r o s s l i n k e r 3 syste
HC1 vapor, the r e s u l t i n
n e g l i g i b l e d i s s o l u t i o n . T h i s suggests t h a t e i t h e r the 
amount of HC1 r e q u i r e d f o r c r o s s l i n k i n g w i t h 3 i s 
g r e a t e r than 10" 6 mole/g r e s i s t , or t h a t under normal 
bake c o n d i t i o n s HC1 r e a d i l y d i f f u s e s out of a f i l m 
c o n t a i n i n g 3 b e f o r e i t has a chance t o r e a c t . I f ot h e r 
a c i d s show s i m i l a r h i g h m o b i l i t y i n f i l m s c o n t a i n i n g 
c r o s s l i n k e r 3 , t h i s c o u l d e x p l a i n b o t h t h e h i g h 
s e n s i t i v i t y and poor r e s o l u t i o n a s s o c i a t e d w i t h r e s i s t s 
c o n t a i n i n g c r o s s l i n k e r 3 . 

C o n c l u s i o n s 

The a c i d c a t a l y z e d c r o s s l i n k i n g r e a c t i o n o f 
am i n o p l a s t s w i t h hydroxy f u n c t i o n a l polymers has been 
used t o determine the amount of a c i d g e n e r a t e d i n a 
t y p i c a l AHR p h o t o r e s i s t and t o e v a l u a t e the a c t i v a t i o n 
e n e r g y and PEB l a t i t u d e a s s o c i a t e d w i t h s e v e r a l 
c r o s s l i n k e r s . A c r o s s l i n k e r which demonstrated t h e 
g r e a t e s t p o t e n t i a l f o r h i g h s e n s i t i v i t y and c o n t r a s t and 
a wide p r o c e s s window, a l s o f a i l e d t o p r o v i d e h i g h 
r e s o l u t i o n . I t i s suggested t h a t the m o b i l i t y of a c i d 
w i t h i n the f i l m c o n t r i b u t e s t o both of these f i n d i n g s . 
We are c o n t i n u i n g t o i n v e s t i g a t e the e f f e c t s of bo t h 
a c i d and c r o s s l i n k e r on r e s i s t performance. 
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Chapter 7 

New Design for Self-Developing Imaging 
Systems Based on Thermally Labile Polyformals 

Jean M. J. Fréchet 1, C. Grant Willson2, T. Iizawa3,4, T. Nishikubo3, 
Κ. Igarashi3, and J. Fahey1 

1Department of Chemistry, Baker Laboratory, Cornell University, Ithaca, 
NY 14853-1301 

2IBM Research Division, Almaden Research Center, 650 Harry Road, San 
Jose, CA 95120-6099 

3Department of Applied Chemistry, Kanagawa University, Yokohama 221, 

The polycondensation of bis-allylic or bis-benzylic diols with dibro
momethane under phase transfer catalysis may be used to generate 
some polyformal polymers and copolymers which depolymerize readily 
when heated or when subjected to acidolysis. The polymers are best 
prepared by condensation of diols such as 1,4-dihydroxy-2-cyclohex
ene or 1,4-dihydroxy-1,2,3,4-tetrahydronaphthalene and CH2Br2 
under phase transfer conditions. The polymers which are obtained by 
this process generally have fairly broad polydispersities and are stable 
to temperatures higher than 150°C. Under acid catalysis, they decom
pose below 80°C to afford mainly the aromatic elimination product 
(benzene or naphthalene), and formaldehyde hydrate. As the poly
mers absorb very weakly even in the deep-UV (Emax < 300), imaging 
is possible through formulations incorporating both the polyformals 
and a small amount of a triarylsulfonium salt or similar photoacid 
generator. The polyformals can be used as self-developing and chemi
cally amplified imaging systems which operate in the deep-UV and 
possess good sensitivities due to the catalytic nature of their photoini
tiated thermal decomposition. 

The initial work on a new generation of deep-UV and Ε-beam resist materials which 
incorporate chemical amplification [1] was carried out in 1979 when Frechet and 
Willson first prepared poly(4-t-butyloxycarbonyloxystyrene), poly(4-allyloxystyrene, 
end-capped poly(o-phthalaldehyde), and copolymers of a-phthalaldehyde and its 3-
nitro derivative. The first of these materials was designed for its ability to lose its 
t-BOC phenolic protecting groups under thermolytic conditions, the second for its 
potential to undergo a catalyzed Claisen rearrangement, while the two cyclic pol-
yacetals would undergo chain depolymerization under a variety of conditions. In 
particular the copolymers containing 3-nitro-phthalaldehyde units have o-nitroben-
zyl acetal groups which are readily cleaved by UV irradiation [2] thereby rendering 
the copolymers photodepolymerizable (Figure 1 ) . 

This basic approach to chemical amplification was subsequently extended by 
Ito et al. [3] through resist formulations incorporating appropriately chosen triaryl 
sulfonium or diaryliodonium salt. For example, end-capped poly(phthalaldehyde) 
used in combination with an onium salt photoacid generator is an excellent self-

4Current address: Department of Chemical Engineering, Hiroshima University, Japan 
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developing imaging material. While this material is interesting, its usefulness is 
restricted as depolymerization of the polymer after exposure to radiation does not 
require any thermal activation; therefore, the phthalaldehyde monomer may be 
evolved within the confines of the exposure tool where it might well interfere with 
optical and mechanical components. 

This study will show an approach to materials which have many of the 
desirable features of the poly(phthaladehyde)-onium salt imaging system but do not 
suffer from the problem of spontaneous gaseous material evolution upon irradiation. 
The new polyformal-based imaging systems all have a "built-in" thermal activation 
requirement which allows for image self-development outside of the exposure tool. 

Imagine via Thermolvtic Main-Chain Cleavage. 

A significant part of our recent work with imaging systems which incorporate 
chemical amplification has involved the design of polymers which can undergo 
thermally activated multiple main-chain cleavages as the result of a phototriggered 
process. 

Imagine via Main-chain Cleavage of Polycarbonates. Polyesters and Polvethers. 
We have designed, prepared, and tested dozens of new imaging materials based on 
polycarbonates [4-10], polyethers [11] and polyesters [12] which are all susceptible to 
acid-catalyzed thermolytic cleavage. With all of these systems, imaging is accom
plished through irradiation of a film of the polymer containing a small amount of a 
photoactive compound which can generate acid upon irradiation. Imagewise expo
sure to a source of the appropriate wavelength causes formation of a latent image 
consisting of acid dispersed only in those areas of the polymer film which were 
exposed to radiation. The latent image can subsequently be developed by a baking 
step in which the latent image is provided with the activation energy which is 
required for the catalyzed thermolysis of the polymer to occur. The unexposed 
areas of the film do not undergo thermolysis as the uncatalyzed process requires 
much higher baking temperatures in order to take place. If the fragments resulting 
from multiple main-chain cleavages are somewhat volatile, self-development may be 
achieved by carrying out the thermolytic development step in an evacuated envi
ronment. 

Mechanism of Cleavage of Polyesters and Polycarbonates. It is useful at this point 
to review the mechanism of cleavage of esters and carbonates [13]. For the sake of 
simplicity, this will be considered only in the context of a polycarbonate, and only a 
single cleavage step will be considered. It must be remembered that a similar 
mechanism would also apply to appropriately designed polyesters, and that, in the 
case of our polymers, the cleavage step would eventually involve all the carbonate 
functionalities which constitute the polymer chain; thus a thermolytic cleavage 
would result in complete depolymerization of a chain. The uncatalyzed thermolytic 
cleavage of a carbonate proceeds through a cis-elimination which requires that the 
carbonate possess a p-hydrogen. Early studies of this reaction have shown that the 
transition state has significant polarity, (suggesting much Ε j-like character for the 
elimination) especially in the case of carbonates. While it is well-known that the 
ease of elimination increases from primary to tertiary carbonates [13], we have based 
our novel designs of polymers containing bis-allylic or bis-benzylic carbonates on 
the premise that strong allylic or benzylic stabilization of the polar transition state 
would occur, thereby greatly facilitating the reaction. This assumption proved to be 
correct as the elimination reaction of allylic (Scheme I) and benzylic polycarbonates 
is qualitatively as facile as that of polycarbonates of tertiary alcohols [7, 9] . If a 
catalytic amount of acid is present, the thermolysis reaction is notably facilitated 
and therefore occurs at a much reduced temperature. This is key to our resist 
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Cleavage of benzylic 
C - 0 bond ortho to N 0 2 . 

Figure 1. Preparation and photocleavage of a poly(phthalaldehyde) 
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design as acid is generated within the coating by irradiation rendering those areas 
which have been irradiated more susceptible to low temperature thermolytic decom
position than areas which have remained unexposed. 

Scheme II shows the El-like elimination process which may prevail in the 
case of the acid-catalyzed thermolytic cleavage of polycarbonate 1. The reaction 
starts with protonation of a carbonate carbonyl group to afford 3, this is followed 
by breaking of the adjacent allylic carbon-oxygen bond to produce two fragments: a 
fragment containing a monoester of carbonic acid 2a, and another containing an 
allylic carbocationic moiety 2ç_. Elimination of a proton from this carbocationic 
moiety results in regeneration of the acid catalyst (the "eliminated" proton) and 
formation of a terminal diene-containing fragment 2i- The unstable monoester of 
carbonic acid 2a decarboxylates releasing a terminal alcohol fragment 2ά· The proc
ess continues at other carbonate sites with complete breakdown of the polymer chain 
resulting in the eventual release of benzene (two successive eliminations on the bis-
allylic moiety), additional carbon dioxide, and a diol HO-R-OH. The protons ini
tially generated by irradiatio t d i  th  (except b  possibl
side-reactions or impurities)
cal amplification of this resis

In contrast, the clean thermolysis of appropriately chosen ethers into alkene 
and alcohol components was little known until our work in this area demonstrated 
its applicability to transformations involving both side-chain ether groups [14] or the 
main chain of poly ethers [11]. 

Thermolytic Cleavage of Allvlic and Benzvlic Ethers and Polvethers. The thermal 
lability of the types of ethers which are of interest in the context of this study was 
discovered during a thorough study of the application of certain benzylic carbonates 
as labile protecting groups for alcohols and phenols [15]. It was observed that, 
under acid catalysis, the bis-methylcarbonate derivative of l-(4-
hydroxyphenyl)ethanol (4, in Equation 1) was transformed into the benzylic ether 
(5) which then underwent clean acid-catalyzed thermolysis to the corresponding 
styrene (6) in very high yield [14]. 

CH, <*Η3 

Ç H - O C O C H 3 C H - O - C H j 

Ο C F 3 S 0 2 0 H . . Δ » 

RT 

O C O C H , O C O C H , 
Il H ο ο 

6 

In this reaction, only the benzylic carbonate can react readily since cleavage 
of the benzylic carbon-oxygen bond leads to a stabilized carbocation while no such 
stabilization would exist for the hypothetical products which would be obtained by 
cleavage of the phenyl carbonate. The benzylic carbocation intermediate which is 
formed can either eliminate to the corresponding styrene £ or recombine with the 
nucleophilic methanol which is formed by decarboxylation. It is the latter reaction 
which appears to prevail at room temperature as the ether 5 can be isolated in excel
lent yield. Subsequent heating in the presence of acid catalyst drives the reaction to 
the elimination product 6 and free methanol. 

The study of several other model ethers derived from benzylic and allylic 
alcohols for which 4-elimination of a proton is possible confirmed that this reaction 
is general and occurs at low temperatures in the presence of strong acid. 
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The suitability of ethers derived from l,4-dihydroxy-l,2,3,4-tetrahydro-
naphthalene (DHTN) in the design of polymers susceptible to catalyzed thermolytic 
cleavage is demonstrated by the behavior of its bis-p-nitrophenvl ether derivative 
upon treatment by a trace of acid. Figure 2, curve A, shows the 'H-NMR spectrum 
of the starting compound, while curve Β shows the product which is obtained upon 
addition of triflic acid. It is readily seen from these spectra that quantitative cleav
age into naphthalene and p-nitrophenol is obtained as elimination occurs easily to 
afford the aromatic product. The driving force in this reaction is the facile aroma-
tization which produces naphthalene. 

Recent work [16] with a variety of polyethers derived from DHTN as well as 
from 1,4-dihydroxy-2-cyclohexene (DHCH) by phase transfer catalyzed polycon-
densations has shown that these ethers were readily subjected to acid-catalyzed 
thermolysis and were therefore suitable for use in dry-developing imaging systems. 
During the study of these polyethers (e.g. structure 7) it was found that their prepa
ration under phase transfer catalysis in dichloromethane solution frequently resulted 
in the incorporation of some dioxymethylene units as in structure 8  Such incorpo
ration of a few polyformal moietie
ability to undergo acidolyti
units such as 8 can depolymerize readily to produce benzene, bisphenol A and 
formaldehyde hydrate. This finding suggests that polymers obtained from the reac
tion of allylic or benzylic diols with dihalomethane should also meet our basic re
quirements for facile thermolytic elimination. 

Preparation of the Active Polyformals under Phase-transfer Catalysis. The polycon-
densation of DHTN or DHCH with dibromo- or dichloro-methane was carried out 
under phase transfer catalysis as shown in equations 2 and 3. Best results were 
obtained with dibromomethane, 60% aqueous K O H and tetrabutyl ammonium 
bromide. 

2) 

H 0 - O - ' A U ± ^ 0 6 0 % K O H , / \ . 
O H + η CH 2Br, • ^LJ V _ 0 C H 2 0 - 4 * A 

Bu4NBr V \ = / n 

10. (eq.3) 

Table 1 contains details of experimental conditions used in the preparation 
of the polyethers. It can be seen that the reduced viscosity of the polymers which 
were obtained increased with the concentration of the aqueous K O H solution and 
was inversely related to the amount of dibromomethane used in the reaction. 
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Figure 2. Acidolysis of a bis-benzylic ether model compound 
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Thermogravimetric analysis of polymer 9 (Figure 3) showed 5% loss of 
weight at 250°C, 50% loss at 273°C and 3.9% weight remaining at the end of the 
heating cycle (350°C). Polymer 10 had a higher decomposition temperature with 5% 
loss at 260°C and 50% loss at 305°C while 6.3% of the starting mass remained at 
400°C. DSC studies of polymers 9 and 10 show that they have very low glass transi
tion temperatures near 62 and 30°C respectively. These low Tg values do not de
tract from the intrinsic value of the polymers but preclude their use in imaging 
processes where these temperatures might be exceeded significantly. GPC measure
ments (polystyrene standards) showed that the polyformals had relatively high 
molecular weights with a broad dispersity. Typically, polymer 9 having a reduced 
viscosity of 0.27 showed a peak molecular weight of 30,000 with M n = 6,000 and 
M w = 54,000. Similarly, polymer 10 (reduced viscosity = 0.25) had M n = 7,500 and 
M w = 37,000 (by GPC with polystyrene standards). 

Table 1. Polycondensation of DHTN and DHCH with dihalomethane 

Diol a Dihalomethane 

DHTN CH2Br2 (20mL) 50% K O H 80 100 trace -
DHTN C H 2 B r 2 (20mL) 50% K O H 60 100 14 0.06 
DHTN C H 2 B r 2 (20mL) 50% K O H 25 100 46 0.08 

DHTN C H 2 B r 2 (20mL) 60% K O H 25 100 91 0.13 
DHTN CH 2 C1 2 (20mL) 60% K O H 25 100 48 0.06 
DHTN C H 2 B r 2 (20mL) 60% K O H 25 10 94 0.13 
DHTN C H 2 B r 2 (2mL) 60% K O H 25 10 95 0.27 

DHCH C H 2 B r 2 (20mL) 60% K O H 25 10 35 0.08 
DHCH C H 2 B r 2 (2mL) 60% K O H 25 10 62 0.25 

Experiment on 10 mmole scale. 
Aqueous solution, 20mL. 
Reduced viscosity measured at 0.5 g/dL in DMF at 30°C. 

While polymer 9 itself only absorbs weakly in the deep-UV, the U V spectrum of a 
dichloromethane solution of 9 treated with a catalytic amount of triflic acid changes 
rapidly with time as naphthalene is being produced by cleavage of the polymer 
chains. Figure 4 shows the change in U V absorbance observed when 3.5 mL of a 3.0 
χ 10"4 mole/L solution of polymer 9 in CH 2 C1 2 is treated with 10)iL of triflic acid 
at 27.6°C. Figure 5 shows the first order dependence of the same acidolysis reaction. 
The acidolysis reaction was also monitored by other techniques including NMR 
Spectroscopy and Thermogravimetry-GC-Mass Spectrometry; all of these techniques 
combined to indicate that the acid-catalyzed decomposition was complete and afford
ed only naphthalene, formaldehyde and water as shown in equations 4 and 5. Simi
lar studies are currently underway with polymer 10 which decomposes to benzene, 
formaldehyde and water, as well as other polyethers and polyformals based on the 
same general design. 

Testing of oolvmer 9 as a dry-developing imaging system. 
The imaging process involving polymers 9 or 10 used in combination with a photoa
cid generating compound is outlined in Figure 6. Spin-coated films of polymer 9 
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Figure 4 . Change in UV absorbance as a function of time in the 
acidolysis of £ 
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0 I 1 u . 
0 60 TIME (min.) 120 

Figure 5. First order dependence of the acidolysis of J> in solution. 

H 2 0 + H C H O 

Figure 6. Schematics of the imaging process of polymer £ with 
10% onium salt 
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4 

9 

OCH 24- n 

(1) H + 

(2) Δ " \ / + " H 0 C H i 0 H 

H , 0 + H C H O 

4 0 - - { ^ ) - 0 -CH 2 ^ 

10 

(1) H 
(2) Δ ^ Π \ / + " | ^ H 0 C H 2 0 H 

/ (eq.5) 

containing 10% triphenyl sulfonium hexafiuoroantimonate were exposed to U V radia
tion using a special wedge mask to determine the sensitivity of the material. A t 
254nm an exposure dose of approximately 10-12 m J / c m 2 was required to produce a 
fully self-developed image after baking at 65°C; a much lower dose (ca. 2mJ/cm 2 ) 
being sufficient to image the polymer in conventional (wet development) fashion. 
Polymer £ has a very low glass transition temperature and therefore baking cannot be 
carried out at higher temperatures to effect self-development without diminishing 
seriously the quality of the image which is obtained. Figure 7 shows an electron 
micrograph of a fully self-developed image obtained from polymer 9. Some loss of 
image quality is due both to overexposure and some softening of the edges of the 
image features. 

Experimental Section 

Polvcondensation of D H T N with dibromomethane under phase transfer conditions. 
The polycondensation of D H T N [13.13g, 0.080 mole] with 32mL dibromomethane 
was carried out in the presence of tetrabutyl ammonium bromide [2.48g or 0.008 
mole] and 160mL 60 wt% aqueous K O H solution with vigorous stirring at room 
temperature for 24h. The polymer was precipitated in methanol and purified by 
reprecipitation from T H F solution into distilled water to afford 13.51g (94.8%) of the 
desired polyether 9 which exhibits a reduced viscosity of 0.27 d L / g [measured at 
30°C in D M F at a concentration of 0.5g/dL]. The polymer had an IR spectrum with 
a prominent C - O - C peak at 1210 cm" . The * H N M R spectrum of the polyether 
[CDC1 3] showed peaks a t r = 1.7-2.5 ( C - C H 2 - C H 2 - C ) , 4.6-5.3 ( 0 - C H 2 - 0 ) , and 7.3-
8.0 (aromatic). 
Similar procedures were used in the preparation of the other polymers; the use of 
mixtures of D H T N and D H C H resulted in the formation of copolymers with T g 

values intermediate between those of 9 and 10. 

U V monitoring of the acidolvsis of polyether 6 
A standard U V cell was filled with 3.5mL of a 3 Χ 10~ 4 M dichloromethane solution 
of polyether 9. The solution was then treated with 10 uL of trifluoromethanesulfon
ic acid and the changes in U V absorption of the mixture were monitored. Once the 
reaction was complete the molar extinction coefficient of the product at 276nm was 
identical to that of naphthalene, therefore conversions during acidolysis were calcu
lated directly from absorption measurements (Α^Αψ). 
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Figure 7 . Scanning Electron Micrograph of a self-developed image 
of polymer 9 
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Imagine experiments. 
A stock solution of the polymer was prepared by dissolving 2.0g of polymer 9 and 
0.2g triphenyl sulfonium hexafiuoroantimonate in 20g dry cyclohexanone. The solu
tion was filtered through a 0.45um membrane filter and spin-coated onto 5" silicon 
wafers and baked at 100°C for 2 min. Exposure was achieved using a Perkin-Elmer 
500 projection scanner at a scan speed of 2400 and aperture setting of 3 with a U V -
2 (254nm) filter. After exposure and post-bake at 65°C, the exposed areas of the 
film had lost over 80% of their thickness by self-development. The surface residue 
containing the inorganic salt by-products could be removed by spraying with iso-
propanol to afford a clean positive image of the mask. 
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Conclusion 

It is possible to design self-developing imaging systems based on the concept of 
catalyzed thermolysis of polymer main-chain. One requirement for such a system is 
the availability of an efficient cleavage reaction which produces volatile fragments. 
This study has demonstrated that polyformals derived from 1,4-dihydroxy-1,2,3,4-
tetrahydronaphthalene are particularly convenient as the cleavage reaction is driven 
in part by the gain of aromatization energy with formation of free naphthalene, with 
water and formaldehyde as the other by-products. This system has greater potential 
than our original poly(phthalaldehyde)-onium salts based materials [3] as its devel
opment requires thermal activation of the latent image, thereby eliminating all risks 
of chemical contamination of the exposure tool. It may be possible to extend this 
approach to other systems which incorporate structures with more resistance to typi
cal semiconductor fabrication conditions. 
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Chapter 8 

Polysilanes: Solution Photochemistry and 
Deep-UV Lithography 
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The mechanism of the photochemical decomposition of a variety of 
alkyl polysilanes in solution has been examined. At short 
wavelengths, silylene extrusion is a major pathway although silyl 
radicals are also generated. At long wavelengths, the silylene mode 
is shut down and chain degradation proceeds primarily by bond 
homolysis. The persistent silyl radicals which are produced at room 
temperature are not those generated by initial chain cleavage, but 
result instead from the loss of one alkyl group from the chain. 
Evidence is presented against a simple photochemical silicon-carbon 
bond cleavage and in support of a more complex route initiated by 
a 1,1-reductive chain cleavage to generate initially chain silylene 
derivatives followed by rearrangement. The results of a DUV 
lithographic study in a bilayer configuration using 
poly(cyclohexylmethylsilane) as an imaging and barrier layer are 
reported. 0.75 μm features were resolved with a commercial 1:1 
projection printer utilizing a deep-UV source and compatible optics. 
Sub 0.5 μm images could be resolved and transferred by O2-RIE 
using an excimer laser projection printer operating at 248 nm. The 
resolution using poly(cyclohexylmethylsilane) and excimer laser 
exposure far exceeds the 0.8 μm limit previously reported for some 
polysilane copolymers. 

Soluble polysilane derivatives (I) represent a new class of radiation sensitive 
materials for which a number of new applications have recently appeared. In this 
regard, they have been utilized as: (i) thermal precursors to ceramic materials (2,3); 
(ii) a new class of oxygen insensitive photoinitiators for vinyl polymerization sJâ)', 
(Hi) single component media for charge conduction (5,6); (iv) radiation sensitive 
materials for microlithographic applications (7-9): and recently as (v) materials with 
interesting nonlinear optical properties (10,11). 

( R R ' S i ) n 

Historically, the polysilanes are old materials and the first diaryl derivatives 
were probably prepared in 1924 by Kipping (12). The simplest dialkyl representative 
poly(dimethylsilane) ( P D M S ) was described in 1949 (13). These materials were, 
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however, highly crystalline, insoluble and intractable and elicited little scientific 
interest until Yajima and co-workers demonstrated that P D M S could be utilized as 
a thermal precursor to β-SiC by prior conversion to a tractable carbosilane 
derivative (2). The modern era in polysilane chemistry began about 10 years ago 
with the synthesis of the poly(methylphenylsilane) (14) and some soluble copolymers 
(15,16). Since this time, interest in these materials has heightened as evidenced by 
the explosion of patents and publications in the area. 

Although new organometallic procedures (17,18) have been reported recently, 
the method of choice for the production of linear, high molecular weight polymers 
is still the modified Wurtz coupling of substituted dichlorosilanes using alkali metals 
and alloys (1). The mechanism of this heterogeneous polymerization is quite 
complex and the intermediacy of both radical (19) and anionic chain carrying 
intermediates have been postulated (20) . In addition, substantial solvent effects 
have been reported which vary with the pendant substituents (8,19,21) . Ultrasonic 
agitation has also been utilized to facilitate polymerization at lower temperatures 
(22,23). 

R R ' S i C l 2  N a — ^ ( R ' R S i ) n

It was the curious electronic spectra of oligosilanes derivatives which originally 
attracted the interest of theoreticians and experimentalists. Unlike saturated carbon 
catenates, oligosilanes absorb in the U V spectral region (24). This characteristic 
was originally quite unexpected for a sigma bonded system. In a similar fashion 
high molecular weight silicon catenates absorb strongly in the U V , suggesting 
extensive sigma electron derealization in the polymer backbone (24) . Atactic, 
noncrystalline alkyl polysilane derivatives absorb from 300 — 325 nm . A r y l 
substituents attached directly to the backbone cause spectral red shifts of 
20 — 30 nm attributable to the interaction of the substituent π orbitals with the 
silicon backbone orbitals. The electronic spectra of polysilanes also depend on 
molecular weight, with both the absorption maxima and the extinction per SiSi 
bond approach limiting values around a degree of polymerization of 40 - 50. 
Interestingly, the spectral characteristics also depend strongly on the backbone 
conformation and the planar zigzag form is the most red shifted of all (22,25-30). 
The conformation of the polymer backbone and, hence, the polymer absorption 
spectrum in the solid state depends strongly on the nature of the substituents. 
Recently reported soluble poly(diarylsilanes) are the most red shifted of all the 
polysilanes, apparently due to a combination of electronic and conformational 
effects (31). 

Polysilanes are photolabile and sensitive to ionizing radiation. Figure 1 shows 
the absorption spectrum of a typical polysilane and its response to irradiation. The 
strong spectral bleaching suggested that considerable chain degradation was 
occurring upon irradiation. This was confirmed by G P C examination of the 
irradiated samples which showed the progressive formation of lower molecular 
weight fragments. Although the rate of photochemical bleaching depends on many 
features (e.g., the nature of the substituents, polymer T g , ambient atmosphere, etc.), 
chain scission is always a major pathway. Polymer crosslinking becomes more 
competitive in the presence of pendant unsaturation (vide infra). 

Polysilane Photophysics 

The strong dependence of the spectral properties on of the backbone conformation 
was initially unexpected for a sigma bonded system. This phenomenon was probed 
computationally for acyclic systems containing up to 20 silicon atoms using the 
I N D O / S procedure and the results shown in Figure 2 (32,33). Λ number of features 
are particularly obvious from the figure. First, it is clear that an "all-trans" 
arrangement would be expected to absorb at lower energies than the comparable 
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Figure 2. Calculated ( I N D O / S ) first singlet excitation energy: all-trans 
[ ( C H 3 ) 2 S i ] n (dot-dash); aXUrans [ H 2 S i ] n (full); all-gauche [ H 2 S i ] n (dashed). 
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"all-gauche" conformation. This observation is readily rationalized in terms of long 
range orbital interactions (specifically between the 1,4 sp 3 hybrid orbitals of the 
sigma bonded silane chain) which in turn depend on the dihedral angles of the 
backbone. Second, we see that while the difference in the excitation energies 
between the trans and gauche forms increase initially with the degree of catenation, 
eventually this effect is expected to saturate with the difference remaining roughly 
constant for chains longer than approximately twelve silicon atoms. Finally, it is 
also apparent from the figure that the H O M O - L U Μ Ο excitation energies are also 
predicted to saturate rapidly with increased catenation. The computational results 
are, therefore, consistent with the observed spectral and structural properties of 
polysilane derivatives. 

The nature of the photoexcited state of poly(di-n-alkylsilane) derivatives in 
solution has been probed by fluorescence polarization techniques using 
poly(di-n-hexylsilane) ( P D H S ) as a model system (32,33). While the absorption 
spectra of the poly(di-n-alkylsilanes) in solution are broad and featureless, the 
emission spectra are much narrower. The emission is short-lived (75-200 ps) 
(32,33,38) and the shape o
the excitation. This has led
an electronic state other than the singlet. In this regard, the triplet state has been 
considered (34,35), and the shape of the weak, broad phosphorescence emissions 
observed for some dialkyl polysilane derivatives is suggestive of a more localized 
excited state. Although quenching studies have confirmed a photoreactive triplet 
state for poly(methyl-n-propylsilane), studies on other dérivâtes have been less 
conclusive (34). 

Returning again to the polarized fluorescence studies, it has been reported that 
the degree of polarization (P) is remarkably wavelength dependent in solution 
(32,36). For P D H S , it ranges from a value of near the theoretical limit of 0.5 for 
long wavelength excitation to near zero (no correlation between the absorbing and 
emitting transition moments) at short excitation wavelengths. Such an observation 
would be consistent with the concept of a polysilane chain in solution consisting of 
a collection of weakly interacting chromophores communicating by rapid energy 
transfer. A possible model explaining these results would be a chain composed of 
a series of trans (or nearly trans) links of different lengths and hence varying 
excitation energies, which are insulated to some extent from one another by 
conformational twists or kinks (32-38). Irradiation into the red edge of the 
absorption \band would address only the longest of the trans chromophores, thus 
leading to prompt emission and a strong correlation between the absorbing and 
emitting transition moments. On the other hand, irradiation at the blue edge of the 
absorption band would excite preferentially the short, high energy chromophores 
leading to rapid transfer of the excitation energy to the longer chromophores, 
resulting in the lower values for the polarization degree observed for short 
wavelength excitation. It is also possible that the short segments are more 
photochemically reactive which would rationalize the substantial decreases observed 
in the measured fluorescence quantum yields for short wavelength excitation 
(33-35) . I N D O / S calculations support this model for poly(di-n-hexylsilane) in 
solution and suggest that the primary chromophores are trans or near trans 
segments separated by strongly non-planar kinks (32-34). Furthermore, these 
studies indicate that considerable localization of the excitation occurs even on very 
short trans segments (33,34). 

Photochemistry 

Photochemical transformations of cyclic and short chain polysilane oligomers have 
been intensively investigated (39). Irradiation of these materials in the presence of 
trapping reagents, such as silanes or alcohols, has suggested that substituted 
silylenes and silyl radicals are primary reactive intermediates. The former have been 
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implicated by the isolation of appropriate trapping adducts and the latter by the 
formation of linear silanes containing fewer silicon atoms than present in the 
starting materials. Silylene intermediates from the photolysis of cyclic oligosilanes 
also have been detected spectroscopically (40-42) . Although related studies on 
polymeric systems are rare, recent results on polymeric main and pendant side chain 
disilane derivatives indicate that bond homolysis to produce silyl radicals is an 
important photochemical pathway (43,44). Mechanistic studies on low molecular 
weight silyl radicals indicate that radical disproportionation is competitive with 
recombination when α-hydrogens are available for abstraction (39,45,46). 

The photodecomposition of a number of soluble substituted silane high 
polymers in the presence of trapping reagents, such as triethy 1 silane (TES), has been 
described (47) and some results are shown in Table 1. In every case, the major 
products from exhaustive irradiation at 254 nm were the corresponding silylene 
trapping adducts, and these adducts are primary photoproducts produced directly 
from the high polymer. The latter was demonstrated by the observation that 
l,l,l-triethyl-2,2-dibutyldisilane is produced from poly(di-n-butylsilane) with no 
induction period (48). Simila
reagents. Consistent with
produced, the dialkyl polysilanes ( R R ' S i ) n yielded deuterated adducts 
(E t 3 SiS iRR 'D) when E t 3 S i D was employed as a trapping reagent. 

The formation of silyl radicals in the exhaustive photolysis of the silane 
polymers was indicated by the isolation of disilanes of general structure 
( H S i R R ' S i R R ' H ) as shown in Table 1. These materials accumulate in the 
photolysate and are photostable as they absorb only weakly at the irradiation 
wavelength (254 nm). Longer chain silanes are presumably continuously degraded 
under the conditions of the exhaustive irradiation. 

In summary, the production of substituted silylenes and silyl radicals upon 
exhaustive irradiation at 254 nm of polysilane high polymers suggested that the 
polymer photochemistry resembled that previously reported for short chain acyclic 
and cyclic oligomers (39) . More recent experiments, however, have suggested that 
the photochemical mechanism for the degradation of the high polymers is more 
complex than first envisioned (vide infra) (48). 

- S i R R ' - ( S i R R ' ) 2 - S i R R ' S i R R ' - S i R R ' - S i R R ' - + R R ' S i : [1] 

- S i R R ' - ( S i R R ' ) 2 - S i R R ' - - S i R R ' - S i R R ' · + · S i R R ' - S i R R ' - [2] 

The results of the exhaustive irradiation studies, which suggest that both silylenes 
and silyl radicals are produced, are consistent with the processes [1] and [2], each 
of which has precedent in silane oligomer photochemistry (39). Thermodynamic 
considerations suggest that the silylenes and radicals are not produced in a single 
step from the absorption of a single photon of 254 nm light, but are most probably 
produced competitively. Conformation of this comes from recent studies which 
indicate an unusual wavelength dependence for the photolyses of two typical 
symmetrical dialkyl silanes (48). In this regard, the irradiation of either 
poly(di-n-hexylsilane) ( P D H S ) or poly(di-n-butylsilane) (PDBS) at 248 nm (pulsed) 
or 254 nm (cw) in the presence of triethylsilane-cyclohexane (1:1) produces the 
trapping adducts E t 3 S i S i R 2 H ( R = Bu or Hx) and the homolytic cleavage products 
H ( S i R 2 ) n H (n = 2,3,R = Bu or Hx), respectively. The formation of the adduct 
E t 3 S i S i R 2 H is, however, quite wavelength dependent and the quantum yield drops 
rapidly to zero for irradiation wavelengths greater than 300 nm (see Figure 3). 
Polymer degradation still proceeds rapidly at the longer wavelengths as evidenced 
by the formation of persistent radicals (ESR, vide infra) and the bleaching of the 
original polymer absorption at 316 nm. G P C examination of the solutions 
irradiated at λ > 300 nm also shows considerable reduction in the original polymer 
molecular weight. It is important to note that the short chain disilanes 
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Table 1. Trapping jproducts from the exhaustive irradiation of some polysilane 
derivatives [ ( S i R ' R 2 ) ] at 254 nm in the presence of triethylsilane; (a) yields were 
less than 2% ^ 

Product 
R1 = n - C 4 H 9 

R 2 = n - C 4 H 9 

R1 = n - C 6 H 1 3 

R2 = Me 
R1 = c-CeH^ 

R 2 = Me 

E t 3 S i R 1 R 2 S i H 59% 70% 71% 

H S i R 1 R 2 S i R 1 R 2 H 

E t 3 S i S i R 1 R 2 S i E t 3 

H S i R 1 R 2 O S i R 1 R 2 H a a 2 

Et 3 SiOSiR 1 R 2 S i R 1 R 2 H a a 3 

250 300 350 400 
λ / n m 

Figure 3. Yie ld o f adduct E t 3 S i S i B u 2 H from irradiation of poly(di-n-butylsilane) in 
the presence of triethylsilane as a function of the irradiation wavelength. 
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H(S iR 2 ) n H(n = 2,3) are also not formed at λ > 300 nm, presumably because 
oligomers o f H ( S i R 2 ) n H are transparent for η <, 7 (49). When (Et) 3 SiD is employed, 
irradiation at 254 nm produced E t 3 S i S i R 2 D , but the silanes of structure 
H(S iR 2 ) n H(n = 2,3) remain undeuterated. Similarly, irradiation in the presence of 
E t 3 S i D at λ > 300 nm results in no deuterated fragments ( IR analysis). This result 
suggests that silyl radicals, presumably produced by process [2], apparently abstract 
hydrogen from the polymer itself rather than from the solvent. A reasonable source 
of hydrogen from the polymer is from the side chain carbon α to the radical site in 
a classical radical disproportionation reaction. 

The source of the hydrogen atoms in the abstraction reaction was confirmed 
by irradiation of P D H S (oc-d2) at 308 nm. This material in pentane, pentane-d 1 2. 
cyclohexane, cyclohexane-d 1 2 or E t 3 S i D produces products containing - S iD but no 
S i H bonds. It appears, therefore, that reactions [1] and [2] are decoupled and that 
radical disproportionation is occurring. The long wavelength results which show 
no detectable silylene while polymer degradation and radical formation are still 
operative, also indicate that the further dissociation of silyl radicals into silylenes is 
not occurring to any significan
result is also consistent with
(46). 

While photochemical wavelength efFects in solution are unusual, they are not 
unprecedented (50). In fact, the results described here fit nicely with the 
photophysical picture of dialkyl polysilanes in solution presented earlier. In this 
model, the polysilane chain was described as a weakly interacting, statistical 
collection of chromophores composed of trans or near trans units partially 
electronically decoupled by conformational kinks. Adopting this model, the 
wavelength dependent photochemistry could be explained as follows. Irradiation 
at long wavelengths excites selectively the longest chromophores which undergo a 
series o f radical cleavage processes. Excitation at short wavelengths excites the 
shorter or high energy chromophores which can either rapidly transfer energy to 
longer chromophores and proceed via radical cleavage or decompose directly by the 
extrusion of a silylene fragment. Homolytic cleavage could conceivably be 
occurring in both long and short chromophores or exclusively from the former. In 
the latter case, rapid energy transfer from the shorter to the longer chromophores 
would be required. 

Equation [2] suggests that silicon centered radicals are produced by the chain 
cleavage of the polymer backbone. The trapping experiments and the results using 
deuterated substrates indicate that disproportionation and presumably 
recombination are also occurring. Evidence for the formation of silyl radicals in the 
solid state upon irradiation in the presence of oxygen comes from the observation 
of fragments containing — SiOSi - , - S i O H and — S i H linkages (9,51,64). In 
solution, the isolation of short silane fragments upon photolysis (47) and the facile 
photoinitiation of the polymerization of vinyl monomers (4) constitute evidence that 
silyl radicals are produced. Recently, Todesco and Kumat (52) have reported a 
complex E S R signal upon irradiation of poly(methyl-a-naphthylsilane-co-
dimethylsilane) at 77 Κ and have tentatively suggested on the basis of the apparent 
g value that the signal is due to silicon radical(s) produced by chain scission. 

We have reported that E S R and E N D O R (53) examination of degassed, 
irradiated samples of a number of polymers ( P D H S , P D B S , poly(di-n-tetra-
decylsilane) ( P D T D S ) , poly(di-n-octylsilane (PDOS), poly(di-n-decylsilane) ( P D D S ) 
and poly(di-4-methylpentylsilane) ( P D M P S ) shows the formation of radical species 
which are persistent for hours and even days. The radical spectra (see Figure 4) are, 
however, clearly not consistent with those expected from the simple cleavage of the 
polymer backbone as described by Equation [2]. The structure of these radicals 
has now been assigned as - S i R 2 S i R S i R 2 - . A s shown in Figure 4, the E S R spectra 
produced from different symmetrical poly(di-n-alkylsilanes) are all very similar. In 
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addition, these spectra are temperature dependent as also shown in the figure for the 
radical derived from ( P D M P S ) . Temperature studies were conducted using this 
polymer because of the improved solubility at low temperatures relative to the other 
n-alkyl polymers. A t low temperatures, the spectrum is composed primarily of two 
doublets due to splitting between the silicon radical center which is presumably 
nearly planar and two non-equivalent hydrogens on the α-carbon of the substituent. 
A t higher temperatures, the spectra begin to average due to the rotational rocking 
of the alkyl side chain attached to the radical center around the SiC bond, although 
complete averaging is never reached even at the highest convenient temperature. 
The spectra of the early radicals produced from all of the symmetrical di-n-alkyl 
derivatives were virtually identical except for differences caused by motional 
averaging, the rate of which at a given temperature is influenced by the size of the 
alkyl substituent. The following values for the g value and the hyperfine couplings 
were obtained for the radical derived from P D H S , 
(Cf Si°)2h - C«H a 'H""C^Hf CHY

2 - : (a) g = 2.00472 (consistent with a branched 
polysilylated silyl radical), (b) 2 9 S i satellites: a e = 5.8G(2Si), ^ = 75G, assigned to 
- ( S i a ) 2 - Si ' , (c) proton coupling
limit and a a «6 .99G(2H) nea
with sgn a B = sgn a , = - sgn αβ (d) carbon coupling, <κβ = 4.12G. 

The origin of trie persistent radicals which are produced in low yields is of some 
interest. Simple photochemical silicon-carbon bond cleavage lacks precedent and 
is not consistent with the failure to observe any alkane or 1-alkene in the photolysis 
mixture. While the latter could not be expected to survive in the irradiated solution, 
the former would. A possible route involving photochemical 1,1-reductive 
elimination is described below. 

- RR'Si - SiRR' - SiRR' - RR'Si -

- SiRR' 2 - RRJ Si + RSi RR'Si RR'Si - [3A] 

- SiR 2R' - R 2R'Si + R'SiRR'SiRR'Si - [3B] 

RSiRR'SiRR'Si- -+ - RR'SiSiR = SiRR' [4] 

- RR'SiSiR = SiRR'+ . SiRR'- -+ - RR'SiSiRSiRR'SiRR' — [5] 

Regarding this proposal, it should be noted that while 1,1-eliminations on 
Si-Si-C units to generate silylenes are well known thermal processes (54) the 
photochemical variant seems not to have been described. The rearrangement of 
silylsilylenes (4) to disilenes is known to be rapid (55), and silyl radical addition at 
the least hindered site would produce the observed persistent radical. Preliminary 
evidence for the operation of 1,1-photoelimination processes in the polysilane high 
polymers has been obtained, in that the exhaustive irradiation at 248 nm of 
poly(cyclohexylmethylsilane) ( P C H M S ) produces ~10-15% volatile products which 
contain trialkylsilyl terminal groups. For example, the following products were 
produced and identified by G C - M S : (R=cyclohexyl ,R' = methyl) H ( R R ' S i ) 2 H 
(49%), H ( R R ' S i ) 3 H (19%), R 2 R ' S i H (2%), R S R S i R R ' S i H (5%) and 
R 2 R ' S i R R ' S i H (7%). 

O n the basis of the results described, there seem to be at least three processes 
which are responsible for the molecular weight reduction in substituted silane high 
polymers upon irradiation in solution: (i) Chain abridgement by silylene extrusion 
which occurs only at short wavelengths; (ii) chain scission by silicon-silicon bond 
homolysis; and (iii) chain scission by 1,1-photochemical reductive elimination. 

The photochemical studies on polysilane high polymers indicate that they 
constitute a new class of radiation sensitive materials which undergo primarily 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



8. MILLER ET A L PolysUanes: Solution Photochemistry & Lithography 123 

scissioning upon irradiation, although crosslinking reactions become progressively 
more important with pendant unsaturation. For polymers which simultaneously 
undergo scission and crosslinking, the quantum yields may be determined by an 
analysis of both the number average and weight average molecular weights as a 
function of the irradiation dose (56). Application of this technique to the photolyses 
of a variety of substituted silane high polymers yields the data described in Table 2 
(24,57). Examination of Table 2 shows that in each case the quantum yields for 
scission (Φ 8 ) are quite high in solution ( Φ 5 ~0 .5 — 1.0) while crosslinking becomes 
more important with pendant unsaturation, particularly when the unsaturated 
substituents are directly attached to the polymer backbone (entries 6, 7). In each 
case examined, the quantum yields for both processes decrease markedly in going 
from solution to the solid state. This would be expected where reactive 
intermediates such as silyl radicals are involved due to the solid state cage effects 
which decrease the mobility of reactive sites. The numbers listed in Table 2 are 
approximate due to uncertainties such as variations in the polymer molecular weight 
distributions, the use of polystyrene calibration standards for the molecular weight 
determinations, uncertaintie
relative order of the number
on the accuracy of the molecular weight determinations. In this regard, it has been 
noted that the values of M w obtained by G P C and by light scattering often differ 
by as much as a factor of 2 — 3 (58) , 

Polysilane Lithography 

The curious electronic properties of high molecular weight polysilanes have 
suggested many potential applications, some of which have been described earlier 
in this paper. In this section, we focus on the lithographic potential and a number 
of unique properties which make certain polysilanes ideally suited for such purposes. 
In this regard, the polysilanes are: (i) thermally and oxidatively stable yet 
photochemically labile; (ii) strongly absorbing over a broad spectral range yet 
bleachable; (Hi) good film formers and the polymers are incompatible with most 
common polymers; (iv) high in silicon content and hence very etch-resistant in 
oxygen plasma environments (7,59). Lithographically the polysilanes have been 
exercised as: (i) soluble, castableD^-RIE etch barriers in trilevel schemes; (ii) as the 
combined imaging and etch barrier layer in a bilayer configuration for both wet 
(7,60) and dry (7,9,61,62) developing processes; (iii) short-wavelength contrast 
enhancement layers (63); and (iv) as resists for ionizing radiation (22,64,66). 

The drive toward higher density microcircuitry requires the generation o f 
smaller high resolution patterns often with large feature aspect ratios. One 
approach for improving resolution is to utilize shorter wavelength exposure sources. 
This has led to the development of projection printing exposure tools and resists 
operating in the m i d - U V (300 - 350 nm) (65) and more recently in the deep-UV 
(220 - 280 nm) range. 

We have previously reported the use of poly(cyclohexylmethylsilane) ( P C H M S ) 
in a bilayer configuration to generate high resolution images upon exposure to 
mid -UV ( M U V ) radiation (7,8,60) . 

In principle, there is no reason why selected polysilanes could not be used in the 
D U V in a bilayer configuration in the same manner as previously described for the 
M U V . Although the dialkyl polysilanes have strong absorption maxima around 
300 - 325 nm, there is enough residual absorption in the D U V to allow efficient 
light absorption in thin films. In addition, many of the dialkyl polysilanes bleach 
significantly upon exposure in the D U V , although the bleaching rate is significantly 
slower than observed at the absorption maximum. For the example shown in 
Figure 5, although the first 5 0 m J / c m 2 of exposure results in little change in the 
optical density around 254 nm due to the blue shift in the original absorption 
maximum with chain degradation, subsequent exposures produce significant 
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(c)_^MV(h)-̂ VMr 

Figure 4. The E S R spectra of irradiated polysilanes (R2S i )  in n-octane 
[(a)-(c) in n-pentane]; a-e:
d: 300 K , e: 350 K ) ; f
i : R = n - C 6 H 1 3 ; j : R = 11-C4H9; 300 κ . 1 U Z 1 

Table 2. Quantum yields for oolymer scission and crosslinking for some 
representative polysilanes ( S i R l R 2 ) n ; (a) Molecular weights were measured by 
G P C using polystyrene calibration standards; (b) Ban, H ; Sukegawa, K . J . Polym. 
Sci., Polym. Chem. Ed. , 1988, 26, 521 

Solution Solid Film 
R 2 Solvent M j λ β χ <|>s Ψ χ Φ 5 <|>x 

χ 10-3 

- C H 3 Toluene 41.4 355 1.2 0.06 0.022 

2 C 6 H 1 3 C 6 H 1 3 Toluene 44.6 353 0.6 0 - -

3. ^ Q ^ - C H 2 C H 2 — — C H 3 Toluene 208.9 347 0.97 0.08 — — 

4. C 1 2 H 2 5 — — C H 3 Toluene 185.1 347 0.54 0 — — 

5. C 3 H 7 - — C H 3 — 3900 — - 0.011 0.0013& 

190 — — 0.015 0.00l3 b 

— C H 3 THF 245 313 0.97 0.12 0.015 0.002 

- C H 3 Toluene 633.6 367 1.00 0.18 
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Figure 5. Spectral bleaching of a film of P C H M S upon irradiation at 254 nm. 
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changes. However, for D U V bilayer applications where the lower optical density 
(1.2/μηι, 254 nm versus 4.23/μιη, 318 nm) assures the homogeneous irradiation of 
thin films (0.2 - 0.3 μπι), bleaching is less critical than in the M U V . In spite of this, 
an ititial study of a number of polysilane copolymers for D U V lithography produced 
disappointing results with resolution limited to 0.8 — 1.0 μπι for the most promising 
candidate and the observation of residues and image webbing upon development 
(66). We now suggest that the conclusions from this initial study were unduly 
pessimistic and report the results of our study of poly(cyclohexylmethylsilane) 
( P C H M S ) as a material for bilayer DUVJi thography. For this study, we surveyed 
samples in the molecular weight range ( M w 25 - 45K) which had been end-capped 
with chlorotriethylsilane during the polymerization. We now report the results of 
our examination of the D U V lithographic characteristics of a typical 
dialkylpolysilane poly(cyclohexylmethylsilane) used in a bilayer configuration. 

In any bilayer application employing O2-RIE for image transfer, the imaging 
layer must also be resistant to the plasma etch conditions. Figure 6 shows a 
comparison of the etch stabilit
AZ-type photoresist under
etching. Although the P C H M S initally etches slightly, subsequent thickness 
changes are neglibible. Under similar conditions, a hardbaked AZ-type photoresist 
etches continuously at a almost constant rate over entire the etch period. After 20m 
where only 8% of the original thickness of the hardbaked photoresist remains, 
approximately 93% of the P C H M S layer remains. The etch rate ratio 
(PCHMS/photoresist) ranges from ~35:1 after 5m to a value of > 100:1 after 20m. 
In any case, the etch-resistance of P C H M S is more than adequate for a successful 
bilayer process. 

Contact exposures were performed using a 254 nm band pass filter and a 
stepwedge to determine the resist contrast, and the contrast curves for P C H M S in 
a number of developers are shown in Figure 7. Even though cyclohexanol proved 
to be a high contrast developer, its physical characteristics (high viscosity and 
melting point around room temperature) were inconvenient. In this regard, either 
cyclohexanol containing approximately 5% isopropanol or a 80/20 mixture of 
butylacetate/isopropanol was more convenient and performed adequately. 

Two types of imaging experiments were conducted. The first, using a PE-500 
Microalign I X projection printer operating in the U V - 2 mode, resulted in the 
delineation of 0.75 μπι line space arrays (see Figure 8), which could be transferred 
by anisotropic oxygen reactive ion etching (O2-RIE). These patterns were the 
smallest features available on the mask. A s expected, the pattern resolution could 
be improved using a K r F excimer laser 10X step and repeat tool operating at 
248 nm. Figure 9 shows sub 0.5 patterns generated with this tool and transfered 
by O2-RIE. The dose required to generate these patterns was between 
125-1^0 mJ/cm 2 . 

In summary, poly(cyclohexylmethylsilane) homopolymer used in a bilayer 
configuration has been demonstrated to be useful for high resolution D U V pattern 
generation and O2 -RIE image transfer using either a commercial 1:1 projection 
printing tool operating in the D U V or a 10:1 excimer laser stepper at 248 nm. Wi th 
the latter, images smaller than 0.5 μπι have been printed representing a considerable 
improvement over the 0.8 — 1.0 μπι limit recently proposed for the best of a series 
of polysilane copolymers (66). 
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Figure 6. Oy - R I E etching of poly(cyclohexylmethylsilane) ( P C H M S ) - A - , and 
a hardbaked AZ-type photoresist ( - · - ) ; etch conditions 10 mTorr, 40 S C C M , 
- 2 3 2 V , HOW. 
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Figure 7. Stepwedge lithographie contrast curves for P C H M S irradiated at 254 nm. 
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Figure 8. Bilayer imaging of PCHMS using a PE-500 Microalign 1:1 projection printer 
(UV-2 mode). 0.16 μπι PCHMS over 1.0 μπι of a hardbaked AZ-type photoresist. 0 2-RIE 
image transfer; 0.75-μπι images. 

Figure 9. Bilayer imaging of PCHMS using a 10:1 excimer laser step-and-repeat tool at 248 
nm. 170 nm PCHMS over 1.0 μπι of a hardbaked AZ-type photoresist; 125 mJ/cm2. 0 2-
RIE image transfer, 0.4-μπι images. 
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Chapter 9 

Syntheses of Base-Soluble Si Polymers and 
Their Application to Resists 

Shuzi Hayase, Rumiko Horiguchi, Yasunobu Onishi, and Toru Ushirogouchi 

Chemical Laboratory, Toshiba Corporation, Komukai-Toshiba-cho, Saiwai-ku, 
Kawasaki 210, Japan 

Three kinds of Si-polymers,
and are soluble in basic aqueous solutions, were 
synthesized. The first one is polysiloxane with a phenol 
group directly bonded to Si(Polymer(I)). The second one is 
polysilane substituted with a phenol group(polysilane(II)). 
The third one, polysilanes substituted with carboxylic 
ac ids - (po lys i lane ( I I I ) s ) were synthesized from 
polys i lane(II ) and carboxylic acid anhydrides 
Polysilane(II) and polysilane(III)s were soluble in polar 
solvents such as alcohols, acetonitrile and basic aqueous 
solutions, however, they were insoluble in non-polar 
solvents such as toluene and hexane. On photolysis, the 
polysilane(II) and the polysilane(III)s behaved almost the 
same as alkylpolysilanes, except for polysilane(III)s with 
a chloride group which accelerated the photolysis. The 
polysilane(II) showed blue shifts in solvents making the 
stronger hydrogen bonding with phenol groups. The blue 
shift was also seen on cooling. Thermal stability of the 
p o l y s i l a n e ( I I ) was the same as that of 
methylphenylpolysilane, however, the polysilane(III)s were 
somewhat unstable, compared to the polysilane(II), and the 
stability depended on the substituents. The solubility of 
polysiloxane(I) in basic solutions depended on the 
polymerization temperatures and the substituents on Si . 
The solubility decreased with an increase in the softening 
point. Polysilane(III)s and polysiloxane(I) were each 
exposed with UV light and developed with TMAH aqueous 
solution. 

O r g a n o s i l i c o n polymers are e s p e c i a l l y important as imaging 
l a y e r s i n b i l a y e r r e s i s t p r o c e s s e s ( 1 ) . A wide range of 
o r g a n o s i l i c o n r e s i s t m a t e r i a l s , i n which the o r g a n o s i l i c o n 
compound has been incorpora ted e i t h e r i n t o the polymer main 
c h a i n or i n t o pendant g r o u p s , has a p p e a r e d i n the 
l i t e r a t u r e ( 2 - 8 ) . However, almost a l l polymers have been 
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developed wi th organic so lvent s . C o n s i d e r i n g current VLSI 
p r o d u c t i o n l i n e s , the p r o c e s s w i t h b a s i c aqueous 
development w i l l be p r e f e r r e d . 

Some novolac r e s i n s to which a l k y l s i l y l groups are 
bonded have been r e p o r t e d ( 9 - 1 3 ) . However, these novolac 
r e s i n s d i d not have adequate oxygen r e a c t i v e i o n e t c h i n g 
s t a b i l i t y because the s o l u b i l i t y i n the b a s i c s o l u t i o n 
decreased wi th an increase i n the S i content, which l i m i t e d 
the amount of S i groups which c o u l d be bonded to phenol 
groups. S ince the oxygen RIE d u r a b i l i t y of the polymers 
c o n t a i n i n g S i i n the main cha in turned out to be s u p e r i o r 
when compared wi th that of the polymer c o n t a i n i n g S i i n the 
s ide cha in (14 ) , p o l y s i l o x a n e s s o l u b l e i n b a s i c s o l u t i o n s 
have a t t r a c t e d in teres t (15 -19 ) . 

Other polymers c o n t a i n i n g S i i n the main chain are the 
p o l y s i l a n e s . The d i s c o v e r y that p o l y s i l a n e d e r i v a t i v e s 
were r a d i a t i o n s e n s i t i v e ( 2 0 )
i n an oxygen p l a s m a
m i c r o l i t h o g r a p h i c a p p l i c a t i o n s ( 1 4 , 2 1 - 2 4 ) . F o r the 
p o l y s i l a n e s , the development was c a r r i e d out wi th organ ic 
s o l v e n t s such as THF or methyl e t h y l ketone or a l c o h o l s . 
In some case s , i t has been r e p o r t e d ( 1 4 ) t h a t the 
d i s t o r t i o n of the p a t t e r n occurs and r e s i d u e i s l e f t . So 
f a r , many p o l y s i l a n e s have been s y n t h e s i z e d and 
r e p o r t e d ( 2 0 ) , however, a l m o s t a l l p o l y s i l a n e s had 
hydrophobic s u b s t i t u e n t s such as aromatic o r / a n d a l i p h a t i c 
groups. Our f i r s t i n t e r e s t was whether or not p o l y s i l a n e 
wi th a h y d r o p h i l i c groups would be able to be synthes i zed 
and be s t a b l e . The p h y s i c a l p r o p e r t i e s as w e l l as the 
r e s i s t p r o p e r t i e s were unknown. We t r i e d to s y n t h e s i z e 
p o l y s i l a n e s s u b s t i t u t e d wi th a pheno l i c group, because the 
p o l y s i l a n e s f i l l our requirement and moreover p o l y s i l a n e s 
wi th v a r i o u s f u n c t i o n a l groups on the s ide cha in should be 
a c c e s s i b l e , s t a r t i n g from the p o l y s i l a n e under m i l d 
c o n d i t i o n s . ( F i g u r e 1) 

We now wish to r e p o r t the syntheses and p h y s i c a l 
p r o p e r t i e s of p o l y s i l a n e s s u b s t i t u t e d with a pheno l i c group 
and c a r b o x y l i c groups, and p o l y s i l o x a n e s w i th a p h e n o l i c 
group d i r e c t l y bonded to S i ( F i g u r e 2) . We a l s o d e s c r i b e 
b a s i c aqueous development of these m a t e r i a l s . 

Exper imenta l S e c t i o n 
P o l y s i l a n e ( I I ) was prepared by the method descr ibed i n 

the p r e v i o u s l i t e r a t u r e ( 2 5 ) . P o l y s i l a n e ( I I I ) s were 
prepared by r e a c t i n g p o l y s i l a n e ( I I ) w i t h c a r b o x y l i c a c i d 
a n h y d r i d e s i n THF c a t a l y z e d by t r i e t h y l a m i n e at 20-
50OC(Table 2 ) ( 2 6 ) . P o l y s i l o x a n e ( I ) was s y n t h e s i z e d as 
f o l l o w s . To 3.3g of NaOH i n 40mL of water , 10g of M -
7 (Table 3) i n 30ml of toluene was added. The mixture was 
s t i r r e d at 1200C f o r 3h, removing to luene . The r e a c t i o n 
mixture was n e u t r a l i z e d wi th d i l u t e HC1 aqueous s o l u t i o n . 
The polymer which was ex trac ted wi th e ther , was heated at 
180OC under reduced pres sure (run 2 i n Table 4 ) . PM-5(run6 
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C I C O O R 3 

O C O R 3 

Figure 1. Potential reactions of polysilane(II). 
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R=Ph, Me 

Polymer(I) 

Figure 2. Polymer structure of I. 
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i n Table 4 ) was obtained by p r e c i p i t a t i n g the crude polymer 
i n t o l u e n e a f t e r h y d r o l y s i s of M-5 f o r 8h at 120 °C, 
fo l lowed by d r y i n g at lOOOC. 

S o l u b i l i t y of polymers i n t e t r a m e t h y l ammonium 
h y d r o x i d e aqueous s o l u t i o n was measured by d i p p i n g the 
wafer on which the polymer s o l u t i o n was s p i n - c o a t e d , f o r 1 
min. at 250C. The prebake was c a r r i e d out at 90°C f o r 5min. 
S e n s i t i v i t y of r e s i s t s was measured a f t e r the exposure wi th 
CA 8 0 0 ( C o b i l t ) or K r F excimer l a s e r ( 0 . 9 m J / c m 2/1 p u l s e ) . 
The polymer s t r u c t u r e was de termined by i-H-NMR, 1 3 C -
NMR(FX90Q a p p a r a t u s , J E O L ) and 29SÎ-NMR. The m o l e c u l a r 
weight d i s t r i b u t i o n was determined wi th a Toyo Soda Model 
801 g e l permeation c h r o m â t o g r a p h at 40OC. The four columns 
were connected i n s e r i e s , each packed with G-2000H8x3 and G -
400H8(Toyo Soda p o l y s t y l e n e g e l ) , r e s p e c t i v e l y . 

Resul t s and D i s c u s s i o
P o l y s i l a n e s s u b s t i t u t e d with a phenol group. 
Synthes i s 
We t r i e d to s y n t h e s i z e v a r i o u s p o l y s i l a n e s w i t h a phenol 
group(25) , however, the only one we were able to obta in was 
P o l y s i l a n e ( I I ) . The s y n t h e t i c route i s shown i n F igure 4. 
We chose a t r i m e t h y l s i l y l group as the p r o t e c t i n g group of 
the phenol moiety, because i t i s easy to remove a f t e r the 
p o l y m e r i z a t i o n wi thout damaging the S i - S i main c h a i n , 
however, i t has been r e p o r t e d that i n some r e a c t i o n s , the 
S i - O - C bond cleavage takes p lace with Na d i spers ion(27 ) . 

The crude p o l y s i l a n e ( I I ) was bimodal w i t h a h i g h 
m o l e c u l a r weight p o r t i o n and a low m o l e c u l a r weight 
p o r t i o n . The h i g h e r m o l e c u l a r weight p o r t i o n ( a b o u t 
100,000) was f r a c t i o n a t e d e a s i l y as i t i s i n s o l u b l e i n 
t o l u e n e . The lower m o l e c u l e r we ight po lymer was 
contaminated by a large amount of compounds conta in ing S i - 0 -
S i or S i - O - C l i n k a g e s , which suggested that some c leavage 
of t r i m e t h y l s i l y l o x y l i n k a g e took p l a c e d u r i n g the 
p o l y m e r i z a t i o n . Co nvent io na l p o l y s i l a n e s are o f ten b i or 
t r i m o d a l i n t h e i r molecular weight d i s t r i b u t i o n ( 2 0 ) . Some 
improvements were employed i n order to get mono-modal 
polymers(31-33) . The mechanism of polymer format ion i s not 
known wi th c e r t a i n t y , but, some evidence has been presented 
to support the involvement of r a d i c a l s or /and anions i n the 
p o l y m e r i z a t i o n process (28-31 ) . Our e x p e r i m e n t a l r e s u l t 
might imply that the p o l y m e r i z a t i o n process proceeds by 
more than one mechanism, one of which y i e l d s the 
p o l y s i l a n e ( I I ) s u c c e s s f u l l y . 

We have concluded that i n order to ob ta in the s t a b l e 
p o l y s i l a n e c o n t a i n i n g a phenol group our synthes i s r e q u i r e s 
that a smal l a l k y l group such as methyl must be a companion 
s u b s t i t u e n t on s i l i c o n , the p h e n o l i c group must be 
separated from S i by two carbons or more, and the p o s i t i o n 
of the OH group on the aromat ic r i n g must be p r e f e r a b l y 
meta. (F igure 5 ) . 

iH-NMR, 13C -NMR, 29SÎ-NMR and IR showed that the 
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p o l y s i l a n e ( I I ) has the s t r u c t u r e shown i n F i g u r e 3 and the 
main S i - S i chain was not d i s r u p t e d by oxygen atom. 

Tab le 1 shows the c o p o l y m e r i z a t i o n r e s u l t s . The 
c o p o l y m e r i z a t i o n w i th a l k y l s i l a n e s gave good r e s u l t s , 
however, low molecu lar weight polymers were obta ined upon 
c o p o l y m e r i z a t i o n wi th phenylmethyl d i c h l o r o s i l a n e . One 
p o s s i b l e e x p l a n a t i o n i s t h a t the mechanism of the 
p r o p a g a t i o n i s changed when p h e n y l m e t h y l s i l y l group i s 
i n c o r p o r a t e d . Kim and Matyjaszewski have r e p o r t e d that 
s o n o c h e m i c a l h o m o p o l y m e r i z a t i o n of d i c h l o r o s i l a n e s i s 
s u c c e s s f u l o n l y f o r monomers w i t h a r y l s u b s t i t u e n t s i n 
nonpolar aromat ic s o l v e n t s . D i a l k y l d i c h l o r o s i l a n e s do not 
r e a c t , b u t a r e c o p o l y m e r i z e d w i t h p h e n y l m e t h y l 
d i c h l o r o s i l a n e . They expla ined t h i s phenomena by e l e c t r o n 
t r a n s f e r , changing r a d i c a l s p e c i e s to a n i o n i c one(29) . 
Another p o s s i b l e e x p l a n a t i o n i s that the i n t r o d u c t i o n of 
phenyl subs t i tuent s decrease
the a c t i v e c h a i n end
r e a c t i o n s i n v o l v i n g i n the t r i m e t h y l s i l y l o x y group. On the 
other hand, the r e a c t i o n of a r y l d i c h l o r o s i l a n e s wi th Na i s 
much more exothermic than that of d i a l k y l d i c h l o r o s i l a n e s . 
The more bulky the a r y l d i c h l o r o s i l a n e , the more r e a c t i o n 
g i v i n g by -produc t s w i l l come to compete w i t h that g i v i n g 
p o l y s i l a n e s . 

S o l u b i l i t y of the p o l y s i l a n e ( I I ) was completely u n l i k e 
c o n v e n t i o n a l p o l y s i l a n e s w i t h hydrophob ic s u b s t i t u e n t s . 
The p o l y s i l a n e ( I I ) was s o l u b l e i n acetone, a l c o h o l s and 
a c e t o n i t r i l e , and i n s o l u b l e i n toluene and hexane. Table 1 
a l s o s h o w s t h e r a t i ο ( q u a η t u r n y i e l d o f 
s c i s s i o n ( Q ( S ) ) / q u a n t u m y i e l d of c r o s s l i n k i n g ( 0 ( X ) ) ) ( 3 4 ) . 
The va lue was s i m i l a r to those of convent iona l p o l y s i l a n e s 
a l r e a d y reported(14 , 34). 

S p e c t r a l p r o p e r t i e s and photochemistry. 
Some so lvent e f f ec t s on the UV absorpt ion have a l ready 

been r e p o r t e d ( 3 5 , 3 6 ) . Harrah e t . a l . r e p o r t e d that the UV 
a b s o r p t i o n i n h e x a m e t h y l d i s i l o x a n e s o l u t i o n i s not v e r y 
d i f f e r e n t from that i n THF(35) . They a l s o r e p o r t e d that 
to luene s o l u t i o n g ives a somewhat d i f f e r e n t UV a b s o r p t i o n 
than hexane. Recent ly , p o l y s i l a n e copolymers were r e p o r t e d 
to become more expanded i n c h l o r o f o r m than i n THF(52) . 
There i s no d e s c r i p t i o n of the UV a b s o r p t i o n p r o p e r t i e s of 
p o l y s i l a n e s i n p o l a r so lvent s . 

Because the polymer has a h y d r o p h i l i c s u b s t i t u e n t i n 
one s ide and a hydrophobic s u b s t i t u e n t i n the other s i d e , 
the polymer may change the shape, depending on the 
c h a r a c t e r i s t i c s of the s o l v e n t s . In order to a n t i c i p a t e 
the po lymer shape, i n t r a m o l e c u l a r hydrogen b o n d i n g , 
i n t r a m o l e c u l a r Van der Waals F o r c e , hydrogen b o n d i n g 
between so lvent s and the polymer, and Van der Waals Force 
between them should be taken i n t o account . In h y d r o p h i l i c 
s o l v e n t s , the OH i n the polymer would face the so lvent to 
make hydrogen bonding and the methyl group would i n t e r a c t 
w i t h e a c h o t h e r t h r o u g h Van d e r W a a l s F o r c e 
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CH 3 CH 3 

v j ' η V j / n 

CH 2 CH 2 

Polysilane(II-C) 

Figure 3. Polymer structure of II and III. 

Table 1 Molecular Weight and Quantum Yield of Copolymers 

R η MwxlO"5 QW/QU) 1 

homopolymer 5.6 4.3 

methyl 0.3 10.0 4.9 

cyclohexyl 0.6 8.3 5.0 

n-hexyl 0.3 1.5 4.0 

phenyl 2.0 0.09 1.2 

CH 3 CH 3 1) Quantum efficiencies for 
' ' scission / quantum efficiencies 
^ 1 11 for crosslinking 
Ç H 2 R 

1 : η 
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- H ' - h 

OSi(CH3)3 OSi(CH3)3 

Figure 4. Synthetic route of II. 

C H

H 

and 

Pt 
complex 

R (small or alkyl) 

( - ) 

Figure 5. Structure of stable polysilane with a phenol group. 
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Table 2 Synthesis of Polysilanes with Carboxylic Acids 

Polymer P-l 

Yield(%) 90 ge ge

Functio 
nality 

0.30 0.44 0.50 0.30 0.16 0.30 

CO s^_^ COOH - CO^__^ COOH 
ζ~~\ P-2 S} P-3 - COCH 2CH 2COOH 

" C O V < ^ COOH 
COCH=CHCOOH P-5 Çj P-6-COC(Cl)=CHCOOH 

CH 3 

CH 2CH=CH 2 P-8 -COCH 2CI 

CH 3 

I 

CHCH 3 

OR 
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Table 3 Syntheses of monomers 

abbrevi
ation 

monomer 
structure 

monomer 
yield 

M-6 

ÇH

ML 
'«V-'-OSiMej 

M-5 
V 

EtO- Si- OEt 

à . 
^ ^ O S i M e 3 

45% 

M-7 
V 

MeO-Sr OMe 

à 
^ ^ O S i M e 3 

8% 

M-l Et Ph 

M-2 Et Me 
M-3 Me Ph 
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Table

run polymer monomer polymn. polymer 
first 1 second 1 yield(%) 

(C°) (h) (C°) (h) 

1 PM-6 M-6 120 3 180 1 98 

2 PM-7 M-7 120 3 180 1 86 

3 PM-5 M-5 120 6 150 1/4 84 

4 PM-5 M-5 120 3 180 1 81 

5 PM-5 M-5 120 8 100 1 56 

63 PM-5 M-5 120 8 100 l 3 33 

1) Mixture of NaOH solution and monomer in toluene(experimental section) 
2) After neutralization, 2mmHg 

3) The polymer insoluble in toluene was dried(experimental section) 
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i n t r a m o l e c u l e r l y i n d i l u t e s o l u t i o n s . In h y d r o p h o b i c 
s o l v e n t , the shape would be u n l i k e the above. Between 
them, a in termadia te shape may be p r e s e n t ( F i g u r e 6) . The 
in termadia te shape may be ra ther expanded, compared to the 
o ther ones, because , the i n t r a m o l e c u l a r i n t e r a c t i o n i s 
weakened by the i n t e r a c t i o n wi th s o l v e n t s . Assuming that 
the p o p u l a t i o n of t r a n s - c o n f o r m a t i o n i s l a r g e r i n the 
expanded m o l e c u l a r shape, the UV a b s o r p t i o n w i l l be 
a f f e c t e d by the polymer shapes. 

F i g u r e 7 shows the Xm a x of c o p o l y m e r ( I I - C ) ( T a b l e 1, 
R ; c y c l o h e x y l ) i n THF/methano l or T H F / 3 - m e t h y l pentane 
mixture . of copolymer ( I I - C ) i n THF was 301nm at 25°C. 

As methanol , more h y d r o p h i l i c s o l v e n t , was added i n the 
polymer s o l u t i o n i n THF, the polymer s o l u t i o n showed a blue 
s h i f t up to about 290nm. On the o ther hand, as 3-
methylpentane, more hydrophobi
polymer s o l u t i o n i n THF
blue s h i f t . T h i s i s e x p l a i n e d v e r y w e l l by our model. 
Assuming tha t the polymers have the i n t e r m a d i a t e shape 
(expanded shape) i n THF, we would be able to see blue s h i f t 
as more hydrophobic so lvent or more h y d r o p h i l i c so lven t s 
are added, i f the p o p u l a t i o n of t r a n s c o n f o r m a t i o n i s 
l a r g e r i n more expanded polymer cha in . 

m̂ax ° f copolymer(II-C) i n dioxane, d i e t h y l e t h e r , THF, 
e thano l , methanol and a c e t o n i t r i l e was 298, 297, 301, 296, 
290, 290nm r e s p e c t i v e l y . These so lvent e f f e c t may be a l s o 
expla ined by the model i n Figure 7. 

Much has been reported about the UV absorpt ion changes 
on c o o l i n g . Trefonas and coworkers repor ted three kinds of 
bathochromic s h i f t s , depending on the s u b s t i t u e n t s on the 
S i backbone(37) . H a r r a h and Z e i g l e r found tha t the 
a b s o r p t i o n of symmetr i ca l l y and asymmetr i ca l ly s u b s t i t u t e d 
p o l y s i l a n e s s h i f t a b r u p t l y over a c e r t a i n temperature 
range, which i s a t t r i b u t e d to rod to c o i l t r a n s i t i o n ( 3 6 , 38-
40) . I t has a l s o been r e p o r t e d that the t r a n s i t i o n 
t empera ture i s not r e l a t e d to s o l v e n t p o l a r i t y but 
c o r r e l a t e s w e l l w i t h a so lvent c o u p l i n g cons tant (41 -44 ) . 
They a l s o r e p o r t e d that p o l y s i l a n e s w i th branched or very 
large subs t i tuent s bonded to the s i l i c o n backbone show b l u e -
s h i f t s on c o o l i n g ( 3 6 , 4 0 ) . They expla ined t h i s phenomena as 
a decrease i n the average p e r s i s t e n c e l ength due to the 
p r o g r e s s i v e break-up of a l l - t r a n s sequences i n the polymer 
backbone(36,40 ) . Johnson and McGrane a l s o r e p o r t e d almost 
the same r e s u l t s ( 4 5 , 5 0 ) . The suggest ion that the p o l y s i l a n e 
c h a i n i n s o l u t i o n c o u l d be modeled by a s t a t i s t i c a l 
c o l l e c t i o n of weakly i n t e r a c t i n g chromophores of d i f f e r e n t 
l e n g t h i n t e r r u p t e d by c o n f o r m a t i o n a l k i n k s was f i r s t 
proposed by K l i n g e r s m i t h and coworkers(62) . Trefonas and 
h i s coworkers e x p l a i n e d the gradual bathochromic s h i f t on 
c o o l i n g as i n c r e a s i n g r e l a t i v e p o p u l a t i o n s of t r a n s -
conformat ions i n the backbone(37) . Bathochromic s h i f t s 
were a l s o seen for s o l i d f i lms(46-49) . 
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Figure 6. Relative molecular structure in polar solvents. 

302 η . , 

0 0.5 1.0 0.5 0 
M e 0 H ™ - 3-Me-pentane 

THF fraction THF fraction 
in McOH in 3-methylpentane 

Figure 7. of polysilane(II-C) in methanol/THF or 3-methylpentane/THF. 
Polysilane(II-C): copolymer of polysilane(II) unit and cyclohexylmethylsilane unit. 
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UV s h i f t of p o l y s i l a n e ( I I - C ) on c o o l i n g were compared 
w i t h t h a t of p o l y ( m e t h y l c y c l o h e x y l ) p o l y s i l a n e i n 
THF(Figure 8) . P o l y s i l a n e s with blanched s u b s t i t u e n t s have 
been repoorted to show a s l i g h t blue s h i f t on c o o l i n g ( 3 6 ) . 
On our experiment, po ly(methyl c y c l o h e x y l ) p o l y s i l a n e i n THF 
showed 2 or 3 nm b l u e s h i f t from 25 <>C to -1960C. 
P o l y s i l a n e ( I I - C ) showed very large blue s h i f t from 301nm at 
2 5 ° C to 290nm at -120 0C. T h i s suggests that s t r o n g e r 
hydrogen bonding between solvent and polymer or i n c r e a s i n g 
i n t r a m o l e c u l a r h y d r o g e n b o n d i n g makes the p o l y m e r 
c o n f o r m a t i o n a l l y d i s t o r t e d from the trans conformation. 

2 9 S i - N M R spectrum of the polymer(II) shows a s i n g l e 
peak at 31.20ppm a s s i g n e d to S i backbone. I t has been 
r e p o r t e d that p o l y s i l a n e s s u b s t i t u t e d a s y m m e t r i c a l l y , such 
as p o l y ( h e x y l m e t h y l s i l a n e ) , showed m u l t i p l e t s c o n t a i n i n g 
from f i v e to seven main peaks  which i s caused by 
n o n s t e r e o g e n e t i c s i l i c o
r e p o r t e d that po ly (phene thy lmethyIs i l ane
s i n g l e resonance at 32.16ppm, which i s a t t r i b u t e d to 
u n r e s o l v e d s p l i t t i n g . Peak width at h a l f maximum i n the 
p o l y s i l a n e ( I I ) was 80Hz which was s i m i l a r to tha t of 
p o l y ( p h e n e t h y l m e t h y l s i l a n e ) ( 1 0 0 H z ) ( 5 4 ) . T h e r e f o r e , i t 
seems l i k e l y that the p o l y s i l a n e ( I I ) i s a t a c t i c . 

T h i s paper a l so reported that 2 * S i chemical s h i f t s for 
a l k y l p o l y s i l a n e s decreased wi th i n c r e a s i n g s t e r i c bu lk of 
the s u b s t i t u e n t s , v a r y i n g i n v e r s e l y w i th the e l e c t r o n i c 
e x c i t a t i o n e n e r g y ( 5 4 ) . I t i s a l s o w e l l known t h a t 
e l e c t r o n i c s h i e l d i n g of gauche i s l a r g e r than that of 
t r a n s . F igure 9 shows the r e s u l t of 29SÎ-NMR chemical s h i f t 
measured i n v a r i o u s so lvent s at v a r i o u s temperatures . As 
shown i n F i g u r e 9, there i s a s l i g h t tendency toward a 
s p e c t r a l b l u e - s h i f t w i t h i n c r e a s e s i n the 2 * S i c h e m i c a l 
s h i f t s . The h igh f i e l d s h i f t on c o o l i n g suggests that the 
p o p u l a t i o n of gauche increased on c o o l i n g . T h i s phenomena 
are cons i s tent wi th blue s h i f t on c o o l i n g . 

C o n s i d e r i n g the r e s u l t s about so lvent e f f e c t s on the 
UV a b s o r p t i o n and temperature dependence on the UV 
a b s o r p t i o n , i t seems l i k e l y that i n our p o l y s i l a n e s , the 
p o p u r a t i o n change of the t r a n s c o n f o r m a t i o n , which i s 
caused by the r e l a t i v e s t reng th bweteen i n t r a m o l e c u l a r and 
i n t e r m o l e c u l a r i n t e r a c t i o n i n v o l v i n g hydrogen bonding, i s 
r e s p o n s i b l e for the s h i f t of the UV a b s o r p t i o n . 

P o l y s i l a n e s s u b s t i t u t e d w i t h c a r b o x y l i c 
a c i d s ( p o l y s i l a n e s ( I I I ) ) . 

C a r b o x y l i c ac ids were in troduced by the r e a c t i o n of 
the p o l y s i l a n e ( I I ) w i t h c a r b o x y l i c a c i d anhydrides i n the 
presence of an amine. Table 2 shows the r e s u l t s . In order 
to examine the e f f e c t of unsaturated bonds and h a l i d e s i n 
the s i d e c h a i n on p h o t o l y s i s , double bonds or c h l o r i d e 
g r o u p s were i n t r o d u c e d w i t h the c a r b o x y l i c a c i d . 
P o l y s i l a n e s ( I I I ) were a l s o s o l u b l e i n p o l a r s o l v e n t s and 
b a s i c aqueous s o l u t i o n . The s o l u b i l i t y i n t e t r a m e t h y l 
ammonium hydroxide aqueous solution(TMAH) depended s t r o n g l y 
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Figure 8. À m a x shift of polysilane(II-C) on cooling. For the structure of polysilane(II-C), see 
Figure 7. 
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Figure 9. 2 9Si NMR chemical shifts at various temperatures in polar solvents. 
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on the m o l e c u l a r weight as shown i n F i g u r e 10. Upon 
i r r a d i a t i o n , the m o l e c u l a r weight d e c r e a s e d and the 
s o l u b i l i t y i n c r e a s e d r a p i d l y when the m o l e c u l a r weight 
reached about 30000 i n case of po lymer(II ) and 50000 f o r 
p o l y s i l a n e ( P - 3 ) , which made the development u s i n g TMAH 
p o s s i b l e . The i n t r o d u c t i o n of c a r b o x y l i c a c i d groups 
i n c r e a s e d the s o l u b i l i t y of the p o l y s i l a n e s i n base. The 
s o l u b i l i t y of P-3 i n 2.38% TMAH aqueous s o l u t i o n i n c r e a s e d 
from Onm/sec to 109nm/sec when the moiety content increased 
from 0 to 50mol*. 

Dur ing p h o t o l y s i s , the double bond content of the 
p o l y s i l a n e ( P - l ) ( 1 5 m o l % i n t h i s experiment) decreased to 
10mol%, as measured by i-H-NMR spectroscopy. However, the 
r a t i o , quantum y i e l d of s c i s s i o n ( 0 ( S ) ) / q u a n t u m y i e l d of 
c r o s s l i n k i n g ( Q ( X ) ), was not a f f e c t e d by the r e a c t i o n of the 
double bond. West and h i s coworkers have r e p o r t e d that 
p o l y ( ( 2 - ( 3 - c y c l o h e x e n y l ) - e t h y l ) m e t h y l s i l a n e - c o
methy lpheny l s i l ane ) c r o s s l i n k e
d i f f e r e n c e between our r e s u l t s and West's may l i e i n the 
amount of the double bond and i n h i b i t a t i o n of the r a d i c a l 
c l o s s l i n k i n g by the phenol moiety . P o l y s i l a n e w i t h a 
halogen moiety, P-8, photodecomposed r a p i d l y , compared wi th 
P - l or P-3 . The i n t r o d u c t i o n of a c h l o r i d e moiety was 
e f f e c t i v e f o r the s e n s i t i z a t i o n of the photodegradat ion . 
S i m i l a r r e s u l t s has a l ready been reported(55) . 

F igure 11 shows the UV absorpt ion change of P-3 dur ing 
the p h o t o l y s i s . A l k y l p o l y s i l a n e s s u b s t i t u t e d w i t h n -
p r o p y l , i - b u t y l or hexyl groups have been repor ted to show 
no l a r g e UV a b s o r p t i o n change at 248nm d u r i n g 
p h o t o l y s i s ( 1 4 ) . The UV change of p o l y s i l a n e ( P - 3 ) was large 
at 248nm. 

Thermal s t a b i l i t y of p o l y s i l a n e ( I I ) and ( I I I ) s . 
F i g u r e 12 shows DSC curves for p o l y ( p h e n y l m e t h y l s i l a n e - c o -
d i m e t h y l s i l a n e ) , p o l y s i l a n e ( I I ) and p o l y s i l a n e ( I I I ) s . The 
copolymer began to decompose t h e r m a l l y at around 250 ° C . 
The i n t r o d u c t i o n of the phenol moiety d i d not decrease the 
decompos i t ion temperature . The behavior of P - l and P-5 , 
which have u n s a t u r a t e d bonds, were somewhat d i f f e r e n t . 
Both polymers had exothermic r e a c t i o n s at 1 1 0 - 1 2 0 ° C , as 
w e l l as around 2 5 0 ° C . The exothermic r e a c t i o n s at 110-
120OC were not detected i n case of the p o l y s i l a n e ( I I ) . The 
r e a c t i o n at lower temperatures was a t t r i b u t e d to c r o s s -
l i n k i n g of the double bond i n the s i d e c h a i n , which gave 
THF i n s o l u b l e matter . P-3, without the double bond showed 
no change i n s o l u b i l i t y and the GPC curves were unaf fec ted , 
however, P-3 turned out to form an a c i d anhydride at around 
2000C by 1H-NMR(26). S i m i l a r thermal c r o s s - l i n k i n g has 
been r e p o r t e d by West, e t . a l . i n case of p o l y ( ( 2 - ( 3 -
c y c l o h e x e n y l ) e t h y l ) - m e t h y l s i l a n e - c o - m e t h y l p h e n y l s i l a n e ( 55 ) . 
The presence of the double bond p layed a s i g n i f i c a n t r o l e 
i n thermal r e a c t i o n compared to p h o t o - r e a c t i o n . 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington, D£. 20036 In Polymers in Microlithography; Reichmanis, E., et al.; 

ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



148 POLYMERS IN MICROLITHOGRAPHY 

loo F 

8 0 

6 0 

4 0 -

2 0 -

10-

8.0% TMAH aq.20°C| 

2P38% TMAH 
aq.20°C 

- o -

10* 10e 

Mw 
Figure 10. Solubility of some functionalized polysilanes in T M A H aqueous solutions 
during photolysis. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



9. HAYASEETAL. Syntheses of Base-Soluble Si Polymers 149 
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Figure 11. UV absorption change (P-3) during photolysis. Exposure, high-pressure mercury 
lamp (400 W). For the structure of P-3, see Table 2. 

Figure 12. DSC curves of various polysilanes. MePhSi means methylphenylsilane 
copolymer. 
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R e s i s t p r o p e r t i e s of p o l y s i l a n e ( P - 3 ) . 
20 weight % of P-3 i n 2 -acetoxyethyl e t h y l ether s o l u t i o n 
was s p i n - c o a t e d to 0.7 micron th ickness on a S i wafer, and 
baked at 9 0 ° C for 5 min. Then, the wafer was exposed 
through a mask wi th a K r / F excimer l a s e r r e d u c t i o n s tep and 
repeat system (reduc t ion r a t i o , 1 0 : 1 , NA, 0 .37) . F i g u r e 13 
shows the r e l a t i o n between the f i l m t h i c k n e s s and the 
exposure dose when developed wi th a TMAH aqueous s o l u t i o n . 
When the r e s i s t th i ckness was normal i zed , the s e n s i t i v i t y 
was 1.5-2.5J/cm2 and γ va lue was about 0.72. 

The F igure 14 shows the c r o s s - s e c t i o n a l p a t t e r n of the 
r e s i s t developed wi th a 2.38% TMAH aqueous s o l u t i o n . The 
mask had an equal l i n e - s p a c e p a t t e r n . A l l the r e s i s t 
pat terns shown i n the photograph were obtained by 1.2 J / c m 2 

exposure and 50 second, 2 5 ° C development. The r e s i s t 
p a t t e r n s , from 0.600micro
l i n e and space, wer
However, the 0.300 micron l i n e and space p a t t e r n was under
developed or under-exposured . The 0.275 micron l i n e and 
space p a t t e r n was not opened. F igure 15 shows the r e l a t i o n 
between the mask s i z e and the r e s i s t p a t t e r n s i z e 
f a b r i c a t e d . 

The r e s i s t p a t t e r n was t r i a n g u l a r , which was probably 
due to phenyl s i l a n e unbleachable absorbance. 

P o l y s i l o x a n e s v i t h phenol moiety d i r e c t l y bonded to 
S i 
So f a r , many syntheses of p, or m - s i l y l p h e n o l d e r i v a t i v e s 
were r e p o r t e d ( 5 6 - 6 0 ) . p - T r i m e t h y l s i l y l o x y t r i m e t h y l s i l y l 
benzene was synthes ized from t r i m e t h y l s i l y l c h l o r i d e and p-
t r i m e t h y l s i l y l o x y c h l o r o ( o r bromo)benzene i n the presence of 
Mg, or Na ( 56, 57, 59, 60 ) . A s i m i l a r compound was a l s o 
synthes i zed from t r i p h e n y l c h l o r o s i l a n e and p - l i t h i o phenoxy 
l i t h i u m ( 5 8 ) . m - T r i m e t h y l s i l y l o x y t r i m e t h y l s i l y l b e n z e n e was 
p r e p a r e d from m - t r i m e t h y l s i l y l o x y bromobenzene and 
t r i m e t h y l s i l y l c h l o r i d e ( 59 ) . 

We chose t r i m e t h y l s i l y l o x y group as a p r o t e c t i n g 
moiety f o r the phenol groups because i t i s easy to r e l e a s e 
a f t e r or d u r i n g p o l y m e r i z a t i o n . Spe ier has r e p o r t e d that 
b o t h e t hy l d i m e t h y 1 o x y - p - 1 r ime t hy 1 s i l y lben-z ene and 
t r i m e t h y l s i l y l o x y - p - d i m e t h y l e t h y l s i l y l b e n z e n e formed when p-
t r i m e t h y I s i l y 1 o x y p h e n y 1 c h l o r i d e was r e a c t e d w i t h 
d i m e t h y l e t h y l s i l y l c h l o r i d e ( 5 8 ) . In o, or p - t r i m e t h y l s i l y l 
p h e n o l , the thermal rearrangement of the t r i m e t h y l s i l y l 
group and the s c i s s i o n of S i - P h i n a c i d s o l u t i o n s were 
r e p o r t e d to take p lace (56 ) . For the above reasons , the 
r e a c t i o n of m - t r i m e t h y l s i l y l o x y chlorobenzene w i th methyl 
or phenyl c h l o r o s i l a n e i n the presence of Na were t r i e d . 

In order to avo id the formation of p o l y s i l a n e s , two of 
the three c h l o r i d e s i n the phenyl(or m e t h y l ) t r i c h l o r o s i l a n e 
were a l k o x y l a t e d and t h e r e s u l t a n t p h e n y l ( o r 
m e t h y l ) d i a l k o x y c h l o r o s i l a n e was r e a c t e d w i t h the c h l o r i d e 
u s i n g Na d i s p e r s i o n . 

F igure 16 shows the s y n t h e t i c route . Table 3 shows the 
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Figure 13. Sensitivity curve of P-3. Exposure, KrF excimer laser; development, TMAH 
aqueous solution. 

Figure 14. Cross section of polysilane (P-3) resist pattern exposed to KrF excimer laser. 
Development, 2.34% TMAH aqueous solution. 
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Figure 16. Synthesis of polysiloxane with phenol group directly bonded to Si. 
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y i e l d of each monomer. The y i e l d of M-7 from M-3 was only 
8%, compared to that of 45% i n case of M-5 from M - l . The 
y i e l d of M-6 from M-3 was 19% which was lower than that of 
M-5. The l a r g e s t e r i c hindrance around S i - C l of M - l would 
prevent the M - l from s e l f - c o n d e n s â t i o n which forms the 
d i s i l a n e . 

P o l y m e r i z a t i o n was c a r r i e d out i n NaOH aqueous 
s o l u t i o n . Table 4 summarizes the r e a c t i o n c o n d i t i o n s and 
polymer y i e l d s . The f i r s t step of the p o l y m e r i z a t i o n was 
h y d r o l y s i s and o l i g o m e r i z a t i o n of the s i l y l e t h e r s at low 
temperatures from 90OC to 1 5 0 ° C . In order to increase the 
polymer y i e l d and the so f t en ing po int of the polymers, the 
second s tep was c a r r i e d out at h igher temperatures under 
reduced p r e s s u r e , removing a l c o h o l and water . J-H-NMR, 
1 3CNMR and IR spectroscopy of each polymer show that these 
polymers have the p o l y s i l o x a n e s t r u c t u r e s u b s t i t u t e d wi th a 
phenol group. 

The so f ten ing poin
s o l u t i o n v a r i e d w i th the p o l y m e r i z a t i o n temperaures and 
monomer s t r u c t u r e s , as shown i n Table 5. When PM-5(run 5) 
was t r e a t e d at 1 0 0 ° C , no condensat ion o c c u r r e d . F u r t h e r 
condensat ion s t a r t e d at 1 5 0 ° C ( r u n 3 ) and the polymer became 
i n s o l u b l e i n the TMAH aqueous s o l u t i o n a t 180 °C 
treatment(run4 ) . PM-7 and PM-6 d i d not become g e l even at 
1 8 0 ° C ( r u n 1 ,2) . S i n c e the g e l l a t i o n i s supposed to be 
caused by the b o t h r e a c t i o n of S i O H - S i O H ( o r SiOR) 
condensat ion and SiOH(or S iOR)-phenol condensat ion, i n M-7 
and M-6, which are less h indered around S i , the S i - O - S i 
f o r m a t i o n would surpass the S i - O - C f o r m a t i o n . On the 
c o n t r a r y , i n M-5 , bo th r e a c t i o n s would take p l a c e 
c o m p e t i t i v e l y , which would cause the g e l l a t i o n . The 
increase i n the molecular weight d u r i n g the second process 
was seen by GPC. F i s h and h i s coworkers have been repor ted 
t h a t the h y d r o l y s i s of m e t h y 1 ( 3 - ( 1 - o x y p y r i d i n y 1 ) -
d i c h l o r o s i l a n e i n aqueous ammonia gave p o l y s i l o x a n e w i t h 
molecular weights ranging from 1000 to 10000, depending on 
the time of heat d r y i n g under vacuum(61). 

As shown i n Table 5, the s o f t e n i n g po in t i n c r e a s e d 
wi th an increase i n the condensat ion temperature from 59°C 
to 179°C, however, the s o l u b i l i t y i n b a s i c aqueous s o l u t i o n 
d e c r e a s e d . Methy l s i l o x a n e was more s o l u b l e i n the base 
s o l u t i o n , however, the s o f t e n i n g po in t was not as h igh as 
that of the phenyls i loxanes(PM-6) . 

R e s i s t p r o p e r t i e s 
F i g u r e 17 shows the s e n s i t i v i t y curves of the r e s i s t 
c o n t a i n i n g PM-5(run-6)(75 weight%) and 5-naphthoquinone 
d i a z i d e s u l f o n a t e of 2 , 3 , 4 - t r i h y d r o x y b e n z o p h e n o n e ( 2 5 
weight%). The average e s t e r i f i c a t i o n r a t i o of the 
p h o t o a c t i v e compound was 2.5 u n i t s per three OHs i n the 
benzophenone. The γ va lue was 1.6 and the s e n s i t i v i t y was 
90mJ/cm2 when developed w i th 0.34% TMAH aqueous s o l u t i o n 
f o r 120 sec at 2 0 ° C . The r e s i s t c o n t a i n i n g M-5(run 3) 
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Table 5 Solubility in Base and Softening Point of Polymer(I) 

solubility (nm/sec)1 softening point 
2.38% 1.09% 0.95% °C 

1 500 179 93 55-59 

2 366 79 37 65-75 

3 238 105 60 65-75 

4 

5 -

6 115 _ 59-79 

1) TMAH(tetramethylammonium hydroxide aqueous solution) 

1.0H 

normalized 
thickness 

0.5 
PM-SCrunSyPAC1 

log(dose(mJ/cm2) 

OR aC O j f O R R; Ι^:Η=2.5:0.5 
Q R R ^ Naphthoquinonediazide 

^""^^ su!fonyl(2,l,5 derivative) 
PM-5:PAC=75:25(wt%) 

Figure 17. Sensitivity curve of resist containing polymer(I) and sensitizer. Exposure, 
CA800 (xenon lamp); development, 0.34% TMAH aqueous solution, 20 β C, 120 s. 
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which was t r e a t e d at 1 5 0 ° C , l e f t some r e s i d u e a f t e r 
development as seen i n F i g u r e 17 . On the contrary , i n the 
r e s i s t c o n t a i n i n g PM-6 or PM-7, no r e s i d u e was produced. 
The i n t r o d u c t i o n of much c r o s s - l i n k i n g to improve the 
s o f t e n i n g point causes poorer development c h a r a c t e r i s t i c s . 

C o n c l u s i o n 
P o l y s i l a n e s and p o l y s i l o x a n e s s u b s t i t u t e d wi th a phenol or 
c a r b o x y l i c ac ids were s o l u b l e i n TMAH aqueous s o l u t i o n . The 
r e s i s t c o n t a i n i n g the p o l y s i l a n e s or the p o l y s i l o x a n e s gave 
good pat terns without l e a v i n g res idue or d i s t o r t i o n of the 
p a t t e r n . T h i s i n v e s t i g a t i o n a l s o showed that p o l y s i l a n e s 
wi th var ious f u n c t i o n a l groups can be synthes i zed . 

Acknowledgment 
We thank Profe s sor Robert West i n Wiscons in U n i v e r s i t y f o r 
many h e l p f u l d i s c u s s i o n s
and T. Sato i n Toshib

References 

1) Taylor,G.N.; Wolf,T.M. Polym. Εng. Sci. 1980, 20, 1087 
2) Reichmanis, E,; Smolinsky,G.;Wilkins Jr,C.W. Solid State 
Technol. 1985, 28, 130. 
3) Gozdz,A.S.;Carnazza,C.; Bowden,M.J. SPIE. 1986, 631. 28. 
4) Bowden,M.J.; Gozdz,A.S. American Chemical Society, 
Polymer Preprint. 1987, 28(1). 317 
5) MacDonald,S.A.; Ito,H.; Willson, C.G. Microelectronic 
Eng. 1983, 1, 269. 
6) Babich,E.; Paraszczak,J.; Hatzakis,M.; Shaw,J. 
Microelectronic Eng. 1985, 3, 279. 
7) Saigo,K.; Ohnishi, Y.; Suzuki,M.; Gokan,H. J . Vac. Sci., 
Technol. B. 1985, 3(1), 331. 
8) Reichmans,E.; Smolinsky,G. SPIE. 1984, 4 69, 38. 
9) Wilkins,C.W.; Reichmais ,Ε.; Wolf,T.M.; Smith,B.C. J. 
Vac. Sci., Technol. B. 1985, 3(1). 306 
10) Tarascon,R.G.; Shugard,Α.; Reichmanis,Ε. SPIE, 1986, 
631, 40. 
11) Smith,B.C.; Hellman,M.Y.; Ε. Reichmanis, Paper 
presented at the "18th Middle Atlantic Regional Meeting, 
ACS" Newark, ΝJ. May 21-23, 1984. 
12) Saotome,Y.; Gokan, H.; Saigo, K.; Suzuki, M.; Ohnishi, 
Y. J . Electrochem. Soc., 1985, 132, 909. 
13) Miura,K.; Ochiai,T.; Kameyama,Y. SPIE. 1986, 631. 206. 
14) For example, Taylor, G.N.; Hellman, M.Y.; Wolf,T.M. 
SPIE. 1988, 920, 274. 
15) Onishi,Y.; Horiguchi, R.; Hayase, S. Proceedings of IUPAC 
chemrawn. Poster Presentation, IB01, May 1987, Tokyo Japan. 
16) Sugiyama,H.; Inoue,T.; Mizushima,A.; Nate,K. SPIE. 
1988, 920, 268. 
17) Toriumi,M.; S h i r a i s h i , H . ; Ueno,T.; Hayasi,N.; 
Nonogaki,S.; Sato,F.; Kadota,K. J. Electrochem. Soc. 1987, 
1345. 936. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



156 POLYMERS IN MICROUTHOGRAPHY 

18) Imamura,S.; Tanaka,A.; Onise, K. SPIE, 1988, 920, 291. 
19) Noguchi,T.; Nito,K.; Seto,J. SPIE. 1988, 920, 168. 
20) For example, West,R.; Maxka,J. ACS Sym. 1988, Series 
360, 6 
21) Hofer,D.; Mil ler ,R.D.; Willson,C.G. SPIE. 1984, 469. 
16. 
22) Hofer,D.; Mil ler ,R.D.; Willson,C.G.; Neureuther,A.R. 
SPIE. 1984, 469, 108. 
23) Zeigler,J.M.; Harrah,L.A.; Johnson,A.W. SPIE, 1985, 
539, 166. 
24) Mil ler ,R.D.; Hofer,D.; Rabolt,J.; Sooriyakumaran,R.; 
Wilson,C.G.; Fickes,G.N.; Gui l l e t ,J .E . ; Moore,J. ACS Symp. 
1987, Series 346, 170. 
25) Horiguchi, R.; Onidhi,Y.; Hayase,S. Macromolecules, 
1988, 21, 304. 
26) Hayase,S.; Horiguchi,R.; Onishi,Y. Macromolecules, in 
press. 
27) Speier,J.L. J . Am.,Chem
28) Worsfold,D.J.; American Chemical Society, Polymer 
Preprints. 1987, 28, 415. 
29) Kim,H.K.; Matyjaszewski,Κ. J . Am. Chem. Soc. 1988,110, 
3321. 
30) Matyjaszewski,K.; Chem,Y.L.; Kim,Η.Κ. ACS Symp. Ser. 
1988, 360, 78. 
31) Miller,R.D. et .al . , in Materials for Microlithography, 
Thompson,L.F.; Willson,C.G.; Frechet,J.M.J, Eds., American 
Chemical Society, Washington, DC, 1984, 294. 
32) S c h i l l i n g , J r . C . L . ; Williams, Τ.C. American Chemical 
Society, Polymer Preprints. 1984, 25(1), 1. 
33) Zeigler ,J .M. American Chemical Society, Polymer 
Preprints. 1986, 27, 109 
34) West,R.; Mil ler ,R.D.; Hofer,D.C. J . Polymer Sci., 
Polym. Lett. Ed. 1983, 21, 823. 
35) Harrah,L.Α.; Zeigler,J.M. J . Polymer. Sci., Polym. 
Lett. Ed., 1985, 23, 209. 
36) Harrah,L.Α.; Zeigler.J.M. ACS Sym. Ser. 1986, 358, 482. 
37) Trefonas,P.III; Damewood,J.R.; West,R.; Mil ler,R.D. 
Organometallics. 1985, 4, 1318. 
38) Harrah, L .A. ; Ziegler,J.M. J. Polymer Sci., Poly. Lett. 
Ed., 1985, 23, 209. 
39) Harrah,L.Α.; Zeigler,J.M. Bull. Am. Phys. Soc. 1985, 
30, 540. 
40) Ze ig ler ,J .M. ; Adolf ,D.; Harrah.L.A. Proc. 20th 
Organosilicon Sym. 1986, Abs. p-2.25. 
41) Schweizer,K.S. Chem. Phy. Lett. 1986,,125, 118. 
42) Schweizer,K.S. J . Chem. Phy., 1986, 85, 1176. 
43) Schweizer,K.S. J . Chem. Phys., 1986, 85, 1156, 
44) Schweizer, Κ. S. American Chemical Society, Polymer 
Preprints. 1986, 27, 254. 
45) Johnson,G.E.; MacGrane,Κ.M. ACS Symposium Ser. 1986, 
358, 499. 
46) Miller, R.D.; Hofer,D.; Rabolt,J.; Fickes,G.N. J . Am. 
Chem. Soc. 1985, 107, 2172. 
47) Schil l ing,F.C.; Bovey,F.A. Americal Chemical Society, 
Polymer Preprint. 1988, 29, 72. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



9. HAYASEETAL. Syntheses of Base-Soluble Si Polymers 157 

48) Zeigler.J.M. Macromolecules, 1986, 19, 2657. 
49) Zeigler.J.M. Macromolecules, 1986, 19, 2660. 
50) Johnson, G. M.; McGrane,K.M. American Chemical Society, 
Polymer Preprints, 1986, 27, 352. 
51) Cotts,P.M.; Mil ler ,R.D.; Trefonas III ,P.T.; West,R., 
Fickes,G.N. Macromolecules. 1987, 20, 1046 
52) Sawan,S.P.; Tsa i ,Y. ; Huang,H; Muni,K.P. American 
Chemical Society. Polymer Preprint. 1988, 29(1), 252. 
53) Cotts,P.M. Am. Chem. Soc. Polym. Mater. Sci. Eng. 1985, 
53, 336. 
54) Wolff,A.R.; Maxka,J.; West,R.; J . Polymer Sci., Part A. 
1988, 26, 713. 
55) Stuger,H.; West,R. Macromolecules. 1985, 18, 2349. 
56) Fisch,K.C.; Shroff,P.D. J . Am. Chem. Soc. 1953, 75, 
1249. 
57) Speier.J.L. J . Am Chem  Soc  1952  74  1003
58) Benkeser, R.A.
J. Am. Chem. Soc. 1956
59) Benkeser, R.A.; Krysiak, H.R. J . Am. Chem. Soc. 1953, 
75, 2421. 
60) Larson,G.L.; Nemeth,V.; Velente, H. Syn. Reac. Inorg. 
Metal-Org. Chem., 1976 6, 21 
61) Fish,D.; Khan,I.M.; Smid,J. American Chemical Society, 
Polymer Preprint. 1988, 29, 8. 
62) Klingensmith. K.A. ; Downing, J.W.; Mil ler, R.D.; 
Michel, J. J . Am. Che. Soc. 1986, 108, 7438 
RECEIVED August 10, 1989 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Chapter 10 

Lithographic Evaluation of Phenolic 
Resin—Dimethyl Siloxane Block Copolymers 

M. J. Jurek and Elsa Reichmanis 

AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, NJ 07974 

Reactive, functionally  poly(dimethy ) 
oligomers (PDMSX) have shown utility as the silicon-containing 
component in bilevel resists based on conventional novolac
-diazonaphthoquinone chemistry. The ability to photoimage the 
novolac-siloxane block copolymer depends on the initial siloxane 
block length, the chemical structure of the novolac resin and the 
microphase separation of the system. Glass transition 
temperature measurements, transmission electron microscopy and 
Auger depth profiling experiments indicate that extensive 
microphase separation occurs if high molecular weight siloxane 
oligomers are used. When phase mixing of the two components 
was promoted in an o-cresol novolac-siloxane copolymer 
(PDMSX=510 g/mole), 0.5μm L/S patterns could be resolved 
using deep-UV exposures (248 nm) at a dose of 156 mJ/cm2. 
Good solubility in aqueous tetramethylammonium hydroxide was 
observed with the copolymer at 10 wt % silicon and an O2 

reactive ion etching resistance of 1:18 compared to hard-baked 
HPR-204 was obtained. The 0.5μm L/S patterns were 
transferred through 1.4μm thick planarizing layer yielding 
features with high aspect ratios. 

There is a current drive in microlithography to define submicron features in 
bilevel resist structures. The introduction of organometallic components, most 
notably organosilicon substituents, into conventional resists is one promising 
approach. To this end, organosilicon moieties have been primarily utilized in 
starting monomers (1-4) or in post-polymerization functionalization reactions on 
the polymer (5,6). Little work has been done on the reaction of preformed reactive 
oligomers to synthesize block copolymer systems. 

Historically, block copolymers have found utility as a means to achieve a 
balance of properties between chemically different homopolymers (7-8). 

0097-6156/89/0412-0158$06.00/0 
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Additionally, some properties unique to both systems may result. The majority of 
homopolymer blends are immiscible with one another and often experience poor 
interfacial adhesion between the separate phases. Since block copolymers are 
covalently linked together, macroscopic incompatibility at the interface is 
minimized. The macroscopic incompatibility of a two-polymer blend may be 
eliminated by the addition of a block copolymer derived from the two systems. 
Hence, copolymers can be used to strengthen blends of immiscible polymers by 
serving as emulsifiers (7-9). 

The synthesis of block copolymers can be performed v ia several well-known 
synthetic procedures. The approach we have employed combines preformed, 
functionalized poly(dimethyl siloxane) oligomers with various novolac resins to 
form the block copolymer species. These copolymer systems can be envisioned 
more realistically as block copolymer-modified novolac resins since no 
fractionation steps designed t  unreacted novola  homopolyme  used
Several molecular parameter
poly(dimethyl siloxane) and the molecular weight and chemical structure of the 
novolac resin. The choice of oligomer block length determines the final polymer's 
morphology, silicon content and aqueous base solubility. Earlier work with a 
chlorinated polymethylstyrene-polydimethyl siloxane system postulated that the 
microphase separated morphology of the copolymer could play a role in 
determining the resolution limits when used as a photoresist (10). 

The work described in this paper reports the lithographic response of a number 
of novolac-siloxane copolymer systems. The chemical structure of the siloxane 
oligomer was held constant throughout the investigation. The number average 
molecular weight (<M n>) was varied from 4400 (high molecular weight) to 510 
g/mole (low molecular weight). The effect of novolac structure on the lithographic 
response of novolac-siloxane copolymers was studied using an o-cresol novolac, a 
2-methyl resorcinol novolac and poly(hydroxystyrene). The o-cresol based 
phenolic resin could be reproducibly synthesized and had good aqueous base 
solubility; 2-methyl resorcinol exhibited improved solubility and higher T g than 
the o-cresol system; and poly(hydroxystyrene) possessed a higher transmittance at 
248 nm than either novolac. To prepare potential bilevel resist materials, the 
silicon incorporation was kept at >10 wt %. 

E X P E R I M E N T A L 

Tetramethylammonium hydroxide, T M A H , (Fluka Chemicals) was diluted with 
distilled water from a 25 wt % aqueous solution. In all cases the 
diazonaphthoquinone dissolution inhibitor used was Fairmont Positive Sensitizer 
#1009 (Fairmont Chemical Company). The syntheses of the P D M S X oligomers 
and novo lac -PDMSX block copolymers have already been reported (11). The 
dimethylamine terminated poly (dimethyl siloxane), <M n >=510 g/mole (Petrarch), 
was used as the P D M S X component or to prepare higher molecular weight 
analogs. 

Resist solutions of o-cresol novolac-siloxane copolymers were prepared as 15 
w/v % solutions of the polymer in 2-methoxyethyl acetate using 20 wt % (based 
on polymer) of the positive sensitizer. Poly(hydroxystyrene) and 2-methyl 
resorcinol copolymers were spun into films from 2-methyl tetrahydrofuran. 
Solutions were filtered through successive 1.0, 0.5 and 0.2 μπ ι filters and stored in 
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amber bottles. Resist films (0.5 μπι thick) were spun onto four inch silicon 
substrates that had been coated with either 1.4 μπι hard-baked Hunt Photoresist 
(HPR-204) or 0.4 μπι thermally grown S i 0 2 pretreated with hexamethyldisilazane. 
A l l films were prebaked at 105 e C for 1 hour prior to exposure. Auger depth 
profiling and transmission electron microscopy samples were prepared without 
sensitizer as 0.1 μπι thick films on silicon substrates coated with 0.4μιη S i C V 

Deep-UV exposures were performed on a K a r l Suss M A 5 6 M contact aligner 
fitted with a Lambda Physik K r F excimer laser ( λ = 2 4 8 . 7 nm) operating at an 
output of 13 mJ/cm 2/sec at 100 H z . Resist films were dip developed in aqueous 
T M A H and rinsed in distilled water. 

Pattern transfer through the HPR-204 planarizing layer v ia 0 2 reactive ion 
etching (RIE) was achieved using a Plasma Technologies parallel plate etching unit 
at -340 V self-bias, 90 W power, 20 seem O2, at a pressure of 30 mtorr using a 
10% overetch. A l l thickness measurements were performed on a Dektak I IA 
profilometer. Scanning electro
a Hitachi S-2500 S E M . 

Mater ia ls Characterizat ion 

The molecular weight (<M n>) of the poly(dimethyl siloxane), P D M S X , was 
determined by both proton N M R and non-aqueous potentiometric titration (5). 
Proton N M R was used routinely to determine < M n > immediately after synthesis 
and prior to use in any copolymerization. Experimental confirmation of percent 
silicon in the copolymers was determined by elemental analysis (Galbraith 
Laboratories). 

Novolac molecular weights were measured in T H F at 35°C by high pressure 
size exclusion chromatography using a Waters Mode l 510 pump (flow rate =1.0 
mVmin), 401 differential viscometer detector and a set of Dupont P S M 60 
silanized columns. A universal calibration curve was obtained with a kit of 10 
narrow molecular weight distribution, linear polystyrene standards from Toya Soda 
Company. Data acquisition and analysis were performed on an A T & T 6312 
computer using A S Y S T Unical 3.02 software supplied with the Viscotek 
instrument. 

A Perkin-Elmer D S C - 7 was used for thermal characterization of the starting 
phenolic resins and copolymers prepared. Scans were run at 10°C/min using 
sample weights of 15-25 mg. In all cases the amorphous, powdered polymers 
were used for the evaluation. 

R E S U L T S A N D D I S C U S S I O N 

The structures of the dimethylsiloxane block copolymers and respective parent 
homopolymers prepared for use as positive, bilevel resist materials are shown in 
Figure 1. Most copolymers were synthesized with >10 wt % silicon. The 
selection of P D M S X block length and novolac chemical composition proved to be 
the two most critical variables in achieving adequate resolution. 

The quantitative nature of the sUylamine-phenol reaction has been 
demonstrated for several different polymer systems (7). In our case, the charged 
P D M S X content was low to ensure that <1 phenolic group per novolac molecule 
reacted. This was done primarily to prevent extensive branching or crosslinking, 
and problems of insolubility and reproducibility associated with network formation 
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Figure 1 Structure of phenolic resin-poly(dimethyl siloxane) copolymers. 
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(11). N o free P D M S X should be found in these systems; however, unreacted 
starting novolac w i l l be present. Hence, each copolymer system consisted of a 
blend of novolac resin and novo lac -PDMSX copolymer. The structure of these 
copolymer systems is complex. Since all phenolic groups possess equal reactivity 
towards silylamine groups, the difunctional P D M S X may react anywhere between 
two novolac chains (an A - B - A triblock species) or twice with the same novolac 
molecule. The second reaction type would yield a macrocyclic compound whose 
size would depend upon the proximity of the two phenolic groups to one another. 

The molecular weight values for the starting oligomers and final copolymers 
were determined by gel permeation chromatography (GPC) and are shown in 
Table I. The initial molecular weight distributions ( M W D = < M w > / < M n > ) were 
less than two for both novolac resins. A portion of the low molecular weight 
components were removed during the three precipitations used during work-up, 
thus narrowing the observed M W D  Th  M W D f th  P D M S X oligomer  could 
not be determined by G P C
column packing. 

T A B L E I 

M O L E C U L A R W E I G H T D E T E R M I N A T I O N O F P O L Y ( D I M E T H Y L 
S I L O X A N E ) C O P O L Y M E R S V I A G E L P E R M E A T I O N 

C H R O M A T O G R A P H Y 

P H E N O L I C 
C O M P O N E N T 

S I L O X A N E 
< M n > wt % S i 

P O L Y M E R 
<M„> < M W > M W D 

o-cresol - - 1450 2890 1.99 

4400 12.1 2200 3530 1.61 

4400 3.2 1870 3430 1.83 

510 10.2 1920 3480 1.82 

510 12.9 1960 4510 2.29 

2-methyl — _ 1610 3050 1.89 
resorcinol 

1770 10.1 2670 4800 1.80 

510 10.4 3190 6180 1.94 

poly(hydroxy 
styrene) 

4400 12.3 

11700 

14000 

35900 

51800 

3.07 

3.71 

Upon copolymerization of each novolac with the P D M S X oligomers, both 
< M n > and < M W > increased as expected, although not in a strictly additive manner 
since we have not formed a single block copolymer structure (7) but are measuring 
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the molecular weights of a copolymer/novolac blend. The values obtained are 
complicated by the loss of additional low molecular weight material during work
up. The initial reaction mixture in tetrahydrofuran (THF) was coagulated in water 
giving 97% yield. A proton N M R of an ether extract of this water indicated the 
presence of novolac but no siloxane was observed. Only low molecular weight 
novolac would be expected to remain soluble in this aqueous T H F solution. 

The poly(hydroxystyrene) homopolymer (PHS) and P H S - P D M S X copolymer 
exhibited more predictable behavior due to the higher initial molecular weight of 
P H S . Both < M n > and < M W > increased and the M W D broadened after 
copolymerization. Incorporation of P D M S X increased the molecular weight 
averages. N o low molecular weight material was found in the aqueous 
precipitating medium, indicating that a l l unreacted low molecular weight 
poly(hydroxystyrene) was precipitated. 

The effect of the phenoli  component'  chemical  (o-cresol
poly(hydroxystyrene) vs. 2-methy
studied. A high molecular weight (4400 g/mole) P D M S X precursor was used to 
maximize silicon content while minimizing the number of phenolic hydroxyl 
groups lost to copolymer formation. Each of the three phenolic resin-siloxane 
copolymers showed favorable resistance to 0 2 plasma etching (at >10 wt % 
silicon) with selectivities of 1:12 or greater compared to a hard-baked planarizing 
layer (11). Additionally, each system exhibited good solubility in aqueous T M A H 
solutions. The lithographic response of each copolymer system was however, quite 
different. While the novolac materials exhibited positive resist behavior, the 
poly(hydroxystyrene-dimethyl siloxane) material behaved as a negative resist upon 
exposure to 248 nm radiation when used in conjunction with 10 or 20 wt % of the 
diazonaphthoquinone inhibitor. The sensitivity, expressed as the 50% gel dose, 
was 290 mJ /cm 2 with a contrast of 1.2. A 25:1 ethanol-water developer was 
employed but very poor resolution was observed. 

A series of o-cresol novo lac -PDMSX materials with a range of silicon contents 
(3.2-16.1 wt %) were prepared to examine the 0 2 R I E response and to determine 
whether a solubility l imit existed as a function of wt % silicon. A l l copolymer 
preparations exhibited good solubility in dilute T M A H and an asymptotic 
relationship (12) between wt % silicon and film thickness loss (3,12) during an 0 2 

plasma R I E process was found. 
The thermal properties of the o-cresol novo lac -PDMSX copolymers and the 

starting oligomers are shown in Table Π. The T g for the P D M S X oligomer 
(-123*C) did not change as the < M n > varied from 510 to 4400 g/mole. After 
copolymerization, a T g for both the P D M S X component and the o-cresol novolac 
was obtained. Slight decreases in the high temperature T g and increases in the low 
temperature T g may be attributed to partial phase mixing between the two 
components (14, 15, 18). This becomes more evident as the P D M S X block length 
becomes smaller, and the thermodynamic solubility parameters become 
increasingly favorable. Additionally, the microphase separated domain sizes are 
expected to become smaller as P D M S X block lengths decrease (15). 

The thermal properties of the 2-methyl resorcinol, poly(hydroxystyrene) and the 
P D M S X copolymers prepared with them are shown in Table ΠΙ. For both 
copolymer systems using 4400 g/mole P D M S X blocks there was no significant 
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TABLE II 

T H E R M A L C H A R A C T E R I Z A T I O N O F O - C R E S O L N O V O L A C - D I M E T H Y L 
S I L O X A N E C O P O L Y M E R S 

S A M P L E 
N U M B E R 

S I L O X A N E B L O C K 
< M n > x T g ( °C) 2 

P O L Y M E R 
wt % S i 3 T g ( °C) 2 

1 4400 - 1 2 3 16.0 - 1 2 2 , 79 

2 4400 - 1 2 3 12.1 - 1 2 1 , 7 7 

3 4400 - 1 2 3 5.4 - 1 2 2 , 77 

4 440

5 1770 -121 5.4 - 9 5 , 67 

6 510 -121 10.2 - 6 4 4 , 51 

7 510 -121 12.9 - 2 1 4 , 36 

8 - - 0 76 
< M n > determined from proton N M R . 
Values reported from differential scanning calorimetry. 
Determined by elemental analysis. 
Very weak transitions. 

change in either the low or high temperature T g values. A s observed with the o-
cresol novo lac -PDMSX systems, the large P D M S X blocks were cleanly 
microphase separated. A s the siloxane < M n > was decreased to 510 g/mole, no 
appreciable phase mixing occured in the resorcinol-based system as reflected by 
the lack of change in either the low or high T g ' s of these copolymers. A second 
consideration is the solubility parameter (δ), which also contributes to this 
behavior. The δ for P D M S X (16) is 7.3 (cal/cm 3) 1 / 4 while the calculated values for 
the o-cresol novolac, 2-methyl resorcinol and poly(hydroxystyrene) are 10.8, 11.9 
and 9.4 (cal/cm 3 ) 5 4 respectively (17). Differences in δ of greater than one between 
polymer blocks generally result in the observation of microphase separation (7,8). 
Although this phenomenon should occur in both the novolac and P H S systems, a 
greater degree of phase mixing should be possible in the o-cresol and 
hydroxystyrene materials. Based on the thermal data, one may conclude that the 
solubility parameter difference among the novolac resins results in less phase 
mixing for the 2-methyl resorcinol copolymer system in comparison to the o-cresol 
novo lac -PDMSX copolymer. The results obtained for the P H S based material are 
less conclusive. 

Transmission electron microscopy (TEM) was used to further explore the 
microstructure in each of the three copolymer systems. The 2-methyl resorcinol-
P D M S X copolymer was expected to show the greatest degree of microphase 
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T A B L E ffl 

T H E R M A L C H A R A C T E R I Z A T I O N O F P O L Y ( D I M E T H Y L S I L O X A N E ) 
C O P O L Y M E R S W I T H POLYÇHYDROXY S T Y R E N E ) A N D 2 - M E T H Y L 

R E S O R C I N O L 

P H E N O L I C 
C O M P O N E N T 

S I L O X A N E B L O C K 
< M n > 1 T g ( °C) Z 

P O L Y M E R 
wt % S i 3 T g C O 2 

2-methyl resorcinol - - 0 186 

4400 - 1 2 3 11 - 1 2 1 , 184 

1770 -121 10 - 1 1 9 , 175 

poly(hydroxy styrene) - - 0 172 

4400 - 1 2 3 12 - 1 1 9 , 174 

< M n > determined by proton N M R . 
Values reported from differential scanning calorimetry. 
Determined from elemental analysis. 

separation based on solubility parameter differences and thermal data. T E M 
photographs (207,000 x) reveal spherical domains of 400-600A for copolymers 
prepared with 4400 g/mole P D M S X (Figure 2a) and 100-300Â domains with 510 
g/mole oligomers (Figure 2b). The effect of decreasing P D M S X molecular weight 
on domain size was previously observed in a series of poly(methyl methacrylate)-
P D M S X copolymers (15,18). The o-cresol novo lac -PDMSX copolymers (Figure 
3) exhibited a similar trend at high molecular weight P D M S X (Figure 3a); 
however, shorter siloxane block lengths resulted in a featureless surface (Figure 
3b). This corroborates the thermal data which indicates that a large degree of 
phase mixing occurs in this copolymer. A T E M of the P H S - P D M S X copolymer 
(4400 g/mole P D M S X ) is shown in Figure 4. The domain size in this copolymer 
is much smaller than that observed for the other copolymers at similar siloxane 
block lengths. This may be attributed to the small solubility parameter difference 
between the two components. 

The microphase separation and preferential surface migration of P D M S X in 
various copolymer systems has been investigated (7,8,13-15,18). Auger depth 
profiling experiments were run to determine the surface-to-bulk film concentration 
of P D M S X in each copolymer system. Carbon, oxygen and silicon contents were 
monitored as a function of sputter depth, and the normalized percents for each 
element (±5%) are shown in Figure 5. The 2-methyl resorcinol-PDMSX 
copolymer (4400 g/mole P D M S X ) had >50% silicon on the surface which rapidly 
decreased to a bulk film concentration of -15%, a value that is comparable to the 
results obtained from elemental analysis. Figure 5b shows Auger depth profiling 
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Figure 2 Transmission electron microscope photograph of 2-methyl re-
sorc ino l -PDMSX copolymers using (a) 4400 g/mole P D M S X 
and (b) 510 g/mole P D M S X . 
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Figure 3 Transmission electron microscope photograph of o-cresol novo
l a c - P D M S X copolymers using (a) 4400 g/mole P D M S X and (b) 
510 g/mole P D M S X . 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



POLYMERS IN MICROLITHOGRAPHY 

Transmission electron microscope photograph of poly (hydroxy-
styrene)-PDMSX copolymer. 

100, 

SPUTTER TIME, MIN. 

Auger depth profiling results of (a) 2-methyl resorcinol-
P D M S X , (b) o-cresol novo lac -PDMSX, and (c) poly(hydroxy-
styrene)-PDMSX. 
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results for the o-cresol novolac-PDMSX (510 g/mole P D M S X ) copolymer. The 
surface enrichment of silicon by the P D M S X is less than that observed in the 2-
methyl resorcinol copolymer, resulting in a more equal surface/bulk silicon 
distribution. This may result from the greater phase mixing between the two 
components as evidenced by T E M and D S C . The P H S - P D M S X copolymer (4400 
g/mole P D M S X ) shows a behavior similar to the 2-methyl resorcinol copolymer. 

The 0 2 reactive-ion etching (RIE) behavior of each copolymer was determined 
and compared to a hard-baked HPR-204 planarizing layer (Table IV) . Each 
copolymer tested had £ 10 wt % silicon content and the etching rate selectivity vs. 
HPR-204 in all cases was 1:13 or greater. The O2 R I E behavior may have been 
affected by the distribution of silicon through the thickness of the film as well as 
the quantity of silicon incorporated. The 2-methyl resorcinol-PDMSX copolymers 
exhibited the greatest O2 R I E resistance, presumably due to microphase separation 
and surface migration of th  P D M S X  Thi  preferential incorporatio f P D M S X 

O X Y G E N R E A C T I V E I O N E T C H I N G (RIE) O F N O V O L A C - S I L O X A N E 
B L O C K C O P O L Y M E R S 

C O P O L Y M E R 
S T R U C T U R E 

S I L O X A N E 
< M n > 

wt % S i 0 2 R I E rate 1 

0 
(A/min) 

0 2 E T C H I N G 
S E L E C T I V I T Y 2 

o-cresol 
novolac 
siloxane 

4400 12 130 1:15 

1770 11 130 1:15 

510 10 110 1:18 

510 13 50 1:36 

2-methyl 
resorcinol 
siloxane 

4400 11 70 1:28 

1770 10 80 1:24 

510 10 80 1:24 

poly(hydroxy 
styrene) 
siloxane 

4400 12 150 1:13 

After 10 minutes plasma etching. 
2 Versus hard baked HPR-204. 

at the air/resist interface would be expected to contribute to a more rapid build-up 
of an inorganic oxide layer. Auger analysis indicated >50% silicon at the surface 
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which supports the 02 plasma results. The P H S - P D M S X exhibited the poorest 0 2 

REE resistance of the three copolymer systems which may result from the aliphatic 
backbone structure of P H S . 

Optimization of the deep-UV exposure and aqueous T M A H development steps 
for a l l three parent phenolic resins formulate with the diazonaphthoquinone 
dissolution inhibitor resulted in the resolution of positive tone 0.75 μπι L / S patterns 
at a dose of 156, 195 and 118 mJ/cm 2 for the o-cresol, 2-methyl resorcinol and 
P H S materials, respectively (Table V ) . The copolymers prepared with a 4400 
g/mole P D M S X resulted in T M A H soluble films at >11 wt % silicon; however, the 
feature quality was extremely poor in each case. Figure 6 shows an S E M 
photomicrograph of a 2-methyl resorcinol-PDMSX copolymer using (a) 20 and (b) 

T A B L E V 

E F F E C T O F P O L Y ( D I M E T H Y
L E N G T H S

P O L Y M E R 
S T R U C T U R E 

S I L O X A N E 
< M n > 

wt % S i R E S O L U T I O N 
of 0.75 μπι L / S 1 

o-cresol novolac - 0 Y E S 

o-cresol novolac-
siloxane 

4400 12.1 N O 

1770 5.4 Y E S 

510 10.2 Y E S 

510 12.9 Y E S 

2-methyl resorcinol - 0 Y E S 

2-methyl resorcinol-
siloxane 

4400 11.4 N O 

1770 10.1 N O 

510 10.4 N O 

poly(hydroxy styrene) - 0 Y E S 

poly(hydroxy styrene) 
siloxane 

4400 12.3 N O 2 

Contact exposure at 248 nm using 20 wt % dissolution inhibitor. 
Behaves as a negative resist. 
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;ure 6 Scanning electron microscope photograph of coded 0.75 μπι 
line-space images obtained with the 2-methyl resorcinol-
P D M S X copolymer ( < M n > = 4400 g/mole) containing (a) 20 
wt % and (b) 30 wt % diazonaphthoquinone dissolution inhibi
tor. 
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30 wt % dissolution inhibitor. A t 20 wt %, coded 0.5 μηι line/0.25 μπι space 
patterns were resolved but only 75% of the initial fi lm thickness (TFT) in the 
unexposed regions remained. A t 30 wt % sensitizer loadings, coded 0.5 μπι L / S 
patterns were resolved and only 6% of the IFT was lost in the unexposed areas. 
Both samples exhibited 'holes' in the unexposed region where preferential 
dissolution occurred. This is most likely the result of phase incompatibility within 
the novolac/novolac-siloxane blend. Since the dissolution rate of the parent 
novolac in aqueous T M A H is higher than that of the block copolymer it would not 
be unreasonable to expect that preferential dissolution of the novolac domains 
would occur. Similar solubility problems were observed with the o-cresol 
novo lac -PDMSX copolymer using this high molecular weight poly(dimethyl 
siloxane) precursor. 

Copolymers prepared from lower molecular weight P D M S X blocks were 
examined next. Regardless f th  molecula  weight f th  P D M S X
copolymers with 2-methyl resorcino
problems such as sample thinning and 'holes'. This may stem from the extensive 
microphase separated structures obtained regardless of P D M S X molecular weight 
(Figure 2b). In contrast, the o-cresol novolac copolymers exhibited improved 
imagibility when smaller P D M S X block lengths were used. This may result from 
a larger degree of phase mixing between the two components and/or smaller 
P D M S X domain sizes. The copolymer prepared from o-cresol novolac and a 510 
g/mole P D M S X at 10 wt % S i resolved coded 0.5 μπι L / S patterns at a dose of 
156 mJ/cm 2 in 0.5 μπ ι resist v ia contact exposure at 248 nm and subsequent 
etching through 1.4 μπι HPR-204 (Figure 7). There was no evidence of 
preferential dissolution or 'holes' in the field. A coded 0.75 μπι line/0.5 μπι space 
pattern achieved with the same material before and after etching through 1.4 μπι 
HPR-204 is shown in Figure 8. Steep sidewall profiles were obtained using a 10% 
overetch. A small amount of undercutting was observed, however, the etching 
conditions for pattern transfer were not optimized. Sloping sidewall profiles are 
evident on resist images after wet development. This may be due to the highly 
absorbant nature of the novolacs. The optical density of an unsensitized film at 
248 nm is 0.59 A . U . for a 0.63 μπι thick film. This is prohibitively high for deep-
U V use; however, its utility at longer wavelengths is being explored. 

C O N C L U S I O N S 

The incorporation of P D M S X into conventional novolac resins has produced 
potential bilevel resist materials. Adequate silicon contents necessary for 0 2 R IE 
resistance can be achieved without sacrificing aqueous T M A H solubility. Positive 
resist formulations using an o-cresol novo lac -PDMSX (510 g/mole) copolymer 
with a diazonaphthoquinone dissolution inhibitor have demonstrated a resolution of 
coded 0.5 μπι L / S patterns at a dose of 156 mJ/cm 2 upon deep-UV irradiation. A 
1:18 0 2 etching selectivity versus hard-baked photoresist allows dry pattern 
transfer into the bilevel structure. 
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Figure 7 Scanning electron microscope photographs of coded 0.5 μπι 
line-space patterns obtained in the o-cresol novo lac -PDMSX 
( < M n > = 510 g/mole) based resist followed by 0 2 R I E pattern 
transfer. 

Figure 8 Scanning electron microscope photographs of coded 0.75 μπι 
line /0.5 μπι space images obtained in the o-cresol novolac-
P D M S X ( < M n > = 510 g/mole) (a) before and (b) after 0 2 R I E 
pattern transfer. 
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Chapter 11 

Preparation of a Novel Silicone-Based Positive 
Photoresist and Its Application to an Image 

Reversal Process 

Akinobu Tanaka1, Hiroshi Ban1, and Saburo Imamura2 

1 NTT LSI Laboratories, Morinosato, Atsugi-shi, Kanagawa 243-01, Japan 
2 NTT Basic Research Laboratories, Midoricho, Musashino-shi, Tokyo 180, 

Japan 

We have developed a novel silicone-based positive 
photoresist (SPP) for two-layer resist systems. SPP is 
composed of an acetylated poly(phenylsilsesquioxane) 
(APSQ) and diazonaphthoquinone sensitizer. SPP can be 
developed with alkaline aqueous solutions, because the 
matrix resin, APSQ, is alkali-soluble due to the 
presence of silanol groups formed during synthesis of 
APSQ. SPP is useful not only for near UV lithography 
(positive mode), but also in negative mode using high 
energy sources for exposure. Negative process (image 
reversal) is capable of sub-halfmicron resolution 
using electron beam (EB), X-ray, and deep UV exposures. 
Resist sensitivities of SPP to EB, X-rays and deep UV 
are 5 μC/cm2, 80-160 mJ/cm2 and 10 mJ/cm2, respec
tively. We suggest that a coupling of APSQ and the sen
sitizer occurs during EB and X-ray exposures, but it is 
absent during near UV exposures. This coupling reaction 
and the generation of indenecarboxylic acid are compet
ing processes during the deep UV exposures. 

Silicon-containing resists have been proposed as top imaging 
layers in two-layer res i s t (2LR) systems for high resolution 
lithography.U As they have high resistance to oxygen reactive ion 
etching (0 2 RIE), fine patterns formed in a very thin top res i s t 
can be transferred into a thick bottom organic polymer layer by 0 2 

RIE. Recently, alkali-developable s i l i con-conta in ing posi t ive 
photoresists have attracted much a t t e n t i o n 2 " 6 ' due to their com
p a t i b i l i t y with practical VLSI fabrication processes using novolac-
diazonaphthoquinone posit ive photoresists (AZ-type r e s i s t s ) . We 
have synthesized an acetylated poly(phenylsilsesquioxane) (APSQ), 
and prepared an a lka l i -deve lopable s i l i cone-based p o s i t i v e 
photoresist (SPP) 7' composed of APSQ and a diazonaphthoquinone 
compound as a photosensitizer for near UV lithography. 

0097-6156/89A)412-0175$06.00/0 
ο 1989 American Chemical Society 
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However, the continuing drive towards minimization in pattern 
sizes has created a demand for lithographic resolution higher than 
can be achieved with near UV lithography. Since one useful method 
for improving resolution is to use higher energy sources, we have 
applied SPP to EB, X-ray, deep UV lithography. Although SPP also 
exhibits a positive action when exposed to EB, X-rays and deep UV, 
the positive pattern requires a high dosage that is not acceptable 
for a practical use except for deep UV lithography. An image rever
sal process of AZ-type res is ts has been r e p o r t e d 8 " 1 0 ' to have 
several advantages such as improvement in resolution, sensi t iv i ty , 
and thermal s tab i l i ty . We have also found that an image reversal of 
SPP dramatically increases the sensit ivi ty . Therefore, we have ap
p l i ed SPP to an image reversal process using high energy sources 
such as EB, X-rays and deep UV. 

This paper describes the preparation of SPP and i ts applica
tion to an image reversal process  as well as the chemistry of the 
SPP image reversal. 

Synthesis and characterization of APSQ 
APSQ was synthesized by acetylation of PSQ in the presence of 

a Friedel-Crafts catalyst. A solution of poly(phenylsilsesquioxane) 
(PSQ) in acetyl chloride (AcCl) was reacted with a solution of an
hydrous A I C I 3 in AcCl below 20°C. After s t i r r i n g for 90 min, the 
solution was poured into ice water to obtain APSQ. The details of 
this process are described elsewhere. 1 1 ' 

An attempt at conventional elemental analysis for APSQ fa i led 
because s i l i c o n carbide was i r r e g u l a r l y produced during the 
measurement. Therefore, the molecular structure of APSQ was deter
mined by NMR and IR. The IR data indicate that APSQ molecular 
structure is fundamentally s imilar to PSQ except the addition of 
acetyl (1650 cm"1) and hydroxy (3400 cm"1) groups. 2 9 S i NMR 
spectra are shown in Figure 1 together with assignments of 2 9 S i 
chemical s h i f t s . 1 2 ' PSQ purchased from Petrarch Systems Inc. and 
Owens-Illinois Co. were used. Although 2 9 S i NMR spectra of these 
PSQTs d i f f e r , the APSQ fs obtained from them have almost the same 
spectra. The total reactions are described in equation 1. 

An interest ing issue is the simultaneous introduction of 
s i l a n o l groups during the acetylation of phenyl groups. As i n d i 
cated by 2 9 S i NMR, some of the Si-phenyl bonds and framework 
siloxane bonds in PSQ are cleaved and chlorinated in the presence 
of Lewis acids. S i -C bonds have r e l a t i v e l y low resistance to 
electrophil ic attack and can be substituted by S i - C l bonds in the 
presence of Lewis acids. 1**' Although framework siloxane bonds are 
relat ively strong and stable, they also undergo chlorination. The 

(1) 

R'=C 6 H 5 , C 6 H 4 C 0 C H 3 , OH 
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S i - C l groups produced are hydrolyzed by water to Si-OH groups 
during work-up. 

APSQ is soluble in a dilute aqueous solution of tetramethylam-
monium hydroxide (TMAH). When APSQ was treated with tr imethyls i ly l 
chloride (TMSC1), the s o l u b i l i t y of APSQ in the TMAH solution 
decreased, because s i lanol groups were terminated with TMS groups. 
This indicates that APSQ is alkali-soluble due to the presence of 
s i l a n o l groups. The s o l u b i l i t y depended on the s i l a n o l content, 
which can be controlled by synthesis conditions or appropriate ter
mination of s i lanol groups. APSQ obtained from Owens-Illinois PSQ 
was more soluble in TMAH solutions than that from Petrarch Systems, 
probably due to lower molecular weight (Mw). We used the former (Mw 
= 1,500) in this study. 

Preparation of SPP and Application to near UV lithography 
SPP was prepared by dissolv ing a novolac res in diazonaph

thoquinone sulfonyl este
A concentration of 20 w
to act as a dissolution inhibitor. 

Figure 2 shows an SEM photograph of a 0.4 #m l ine and space 
pattern on a substrate with topographic features using the SPP 2LR 
system. A 0.2 /zm thick SPP layer was spun onto a 1.5 #m thick 
bottom planariz ing layer. The res i s t was exposed with a g- l ine 
(436nm) stepper equipped with a high numerical-aperture reduction 
lens (NA=0.6) and then dip-developed in a 1.6 wt% TMAH aqueous 
solution for 60 s at 25 °C. The pattern formed in the SPP layer was 
transferred to the bottom layer by 0 2 RIE. The 0 2 RIE etching rate 
of SPP was less than 3.5 nm/min, whereas that of the bottom layer 
was more than 90 nm/min. The select ivi ty of SPP to the bottom layer 
was more than 26. 

Application to image reversal process 
a)Electron beam lithography 

A 0.3 fim thick SPP layer was exposed to a 20 kV electron beam 
followed by a flood exposure using near UV radiat ion with an i n 
tegrated dose of over 500 mJ/cm 2. Such a dose was suf f ic ient to 
convert the remaining DNQ to indenecarboxylic acid. The resist was 
then dip-developed in an aqueous TMAH solution for 60 s at 25°C. 

Figure 3 shows the sens i t iv i ty curves for SPP (so l id l ines) 
compared with that of a novolac-based res i s t (dashed l i n e ) . From 
these curves, we obtained the maximum clearing dose (DQ), the dose 
for 50% thickness remaining ( D 5 0 ) , and lithographic contrast (γ-
value). These resist characteristics are summarized in Table I . 

Table I Characteristics of SPP and novolac-based resist 

Resist TMAH ) D50 ο r-value * 
(wt%) (uc/ cm 2) (/zC/cm 2) 

SPP 0.65 0 .9 1.7 1.8 
SPP 0.70 5 .0 6.6 4.1 
SPP 0.80 13 .5 16.5 5.7 

Novolac-based 1.20 6 .2 14.5 1.4 
* 7 -value = l/2(log(D 5 0 / D 0 ) ) 1 
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Chemical Shift (ppm) 

Figure 1. 39.7 MHz ^Si NMR spectra of PSQ and APSQ obtained from PSQ-B in 
acetone-̂ 6. Chromium acetylacetonate was used as a relaxation reagent, and transients 
were 5000. PSQ-A (M w = 900) and PSQ-B (M w = 9500) were purchased from Owens-
Illinois and Petrarch Systems, respectively. 

Figure 2. SEM photograph of 0.4-μπι line-and-space pattern on a substrate with 
topographic features using SPP two-layer resist system. A 0.2-pm-thick SPP layer was 
exposed with a g-line stepper (NA = 0.6) at 350 mJ/cm2 and then dip-developed in a 1.6 
wt% TMAH solution for 60 s at 25 * C. The pattern formed in the SPP top layer was 
transferred to 1.5-pm-thick bottom layer by 0 2 RIE. 
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A higher s ens i t i v i ty of SPP can be obtained using a more 
dilute TMAH solution, but at the expense of lower contrast. A solu
t ion more d i lute than 0.6 wt% cannot completely dissolve the 
r e s i s t . The SPP exhibited a higher sens i t i v i ty and contrast than 
the novolac-based res ist . 

Figure 4 shows an SEM photograph of 0.3 μ m l ine and 0.5 μ m 
space pattern delineated in an SPP 2LR system with a dose of 5 // 
C/cm 2 . The combination of this SPP image reversal process and EB 
direct wafer-writing technology represents a promising approach for 
achieving sub-halfmicron resolution. 

b) X-ray lithography 
A 0.4 /zm thick SPP layer was exposed to X-rays followed by a 

flood exposure using near UV radiat ion . The res i s t was then dip-
developed in a 0.8 wU TMAH solution for 60 s at 25 °C. We used two 
x-ray exposure system  t  evaluat  th  characteristic f th  SPP 
res is t . One is S R - 1 1 4

rotating anode with a
posure was carried out in a i r . The other has a synchrotron radia
tion source with a central wavelength of 0.7 nm (KEK Photon Factory 
Beam Line, BL-1B). The exposure was carr ied out in vacuum (<10~4 

Pa). A positive resist , F B M - G , 1 5 ' was used as a standard, because 
i t s sensit ivity only weakly depends on the ambient. 

Figure 5 shows X-ray s ens i t i v i ty curves of SPP. The sen
s i t i v i t y (D50) of the SPP was about 160 mJ/cm2 when exposed in a i r . 
The sensit ivi ty of 80 mJ/cm2 in vacuum is re lat ively high. Surpris
ingly, SPP exhibited a negative action using image reversal process 
when exposed with the X-rays in a i r , indicating that X-ray exposure 
induces d i f f e r e n t chemical reac t ions from the well-known 
photochemical process of DNQ, which produces the indenecarboxylic 
acid. Figure 6 shows a 0.2 /zm wide pattern with an aspect ratio of 
5 obtained by X-ray exposure in vacuum. The fine pattern with ver
t i c a l side walls can be replicated in a single-layer SPP res is t . 

c) Excimer laser (Deep UV) lithography 
Excimer laser lithography is one of the most promising tech

nologies for achieving sub-halfmicron lithography suitable for mass 
production. At almost the same dose of deep UV (248nm), SPP can be 
imaged in either a positive mode using a normal process, or a nega
tive mode through an image reversal process (Figure 7). In a normal 
process (positive mode), a 0.4 /zm thick SPP layer was exposed to 
deep UV and then dip-developed in a 1.6 wU TMAH solution for 60 s 
at 25 °C. In an image reversal process (negative mode), SPP was ex
posed to deep UV followed by a flood exposure using near UV radia
tion and then dip-developed in a 0.7 wt% TMAH solution for 60 s at 
25 °C. In the latter process, the sensit ivity curves exhibit con
version from the i n i t i a l negative mode to the subsequent positive 
mode with an increasing dose (Figure 7). This is very different 
from the s i tuat ion in EB and X-ray exposures. This suggests that 
acid-producing reactions are involved during deep UV exposures. SPP 
image reversal has the advantage of higher pattern accuracy over 
the normal positive mode, because the effect of strong absorption 
at 248 nm on patterning is smaller in the negative mode than in the 
positive mode. 1 6 ' 
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Figure 3. Sensit ivity curves of SPP image reversal (solid l ine) 
after 20kV EB exposure compared with a novolac-based res i s t 
(dashed l ine ) . A 0.3 /zm thick resist layer was exposed to EB 
followed by a flood exposure using near UV radiation and then 
dip-developed in an aqueous TMAH solution for 60 s at 25°C. 
TMAH concentration; A: 0.65 wU, B: 0.70 wt%, C: 0.80 wt%, D: 
1.2 w U . 

Figure 4 . SEM photograph of 0.3 /zm l ine and 0.5 /zm space 
pattern using an SPP two-layer resist system. A 0.3 /zm thick 
SPP layer was exposed to a 20 kV EB at 5 /zC/cm 2 followed by a 
f lood exposure and then dip-developed in a 0.65wt% TMAH 
solution for 60 s at 25 °C. The pattern formed in the top SPP 
layer was transferred to a 1.0 /zm thick bottom layer by Oo 
RIE. ù 
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Figure 5. Sens i t iv i ty curve of SPP image reversal to X-rays 
compared with that of FBM-G. A 0.4 /zm thick SPP layer was 
exposed to X-rays both in a ir and in vacuum followed by a flood 
exposure and then dip-developed in a 0.8 wt% TMAH solution for 
60 s at 25 °C. 

Figure 6. SEM photograph of a 0.2 /zm wide pattern using an SPP 
single-layer res is t . A 1.0 /zm thick SPP layer was exposed to 
X-rays in vacuum at 160 mJ/cm2 followed by a flood exposure and 
then dip-developed in a 0.8 wU TMAH solution for 60 s at 25°C 
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Chemistry of SPP image reversal 
SPP chemistry is c losely related to DNQ chemistry. The sen

s i t i v i t y became extremely low when SPP was flood-exposed to near UV 
radiat ion before EB exposure. This means that the conventional 
photoproduct from DNQ, indenecarboxylic acid, is very insensitive 
to EB exposure and DNQ plays a key role in this process. However, 
the actual chemical reactions have not precise ly elucidated for 
high energy exposures. E s t e r i f i c a t i o n of DNQ and of phenol OH 
groups has been proposed as the probable high energy induced reac
tion in AZ-type resists through a Wolff rearrangement. 1 0' However, 
Pacansky has recently report that an EB exposure induced a 
reaction between DNQ and C-H or C-C bonds in aromatic r ings . The 
reaction did not proceed through the Wolff rearrangement, although 
he confirmed that ketene intermediates were produced by EB at low 
temperatures. 

We investigated X-ra  induced reaction f SPP becaus  thes
reactions are thought t
both reactions are mainl
erated by X-ray and EB exposures. Therefore, X-ray results can be 
compared to EB-induced reaction mechanisms. When SPP was exposed to 
X-rays in vacuum, diazo groups of DNQ decomposed, as shown in 
Figure 8. The characteristic absorption at 2100-2200 cm"1 rapidly 
decreased as the X-ray dose increased. On the other hand, absorp
t ion bands at 1650-1730 cm"1 assigned to carbonyl groups barely 
changed. The X-ray dose needed for pattern fabricat ion was 160 
mJ/cm 2 . At this exposure dose, the decomposition of diazo groups 
was the most easily observed reaction. 

According to gel permeation chromatography (GPC) data, the 
molecular weight of SPP increased after X-ray exposures both in air 
and in vacuum. The elution prof i les in both cases were very 
similar, indicating that the coupling of APSQ and DNQ or the con
densation of APSQ occurs irrespective of the ambient. 

Along with the decomposition of diazo groups, the intensity of 
the character i s t ic absorption bands at 402 and 335 nm in the UV 
spectrum of DNQ also decreased (Figure 9). However, the absorption 
peak intensi ty rat io after X-ray exposure was s l i g h t l y different 
from that after UV exposure, since the peak intensity at 335 nm was 
somewhat stronger than that at 402 nm. The intensities at both ab
sorption maxima are plotted in Figure 10. Data are shown for near 
UV, deep UV, and X-ray exposures in a i r and in vacuum. For each 
radiat ion source, the plots are on the same l ine irrespect ive of 
the ambient, but the intercept characterizes exposure sources in a 
unique way, namely, ca. 0.03 for near UV, 0.06 for deep UV, and 0.1 
for X-ray exposures for a 1 /zm thick f i lm. An increase in the i n 
tercept was attributed to the absorption increase in the t a i l i n g 
part of the adjacent strong absorption bands. The results after 
near UV exposures indicate that the ester of indenecarboxylic acid 
and phenol OH groups has no effect on the intercept change, because 
near UV exposure in vacuum produces the e s t e r . 1 8 ' Therefore, this 
change in the intercept indicates the occurrence of coupling reac
tions of DNQ with aromatic rings as suggested by Pacansky et a l . 1 7 ' 
The coupling reactions are induced not only by X-rays, but also by 
deep UV exposure. The reaction products of DNQ with aromatic rings 
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Figure 7. Deep UV sensit ivity curves of SPP positive mode (A) 
compared with that of SPP negative mode (B). In positive mode, 
a 0.4 /zm thick SPP layer was exposed to deep UV and then dip-
developed in a 1.6 wU TMAH solution for 60 s at 25 ° C In 
negative mode, SPP was exposed to deep UV followed by a flood 
exposure using near UV radiation and then dip-developed in a 
0.7 wU TMAH solution for 60 s at 25 °C. 

I I I I 
2300 2000 
Wavenumber (cm*1) 

Figure 8. IR absorption changes of diazo groups in SPP with DN] 
after X-ray exposure in vacuum. Exposure dose: A; 0 mJ/cnr 
( i n i t i a l ) , B; 160 mJ/cm2, C; 640 mJ/cm2. 
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Wavelength ( nm ) 

Figure 9. UV absorption changes in SPP with DNQ (20 wU vs. 
APSQ) caused by exposures. Solid l ine: i n i t i a l ; dashed l ine: X-
ray exposure in a ir (dose = 640 mJ/cm 2), dotted l ine: near UV 
exposure (dose = 100 mJ/cm 2). 

0.5 

0.25 

O. D. (402nm) 

0.5 

Figure 10. Relationship between absorption intensities at 402 
and 335 nm in UV absorption spectra after exposures. © ; 
i n i t i a l spectrum of 1 urn thick unexposed SPP. Exposures: O ; 
UV in a i r , #; UV in vacuum, Δ ; deep UV in a i r , A ; deep UV in 
vacuum, • ; X-ray in a i r , • ; X-ray in vacuum. 
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are inert toward any further photochemical processing. This agrees 
with the observed negative action of SPP upon X-ray and deep UV ex
posures in a i r . 

The deep UV induced reactions appear to be s l ight ly different 
from X-ray and EB induced reactions. Deep UV exposure in a i r can 
induce an increase in so lubi l i ty of SPP, indicating that indenecar
boxylic acid is produced. IR spectra of SPP exposed to deep UV are 
shown in Figure 11. In this case, we used a mono-functional d i s 
solution inh ib i tor , tert-amylphenol diazonaphthoquinone sulfonyl 
ester, instead of a multi-functional sensitizer, DNQ, because the 
IR spectrum of a mono-functional ester is easier to interpret than 
that of DNQ. The SPP containing this mono-functional ester also ex
hibits an image reversal reaction with almost the same characteris
t ics as the SPP with DNQ. 

Deep UV exposure in a ir produces photoproducts s imilar to 
those produced by nea
ference is that absorptio
UV exposure in a i r . After deep UV exposure in vacuum, the res i s t 
exhibited a new absorption shoulder at 1730 cm"1, which appears to 
be a characteristic ester absorption. These peaks can probably be 
assigned to the products of a Wolff rearrangement. 

Consequently, deep UV exposure in air induces several competing 
reactions leading to both posit ive and negative res i s t action; 
namely, the normal photoreaction to form an indenecarboxylic acid 
through a Wolff rearrangement, and the coupling reactions of DNQ 
and APSQ which may be reflected in the difference in the intercept 
in Figure 10. Therefore, the negative res i s t action of SPP after 
deep UV exposure at low doses in air changes to a positive mode ac
tion at higher doses (Figure 7). 

Conclusion 
We have developed an alkali-developable silicone-based posi

t ive photoresist (SPP) for a two-layer res i s t system. NMR and IR 
studies indicated that APSQ has a number of s i l a n o l groups which 
are introduced during the acetylation of PSQ. Due to the presence 
of s i lanol groups, APSQ is soluble in an aqueous alkaline solution. 
SPP is useful not only for near UV lithography (positive mode), but 
also in the negative mode using high energy sources such as 
electron beam, X-rays, and deep UV radiation. Resist sensi t iv i t ies 
of SPP to EB, X-rays and deep UV are 5 #C/cm 2 , 80-160 mJ/cm2 and 
10 mJ/cm 2, respectively. Sub-halfmicron resolution was demonstrated 
by EB and X-ray lithography. In X-ray lithography, a resolution of 
0.2 #m with v e r t i c a l side walls was obtained in a 1.0 urn thick 
SPP single layer r e s i s t . We think that the SPP image reversal 
mechanism involves the coupling of APSQ and DNQ that occurs during 
EB and X-ray exposures, rather than the Wolff rearrangement, and 
that this coupling reaction competes with the generation of i n 
denecarboxylic acid during the deep UV exposures. 

Experimental 
Materials DNQ was synthesized by esterif icat ion of o-cresol for
maldehyde novolac resin (Mw=900) and of l,2-diazonaphthoquinone-5-
sulfonyl chloride . The es ter i f icat ion rate was ca. 0.4. The 
novolac-based resist used in EB lithography to compare with SPP was 
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1800 1500 
Wavenumber (c m"1 ) 

Figure 11. IR absorption changes in SPP with a mono-functional 
sensitizer caused by exposures. A; i n i t i a l , B; near UV exposure 
in a ir (dose = 500 mJ/cm2), C; deep UV exposure in a ir (dose = 
200 mJ/cm 2), D; deep UV exposure in vacuum (dose = 200 mJ/cm 2). 
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composed of o-cresol formaldehyde novolac resin (Mw=3200) and DNQ 
(20wt% vs. novolac resin) . 
Measurements IR spectra were recorded on a Perkin Elmer Model 1800 
spectrometer and UV spectra on a Hi tach i Model 330 UV/VIS 
spectrometer. Samples were spun onto KRS or quartz plates with a 
f i lm thickness of ca. 1.0 #m. NMR spectra were recorded on a 
Varian XL-200. Measurements were done at 23°C. GPC measurements 
were made on a Toyo Soda Model HLC802UR equipped with four GMHXL-
type columns at 40°C in THF. The molecular weight (Mw) was deter
mined by polystyrene standards. 
Lithography A hard baked (at 200 °C for 60 min.) AZ-type r e s i s t , 
Microposit 1400 (shipley), was used as the bottom resist in 2LR ap
pl icat ion . SPP was spun onto the bottom resist layer and exposed to 
EB, X-rays and deep UV followed by a flood exposure using near UV 
radiation. Electron beam exposures were carried out with an Elionix 
ELS-5000 at 20kV. Deep UV exposures were carried out with our KrF 
excimer laser (248 nm
carried out with Ushio
was normalized by the FBM-G sensit ivity (D0) of 40 mJ/cm2 estimated 
from EB experiments. FBM-G was dip-developed in MIBK/IPA (1/150) 
mixture for 90 s at 25 °C. The power of KrF excimer laser was 
measured by a Model 210 power meter (COHERENT C o . ) . The 0 2 RIE 
was carr ied out with a p a r a l l e l plate-type reactive ion etcher 
(ANELVA DEM-451). The 0 2 RIE conditions were 0o gas flow of 50 
seem, gas pressure of 1.3 Pa, r f power of 0.1 W/cnr, and dc bias of 
500V. 
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Chapter 12 

Photooxidation of Polymers 

Application to Dry-Developed Single-Layer Deep-UV Resists 

Omkaram Nalamasu, Frank A. Baiocchi, and Gary N. Taylor 

AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, NJ 07974 

Surface-functionalizatio
means for achieving y optica
lithography. Several workers have been successful in utilizing such 
schemes to obtain high resolution, negative-tone, submicrometer 
patterns by selective introduction of Si in the exposed regions. 
However, because of silicon's moderate etch selectivity and the 
substantial diffusion depth and large concentrations needed to 
provide enough etch resistance, this method may not be able to 
resolve features smaller than 0.5 μm with reasonable sensitivity. 

We have found that hydrophilic organic polymers treated with 
TiCl4 have much higher etching selectivities than organosilicon 
polymers in an O2 plasma. This paper examines some of the 
parameters that influence the reaction of TiCl4 with a variety of 
polymers. We find that TiCl4, readily functionalizes hydrophilic as 
well as moderately hydrophobic polymers, but fails to functionalize 
very hydrophobic films. Rutherford backscattering analysis reveals 
that TiCl4 is hydrolyzed at hydrophilic polymer surfaces that have 
sorbed water. Lack of surface water on hydrophobic polymers 
explains the absence of a T iO 2 layer on these polymer surfaces. 

From these observations, a photooxidative scheme has been 
developed in which a hydrophobic resist becomes hydrophilic upon 
oxidation induced by deep UV (248 and 193 nm) radiation. 
Subsequent treatment with TiCl4 followed by oxygen reactive ion 
etching then affords high-resolution, negative-tone patterns. Studies 
are currently underway to minimize the line edge roughness and 
background residue present in such patterns. 

Several years ago the concept of near-surface imaging was introduced(l,2). 
The critical step that imparts the etch selectivity by introduction of refractive 
elements is termed gas-phase functionalization and involves the selective reaction 
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of gaseous inorganic or organometallic compounds with exposed or unexposed 
photoresist films. The concept was tested with e-beam and photosensitive 
materials(2) using O2 reactive ion etching (O2 RIE) development (Figure 1). Since 
these initial studies, other workers have refined this technique to more selectively 
silylate the phenolic hydroxyl groups in the light exposed regions of positive 
photoresists(3-5). Development by O2 RIE afforded high-resolution negative tone 
submicron patterns. While this approach may have sufficient resolution to permit 
0.5 μηι design rule circuits in a single layer resist with I-line exposure, it may not 
be optimal for printing features smaller than 0.5 μηι because the moderate etching 
selectivity of Si requires a large diffusion depth for hexamethyldisilazane (HMDS) 
during gas-phase functionalization in order to provide the higher concentrations of 
Si needed for greater etch resistance during development 

Higher etching selectivities can be attained by substituting other inorganic 
elements for Si in the functionalization step  Taylor and coworkers(6-8) have 
found that the reaction of T1CI
resistant to an O2 plasma wit  hig ,  hydrophobi
polymers etched at normal rates showing no selectivity. Further examination of 
the functionalization process revealed that it is dependent on process variables such 
as humidity, treatment times and temperature, etc. and that it resulted from the 
reaction of T1CI4 with water sorbed on the hvdrophilic polymer surfaces to give 
continuous layers of Ti02(7). The 30-100 A thick layers deposited in such a 
manner were efficient etch barriers in trilayer resist schemes since the O2 RIE rate 
of T1O2 is about 5% that of the S1O2 under the normally used high-bias, trilayer 
etching conditions. 

The original use envisioned for the T1CI4 was in an organic-on-organic bilayer 
resist scheme (Figure 2) in which the thin topmost imaging layer is first patterned 
(exposed and developed). Then, selective reaction of T1CI4 with the imaging or 
planarizing layers followed by 0 2 RIE development would afford tone-retained or 
tone-inversed patterns, respectively. Although tone-retained versions of such a 
scheme were realized(6), practical aspects such as poor adhesion during wet 
development and non-selective deposition of T1O2 when good adhesion was 
achieved made practical use difficult. 

We have reexamined the Ti0 2 deposition technique to see if it could be 
extended to single-layer imaging schemes (Figure 1). We found that more 
information was needed about the molecular properties required for selective 
sorption of water at the polymer surfaces. Consequently, we studied the reaction 
of T1CI4 with polymer films which varied in their hydrophilicity and the acid 
strength of their hydroxyl groups. The analytical results for these materials were 
obtained by x-ray fluorescence spectroscopy (XFS), Rutherford backscattering 
spectroscopy and 0 2 RIE and were compared to those for hard-baked (HB) HPR-
206 hydrophilic films over a variety of treatment conditions. We summarize our 
results in this paper and utilize them to pattern sub-half micron images in single 
layer resists by doing exposures with 193 and 248 nm wavelengths from ArF and 
KrF excimer laser exposure tools. 
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1 ) EXPOSURE 
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Figure 1. Gas phase functionalization scheme for single-layer resists. 
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ΒI L E V E L RESIST SCHEMES 

Τ Λ / Î IMAGING 
' L A Y E R 

PLANARIZING 

S U B S T R A T E 

a) TONE RETENTION b) TONE INVERSION 

0 2 RIE 0 2 RIE 

^PROTECTIVE 
M 0 X L A Y E R S ^ 

Figure 2. Bi level resist schemes utilizing the gas-solid reactions of metal 
compounds ( M R , M = metal, R = reactive group) with polymer 
films. 
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Experimental 

Materials 

Poly(methyl methacrylate)(PMMA), poly(vinyl acetate)(PVAc), poly(vinyl 
acetate-co-vinyl alcohol) and polystyrene (PS) were commercial samples from 
Aldr ich Chemical Company. Poly(methyl methacrylate-co-methacrylic acid) 
polymers were prepared by the hydrolysis of P M M A with base. The following 
procedure is typical for preparing P ( M M A - c o - M A A ) polymers. P M M A (10g, 0.1 
mole) was dissolved in 100 ml . o f T H F and to this was added potassium hydroxide 
(10g, 0.18 mole) in 50 ml . of methanol and 10 ml . of water. The reaction mixture 
was refluxed with stirring for 2 days and the polymer was precipitated by 
acidification of the reaction mixture with dilute HC1. The polymer was purified by 
reprecipitation from T H F by the addition of methanol. The acid content of the 
copolymers was determined by * H N M R using the peak areas of the ester methyl 
group and those of aliphatic
found to be - 1 0 % from proto  Polymer  methacryli
content were prepared from P M M A by changing the reaction time, adding more 
base and T H F to the reaction mixture after refluxing for 1 day or by conducting 
the hydrolysis in pyridine. 1 3 C N M R spectra also were recorded. The results from 
1 3 C N M R agreed with those from * H N M R . 

Acetylated m-cresol novolac copolymers were prepared by acetylation of m-
cresol novolac with acetic anhydride in the presence of sodium hydroxide. The 
following acetylation procedure is typical. 3.2g of sodium hydroxide (50 mmol) 
was added to 4.8g of cresol novolac (40mmol) in 10 ml . of water. The reaction 
mixture was stirred for 10 mins. until all polymer went into solution. The required 
amount of acetic anhydride was then added, the reaction mixture was stirred for 10 
more mins. and poured in 150 ml . of iced water. The polymer was filtered and 
purified by reprecipitation from a chloroform/benzene (5:2 v/v) solution by the 
addition of hexane. The acetylation content was determined by * H and 1 3 C N M R . 

Chlorinated poly(styrene) samples were prepared by chlorination of PS with 
CI2 in trifluoroacetic acid(9) or by free radical chlorination using f-butyl 
hypochlorite(lO) or by chloromethylation using chloromethyl actyl ether and 
S n C l 4 ( l l ) . 

Processing 

Exposures 

The 193 nm light from a Questek A r F excimer laser was used to obtain 
sensitivity data by exposing 1 c m 2 areas. Fine line patterning with 193 nm light 
was done on a Lei tz I M S exposure apparatus with either 15X or 36X reflective 
objectives. The fluence was varied from 0.1 to 100 mJ/cm 2/pulse. A l l exposures 
at 248 nm were conducted on a deep-UV stepper(12) with a N A = 0.38 lens, 5 X 
reduction, a minimum feature size of 0.4 μπι and a fluence of -0.3 mJ/cm 2/pulse. 
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T i C l 4 Treatment Procedure 

Fi lms were spin coated onto silicon wafers from solutions of the polymers and 
were baked either at 120 e C for 1 hr. in a forced-air oven or on a hot plate inside a 
humidity controlled glove box containing the gas functionalization cel l (GFC) 
(Figure 3). Wafers that were baked in a forced air oven were immediately 
transferred to the humidity controlled glove box and were allowed to equilibrate 
for at least 12 hrs. prior to treatment with T1CI4. The relative humidity (RH) 
inside the glove box was maintained at 28-30% by circulating the vapor above a 
saturated aqueous potassium acetate solution through the glove box. The relative 
humidity outside the glove box varied from 40-65% but had no effect on the R H 
inside the box. The polymer films were treated for 30-120 sec. with T1CI4 in the 
G F C after evacuating the cell to a low pressure (100-250 mtorr). 

In the patterning experiments, chlorinated poly(styrene) films were baked at 
120 e C for 15 mins. in a force
humidity-controlled glove box
T1CI4 under usual conditions. N o significant variation in the lithographic 
parameters was observed by varying the relative humidity in the 30-60% range in 
the glove box. 

Functionalizations were usually conducted at room temperatures. In certain 
experiments, the bottom part of the cell was maintained at elevated temperatures in 
order to examine the effect of temperature on the functionalization process. 

0 2 RIE Conditions 

The O2 R I E was conducted with a R F Plasma Products Inc. reactive ion etcher. 
Typical etching conditions were: bias voltage of -375 to -400V, 10-13 seem of 0 2 , 
10-15 mtorr pressure and 25-35 W power. 

Analytical Methods 

T i content in the polymer films was measured with a Princeton Gamma Tech 
System 4 x-ray Fluorescence Spectrometer. The conditions employed were: C r 
target, 50 k e V source operating at 3 m A , 0.75 mm aperture, 4.8 mm beam stop, 
helium atmosphere and 100 sec. counting time. A calibration curve was 
constructed by plotting the fluorescence counts versus the amount of T i in H B -
H P R 206 films determined by Rutherford Backscattering Spectroscopic (RBS) 
analysis. 

R B S spectra were obtained using a 2.120 M e V H e + 2 ion beam at a 
backscattering angle of 162°. The spectra were accumulated for a total ion dose of 
40 u C using a 10 n A beam current. The number of T i atoms/cm 2 in the sample 
was calculated by comparison to spectra for a standard S i wafer implanted with a 
known dose of Sb. 

S E M photographs were taken on a Cambridge Instruments Stereoscan 60 
Machine. U V spectra were recorded using a H P 8452A spectrometer, IR spectra 
were recorded on a Nicolet FT- IR spectrometer and N M R spectra were taken on 
Bruker A M - 3 6 0 . Chlorine and carbon elemental analyses were used to determine 
the chlorine content. 
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Results and Discussion 

Etch selectivity is crucial to the gas-phase functionalized resist schemes. Since 
the thickness of the etch resistant T1O2 layer that forms on the polymer film should 
depend on the amount of water sorbed on the polymer surface, we studied the 
influence of various processing parameters on the surface water content as 
measured by the amounts of T i deposited. 

More T i was measured for longer treatment times, lower treatment temperatures 
and with higher background pressure in the gas functionalization cell . The increase 
in the thickness of T1O2 layer with longer reaction times was more pronounced in 
hydrophilic H B - H P R 206 and P M M A films compared to PS films. More T i was 
detected in PS films at shorter reaction times, but the T i incorporation saturated 
after about 1.5 min. of reaction (Figure 4). 

T i incorporation was also found to be a function of the background (residual) 
pressure in the G F C . Tabl
novolac polymers that were
reaction cell to 110 and 220 mtorr. The polymers that were treated at 220 mtorr 
had 1.5 times more T i than those treated at 110 mtorr. Similar experiments 
conducted with H B - H P R 206 films show a linear relationship between the residual 
pressure in the G F C and thickness of the resulting T1O2 layer. 

Table I. Ti Incorporated at the Surface of Novolac Copolymers as a Function of 
Background Pressure in the Gas Functionalization Cell 

Polymer Mole % 
Acetyl 

T i Concentration Measured by X F S 
(atoms/cm2) 

110 mtorr 220 mtorr 

/n-Cresol Novolac 0 6.64 χ 10 1 5 1.07 χ 10 1 6 

Acetylated m-Cresol Novolac 70 7.62 χ 10 1 5 1.07 χ 10 1 6 

80 7.63 χ 10 1 5 1.10 χ 10 1 6 

T o determine the number of equivalent T i monolayers (1 equivalent T i 
monolayer = 2 χ 1 0 1 5 T i atoms/cm 2) needed on the polymer surface to protect the 
underlying organic film during O2 R IE , several P M M A films were treated with 
T1CI4 under different processing conditions. After treatment with T1CI4 the films 
were etched in an O2 plasma for different lengths of time and the etching rates 
were determined. The T i concentration in the samples was measured both before 
and after etching (Table II). 
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Figure 3. Schematic of a gas-solid reaction cell maintained in a humidity-
controlled glove box. 

1 0 0 

T i C J 4 T R E A T M E N T T I M E ( m i n ) 

Figure 4. T i layer thickness versus T1CI4 treatment time for three polymer 
films. 
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Table II. 0 2 RIE Behavior of TiCl4-Treated PMMA Films as 
a Function of Ti on the Film Surface 

Amount of T i a 

(atoms/cm 2) 

Before Etching After Etching 

Etching 
Time 
(min.) 

P M M A F i l m 
Thickness 

(μηι) 
Initial Final 

Etching Rate 
(A/min) 

1.17 χ 1 0 1 6 (5.9) 6.28 χ 1 0 1 5 (3.1) 30 1.22 1.22 0 
1.08 χ 1 0 1 6 (5.4) 5.77 χ 1 0 1 5 (2.9) 40 1.22 1.22 0 
1.21 χ 1 0 1 6 (6.1) 3.86 χ 1 0 1 5 (1.9) 60 1.22 1.16 10 
1.26 χ 1 0 1 6 (6.3) 1.30 χ 10 1 5 (0.7) 150 1.22 0.10 75 
4.79 χ 10 1 5 (2.4) 2.8
Untreated P M M A F i l m 

a. The values in parentheses are equivalent monolayers of T i 0 2 . 
1 T i Monolayer = 2 χ 10 1 5 T i atoms/cm 2 . 
1Â Thickness = 3.12 χ 1 0 1 4 T i atoms/cm 2. 

P M M A films having 5-6 monolayers of T i 0 2 lost no organic film upon 30-40 
mins. etching, but lost 2.5-3 monolayers of T i (etching rate of 0.5 A/min.) resulting 
in an etch selectivity of 3000 as the untreated P M M A film etched at a rate of 1500 
A / m i n . under the identical etching conditions. Another sample of P M M A that was 
protected at the surface by - 6 monolayers of T i lost - 4 monolayers during a 60 
mins. etch. In this case, the polymer also etched slightly as indicated by a small 
decrease (0.06 μηι) in the film thickness. Apparently, 2 monolayers of T i is not 
quite capable of forming a continuous and tenacious etch resistant mask over the 
underlying organic film. This conclusion was further confirmed by etching a 
P M M A film protected by -2.5 monolayers of T i on its surface. Etching for 23 
mins. not only reduced the T i content by 40%, but also reduced the thickness of 
organic film by -50%. The etching rate of P M M A protected by 2.5 monolayers of 
T i is only 1/6 that of an untreated film. In contrast, P M M A films having 3-6 
monolayers of T i etched -3000 times slower than the untreated film. It appears 
that at least 3 monolayers of T i are required to form a tenacious and continuous 
etch resistant mask. 

T o determine the influence of polymer structure and the effect of hydrophilic 
and acidic functionalities on the reaction of T1CI4 with organic polymers, several 
polymers with varying hydrophilic group content and acid strength were treated 
with T1CI4 for 1 (Table ΠΙ) and 2 mins. (Table IV) followed by 0 2 R I E for 30 
mins. T i amounts and depth profiles were determined both before and after 0 2 

R I E . Examination of the results indicates that the etching rates of polymers are 
primarily a function of the T i present on the polymer surface and are largely 
independent of polymer structure, molar content of hydrophilic groups and acid 
strength of the O H groups. For example, the T i content in p o l y v i n y l alcohol), m-
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cresol novolac and P ( M M A - c o - M A A ) containing 25 mole % acid were very 
similar even though their acid strengths are very different. Also , T i incorporation 
did not vary with the mole % of the hydrophilic groups in a given set of polymers. 
T i amounts measured in p o l y v i n y l alcohol) and p o l y v i n y l acetate) as wel l as in 
acetylated m-cresol novolac copolymer series (Table V ) were the same within 
experimental error. 

O f the 8 polymers in Tables III and I V , only the PS and H B - H P R 206 films 
seemed to behave very differently. H B - H P R 206 films showed zero film thickness 
loss upon etching, while PS films exhibited the lowest etching selectivity in spite 
of having more T i than any other film. For example, H B - H P R 206 films with 

Table ΠΙ. Influence of Polymer Structure on TiCl 4 Incorporation 
and 0 2 RIE Rates of Various Polymer Films Treated for 1 Minute 

Polymer 
Measured by X F S 

(atoms/cm 2 χ 10~ 1 5) 
Before Etching After Etching 

(A/rnin) Etching 
(%) 

1. H B - H P R - 2 0 6 14.5 11.8 0 
(580) 

18 

2. τη-Cresol Novolac 9.4 5.1 125 
(660) 

46 

3. Acetylated-m-Cresol 
Novolac (100 mole %) 

9.8 5.5 57 41 

4. Poly(vinyl alcohol) 7.9 5.6 37 29 

5. P o l y v i n y l acetate) 6.1 4.0 298 b 34 

6. P ( M M A - c o - M A A ) 
(25 mole % M A A ) 

7.3 - <50 
(1500) 

-

7. P M M A 8.2 5.3 25 
(1560) 

35 

8. Poly(styrene) 28.2 22.1 325 b 

(610) 
22 

a. Etched for 30 min by 0 2 R I E . b. Completely removed, c. Parenthesis 
values are for untreated films. 
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Table IV. Influence of Polymer Structure on TiCI 4 Incorporation8 and 0 2 RIE 
Rates of Various Polymer Films 

Polymer 

Before Etching 

Ti Concentration 
Measured by XFS 

(atoms/cm2 χ 10~15) 
After Etching (A/min.) 

Polymer 
Removal 

Rateb 

ΔΉ Upon 
Etching 

(%) 

1. HB-HPR 206 20.3 16.4 0 19 

2. m-Cresol Novolac 13.0 6.2 15 52 

3. Acetylated m-Cresol 
Novolac (100 mole %

12.4 9.8 10 21 

4. Polyvinyl alcohol) 12.8 11.3 27 17 

5. Polyvinyl acetate) 9.9 7.4 6 26 

6. P(MMA-co-MAA) 
(25 mole % MAA) 

12.9 8.1 10 37 

7. PMMA 14.0 7.4 20 47 

8. Poly(styrene) 26.2 24.0 300 8 

a. Treated for 2 mins. 
b. Etched for 30 mins. by 0 2 RIE. 

1.45 x 1016 Ti atoms/cm2 registered no film thickness loss after 30 min. 0 2 RIE, 
but lost about 18% of Ti. Under the identical conditions PS films were completely 
etched away despite having 2.82 χ 1016 Ti atoms/cm2, but registered only 22% Ti 
loss (Table ΙΠ). The etching rates of poly(vinyl acetate) and m-cresol novolac 
films in Table III were significantly higher than those treated for 2 min. (Table IV). 
Poly (vinyl acetate) and m-cresol novolac films treated for 1 min. had only 3 and 
4.5 monolayers of Ti0 2 , respectively. A 30 mins. 0 2 plasma treatment depleted 
1-2 monolayers of Ti0 2 leaving behind just -2 monolayers of Ti0 2 , not enough to 
form a good, continuous etch mask. However, similar films treated for 2 mins. had 
5 and 6.5 monolayers of Ti0 2 which was reduced to about 3 monolayers after 
etching. This is still enough to form a reasonable etch mask. 
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Table V. Ti Concentrations on Acetylated m-Cresol Novolac Copolymers as a 
Function of mole % Acetyl Groups1 

Polymer Mole % 
Acetyl 

T i Concentration 
Measured by X F S 

Before Etching 
(atoms/cm 2) 

1. m-Cresol Novolac 0 9.42 χ 10 1 5 

2. Acetylated 
Novolac Copolymer 20 9.46 χ 10 1 5 

3. 

4. ·· 70 9.69 χ 10 1 5 

5. 80 1.05 χ 1 0 1 6 

6. 90 9.39 χ 10 1 5 

7. 100 9.83 χ 1 0 1 5 

1. T1CI4 treatments were conducted for 1 minute at a 
background pressure of 220 mtorr 

In order to understand the very poor etching selectivity of PS films, in spite of 
their very high T i content, as well as to examine the effect of T i amounts and 
depth profiles on the etching rates, R B S analysis was conducted on a representative 
group of hydrophilic and hydrophobic polymer films that were treated for 1 and 2 
mins. with T1CI4. The treated samples were broken into two pieces and one of 
each was subjected to 0 2 RIE . Then both sets of samples were analyzed by R B S . 
Two generalizations can be made from these analyses. First, the T i content is 
lower in etched samples as compared to unetched samples, as expected (Figures 
5,6). Second, the T i distribution is confined to a relatively thin layer at the surface 
of a l l polymers except PS , where it was found to be diffused through the entire 
thickness of the film (Figure 7) as indicated by the very broad T i peak and more 
importantiy, by the presence of a broad peak corresponding to CI extending from 
channel numbers 315 to 354. The presence of chlorine through the entire thickness 
of the PS film, whether from diffused T1CI4 or from HC1 (hydrolysis product of 
T1CI4), attests to the diffusion process in PS . In the case of hydrophilic and 
moderately hydrophobic polymer films, the T i peak shapes and widths for the 
etched and unetched specimens are nearly identical leading to the conclusion that 
there is no significant diffusion of T i into the bulk of the film and that T i is 
present within the top 300 A , the resolution limit of the R B S measurement. In 
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1 0 5 

m - C r e s o l Novolac 
U N E T C H E D 
ETCHED 

2.120 MeV 20/i.C 
1 6 2 DEG RBS 

Si S U B S T R A T E 

210 2 9 0 

C H A N N E L # 

370 450 

Figure 5. R B S spectra of a m-cresol novolac film treated with T1CI4 for 2 
mins. (dotted line) and then etched for 30 mins. by 0 2 R I E 
(solid line). 

Figure 6. R B S spectra of a P M M A film treated with T1CI4 for 2 mins. 
(dotted line) and then etched for 30 mins. by 0 2 R I E (solid line). 
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hydrophilic and moderately hydrophilic polymers, the polar groups, such as C=0, 
OH and COOH, hydrogen bond to a surface water layer on the polymer. In the 
functionalization process, TiCl 4 is hydrolyzed at the polymer surface to form a 
surface Ti0 2 layer that acts as an etch barrier during 0 2 RIE. Our results indicate 
that at least 3 monolayers of Ti are necessary to form a tenacious etch mask and 
that etching selectivities as high as 3000 can be attained with 5-6 monolayers of 
Ti. Hydrophobic polymers such as PS lack hydrogen bonding functionalities and 
hence lack surface water, thus explaining the absence of a significant surface Ti0 2 

layer and poor etching selectivities. XPS analysis of PS samples corroborates this 
hypothesis (13). 

Several substituted poly(styrene) polymers were treated with T1CI4 to determine 
the effect of the substituent on the functionalization process (Figure 8). The 
polymer films were treated with T1CI4 for 1 min. and were etched in an 0 2 plasma 
for 30 mins. to determine the etching properties  The substituents that possess 
oxygen atoms e.g. OH, OAc
and N0 2 made the polymer films etch resistant to 0 2 RIE indicating that the 
polymer surface is hydrophilic enough to sorb sufficient water required to form an 
etch resistant Ti0 2 layer upon reaction with T1CI4. Separate experiments with 
poly(styrene-allyl alcohol) copolymers revealed that 0.2-0.3 atomic % of hydroxyl 
oxygen is sufficient to give functionalized polymers after treatment with T1CI4. 

Poly(styrene) with Cl, Br, CH3 or CH2C1 substituents did not functionalize after 
treatment with T1CI4 as evidenced by the etching rates. 

These results provided the basis for postulating a new imaging scheme using 1) 
photooxidation of hydrophobic polymers to give a hydrophilic polymer surface 
having C=0, OH and COOH groups, 2) selective sorption of water on the 
hydrophilic sites, 3) reaction of T1CI4 with surface water to form Ti0 2 on the 
hydrophilic exposed sites and 4) development by 0 2 RIE to provide negative-tone 
images (Figure 9). Since this process only has utility at the polymer surface, 
optimum results should be obtained for very highly absorbing polymers. Owing to 
its very high absorption, PS or its derivatives should be most sensitive at 193 nm. 
Initial experiments were conducted with 193 nm radiation from an ArF laser while 
imaging experiments were performed using KrF excimer laser radiation (248 nm) 
from a deep-UV stepper since no reliable fine line imaging tool is available when 
193 nm radiation is used as the exposure source. 

Photooxidation of poly(styrene) has been a subject of considerable interest over 
the past 25 years (14,15). However, the surface photooxidation of poly(styrene), 
the aspects of which are most pertinent to the proposed photooxidative scheme, has 
only been examined recently (16,17). Free radical intermediates have been 
proposed to account for the formation of oxidized groups upon 254 nm irradiation 
of poly(styrene). 

Sensitivity data for 193 nm exposures were obtained by imaging 1 mm to 1 cm 
diameter spots in a 1.2 μηι thick poly(styrene) film using a Questek ArF excimer 
laser. Sensitivity was found to be a function of the fluence. For example, one 
pulse was sufficient to result in a full thickness image after treatment with T1CI4 

and 0 2 RIE when the fluence was 6 mJ/cm2/pulse (Figure 10). Considerably more 
dose (32 mJ/cm2) was required to obtain the same result when the fluence was 1 
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Figure 7 . 
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R B S spectra of a poly(styrene) film treated with T1CI4 for 2 
minutes. 
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Figure 8. Structures and functionalization nature of poly(styrene) 
derivatives reacted with T1CI4. 
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AROMATIC POLYMER 

- 1 9 3 OR 2 4 8 n m LIGHT 

• SUBSTRATE 
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SURFACE REGION 

r//////////////////////A 
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Figure 9. Photooxidative imaging scheme using the gas-phase 
functionalization of hydrophilic polymer regions by T1CI4 
treatment and 0 2 R I E development. 
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mJ/cm 2/pulse. In the latter case, a rough value for the contrast could be 
determined as 2.2. Chlorinated poly(styrene) films were found to be slightly more 
sensitive; 3 mJ/cm 2 was sufficient to give full thickness image at the fluence of 1 
mJ/cm 2/pulse. 

Poly(styrene) exhibited only traces of patterns at doses <500 m J / c m 2 when 
exposed at 248 nm on a K r F excimer laser stepper. However, Sub half-micron 
features (Figure 11) could be resolved with a sensitivity of 200 m J / c m 2 and a 
contrast >2 (Figure 12) in 1-2 μπι thick chlorinated poly(styrene) films. The 
sensitivity of 200 mJ/cm 2 is rather low, but is significant considering that the 
absorption of poly(styrene) is less than 0.1/μηι at 248 nm (Figure 13). The 
sensitivity and contrast of chlorine-containing poly(styrenes) were found to be a 
function of the amount of CI and the position of CI on the polymer chain in 
addition to the relative humidity, T1CI4 treatment time and etching time. Chlorine 
at the α-carbon imparted th  highest selectivit  (Tabl  VI )  Sensitivit  als
found to be directly proportiona

Table VI. Lithographic Sensitivity as a Function of 
the Amount and Position of Chlorine in Poly(styrene) Polymers 

Polymer C l / C Lithographic 
Sensitivity 

1. Chlorinated poly(styrene) a 0.143 200 

2. Poly(2-chloro styrene) 0.125 >500 

3. Poly(4-chloro styrene) 0.125 >500 

4. Poly(4-chloromethyl styrene) 0.111 300 

a. Chlorine is present both on the methine and aromatic ring carbons. 

The patterns generated by this method have some line edge roughness and 
background residue resulting from the diffusion of T1CI4 into the unexposed 
regions. Residue was also observed in control experiments where a chlorinated 
poly(styrene) fi lm was treated with T1CI4 without any exposure to light and was 
etched by 0 2 R I E . Another factor contributing to the residue is the reflected light 
from the S i substrate. 

The "residue" can be minimized using bilayer schemes and sensitivity can be 
increased by either using p o l y v i n y l biphenyl) derivatives that are more absorbing 
at 248 nm or by adding anthracene derivatives to chlorinated poly(styrene) 
polymer. The present formulations are not production worthy because of this 
"residue" and we are currently working on approaches that may eliminate this 
problem. 
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Figure 10. 

Figure 11. 

Sensitivity curves for 1.2 μπι thick polv(styrene) films exposed 
at 193 nm at fluences of 1 and 6 mJ/cnr/pulse and developed by 
0 2 R I E . 

S E M of 0.4 μηι line and space patterns in a 1.2 μπι thick 
chlorinated poly(styrene) film exposed with 250 mJ/cm 2 of 248 
nm light, treated with T i C l 4 and developed by 0 2 R IE . 
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Figure 12. Sensitivity curve for 0.8 μηι thick chlorinated poly(styrene) resist 
exposed at 248 nm and developed for 21 mins. by 0 2 R IE . 
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Figure 13. Absorption spectrum of a 1 μπι thick poly(styrene) film on a 
quartz disc. 
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Conclusions 

T1CI4 readily functionalizes hydrophilic polymers such as p o l y v i n y l alcohol), 
m-cresol novolac and methacrylic acid copolymers as wel l as moderately 
hydrophobic polymers such as poly(methyl methacrylate), p o l y v i n y l acetate), 
poly(benzyl methacrylate) and fully acetylated m-cresol novolac. T1CI4 did not 
react with poly(styrene) to form etch resistant films indicating that very 
hydrophobic films follow a different reaction pathway. R B S analysis revealed that 
T i is present only on the surface of hydrophilic and moderately hydrophobic 
polymer films, whereas it was found diffused through the entire thickness of the 
poly(styrene) films. The reaction pathways of hydrophilic and hydrophobic 
polymers with T1CI4 are different because T1CI4 is hydrolysed by the surface water 
at the hydrophilic polymer surfaces to form an etch resistant T1O2 layer. Lack of 
such surface water in hydrophobic polymers explains the absence of a surface T1O2 
layer and the poor etching selectivities

A photooxidative schem
in single layer resist schemes by photochemical generation of hydrophilic sites in 
hydrophobic polymers such as poly(styrene) and chlorinated poly(styrene) and by 
selective functionalization of these hydrophilic sites with T1CI4 followed by 0 2 

R I E development. Sub half-micron features were resolved in 1-2 μηι thick 
chlorinated poly(styrene) films with exposures at 248 nm on a K r F excimer laser 
stepper. The polymers are much more sensitive to 193 nm (sensitivity 3-32 
mJ/cm 2 ) than to 248 nm radiation (sensitivity -200 mJ/cm 2 ) because of their 
intense absorption at 193 nm. 
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Chapter 13 

Kinetics of Polymer Etching in an Oxygen 
Glow Discharge 

Charles W. Jurgensen 

AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, NJ 07974 

This paper is a critical review of the literature and a sum
mary of my recent work on the etching kinetics of organic and 
organosilicon polymers in oxygen glow discharges. The most 
important application for etching polymers in oxygen glow 
discharges is the pattern transfer step in multi-layer lithogra
phy. Anisotropic etching is required and observed in this appli
cation; this suggests that bombardment-induced processes play 
a dominant role in the etching mechanism. The etching rate 
for a bombardment-induced mechanism is equal to the flux of 
bombarding particles times the average yield per particle. The 
simplest kinetic model for a bombardment-induced process 
assumes that the yield per bombarding particle depends only 
on its energy and its angle relative to the surface normal. This 
paper discusses etching results of organic and organosilicon 
polymers to determine the range of etching conditions where 
these results are consistent with this simplest kinetic assump
tion. 

Multi-Layer Lithography. The etching kinet ics of organic and organosilicon 
polymers i n oxygen glow discharges is important because the oxygen "reac
tive ion etching" ( 0 2 R I E ) behavior of these materials is the basis for the 
pat tern transfer step in mult i - layer l i thography [1,2]. Single-layer opt ical 
l i thography is now capable of half micron resolution on planar, nonreflective 
substrates; however, thickness variations and reflections off topography are 
severe problems for single-layer resists on reflective topographic substrates. 
These difficulties associated w i t h device topography are el iminated i n mu l t i 
layer l i thography by coating the substrate w i t h an organic planar iz ing layer 
that ideal ly provides a level, nonreflective surface on w h i c h to image. Th i s 
simplifies the imaging step, but addi t ional processing steps are required to 
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transfer the pat tern through the planar iz ing layer. Tr i - layer schemes use a 
conventional resist to pat tern an intermediate masking layer wh ich is subse
quently used to pat tern the planar iz ing layer dur ing the 0 2 R I E pat tern 
transfer step; the masking layer may be either an inorganic oxide [3], or an 
organosilicon polymer [4]. S i l icon (or another oxide precurser) is incor
porated in to the imaging layer in bi-layer l i thography [5,6,7] to enable it to 
funct ion as the 0 2 R I E mask. Surface funct ional izat ion schemes [8,9] 
achieve mult i - layer performance in a single resist layer by selective incor
porat ion of an 0 2 R I E resistant species in to the surface of the exposed resist 
film to allow 0 2 R I E development of the latent image. The 0 2 R EE pat tern 
transfer step is a cr i t ica l process in all these schemes; thus it is impor tant to 
unders tand the factors control l ing polymer etching rates, selectivity, unifor
mi ty , anisotropy, and process lati tudes. 

The Problem with Plasmas.
independent degrees of freedo
sure, gas composit ion, gas flow rate, sample temperature, reactor geometry, 
magnetic field strength, and others. A l l these processing variables have an 
effect on etching rates, selectivity, uniformity , and anisotropy; but a funda
mental interpretat ion of these effects requires that one unders tand the effect 
of the processing variables on the fundamental variables such as the radical 
concentrat ion, ion flux, ion energy d is t r ibut ion , and others. Plasmas are not 
understood well enough to predict these fundamental variables as a funct ion 
of the processing variables; thus one must use plasma diagnostics to deter
mine the dependence of the fundamental variables on the processing var i 
ables. Unfor tunate ly plasma diagnostics are themselves complex, and it is 
difficult to measure or estimate the radical f lux, ion flux, ion energy dis t r ibu
t ion , ion angular d is t r ibut ion , energetic neutral f lux, and other fundamental 
variables. Interpreting the results observed i n empir ica l studies is difficult 
because one never has complete information on all these fundamental var i 
ables. 

Bombardment-Induced Kinetics. The direct ional i ty observed in anisotropic 
pat tern transfer processes results from the h ighly direct ional angular dis t r i 
bu t ion of the energetic particles bombarding the surface being etched. In 
0 2 glow discharges, these particles are O^" ions and the energetic neutral 0 2 

products of charge transfer collisions [10]. H igh l y selective and anisotropic 
pat tern transfer is rout inely achieved i n mult i - layer l i thography; this ind i 
cates that chemical and physical processes are acting synergist icly because 
purely physical sput ter ing is not selective while purely chemical etching is 
not anisotropic. The etching rate for a bombardment- induced process is 
equal to the bombarding particle flux times the y ie ld per bombarding par t i 
cle; thus, to characterize the kinetics of a bombardment- induced 
chemically-assisted etching process, one must determine the y ie ld per bom
barding particle as a function of its mass, energy, angle relative to the sur
face normal , the flux ratio of bombarding to chemical ly assisting species, 
sample temperature, and other fundamental variables. If the chemical ly 
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assisting species is ground state oxygen molecules then the bombarding to 
assisting flux ratio w i l l be low at typ ica l 0 2 R I E pressures, so the pressure 
may have l i t t le effect on the yields under these condit ions. The simplest 
bombardment- induced kinet ic model assumes that the y ie ld per bombarding 
particle on ly depends on its energy and its angle relative to the surface nor
ma l . T h i s review w i l l seek to determine the range of e tching condit ions 
where this simplest k inet ic assumption is consistent w i t h publ ished etching 
results. The first section of this paper is a cr i t ica l review of the li terature on 
the etching kinet ics of organic polymers i n 0 2 glow discharges. The second 
section of this paper reviews the oxidat ion kinet ics of organosilicon polymers 
i n 0 2 glow discharges. Some impor tant aspects of polymer etching kinet ics 
can not be learned by etching planar samples. F o r example, the angle 
dependence of the y ie ld can not be determined except by bombarding at off 
normal incidence or by etching topographic substrates  The angle depen
dence has not been direct l
impor tant for understandin
of this paper. 

Organic Polymers 

Chemical Etching Regime. Tay lo r and W o l f [11], s tudied the 0 2 p lasma 
etching rates of many organic polymers at h igh pressure (.5 to 1 torr) i n a 
barrel-type etching system where the physical etching component is negligi
ble. Pederson [12] conducted a s imilar s tudy for C F 4 and C F 4 / 0 2 

discharges. The etching rates observed i n these studies were strong func
tions of temperature, and the relative rates of different polymers var ied more 
than an order of magnitude. These large variat ions were rat ional ized i n 
terms of chemical properties such as the chain scission y ie ld . Cook and B e n 
son [13,14] used electron paramagnetic resonance spectroscopy to s tudy the 
oxidat ion of photoresist (novolac) downstream from a microwave discharge. 
T h e y found that the etching rate is proport ional to the Ο atom concentra
t ion , and shows an Ar rhen ius temperature dependence w i t h an act ivat ion 
energy of 11 kca l /mole . Spenser et a l . [15] found the same act ivat ion energy 
i n a downstream s t r ipp ing system. 

Ion Beam Studies. G o k a n et a l . [16,17,18] s tudied A r + and 0 / ion beam 
etching (ΓΒΕ) rates of several organic polymers. Since carbon has the smal
lest sput ter ing y ie ld of the atoms present i n organic polymers, they expected 
that the relative A r + sput ter ing rates would be inversely proport ional to the 
mass density of carbon (density times mass fraction carbon) i n the polymer. 
The relative etching rates var ied by a factor of 3, and were i n good agree
ment w i t h the expected correlation. Fur thermore , a better correlation was 
obtained when one carbon atom per oxygen atom i n a monomer uni t was 
neglected in calculat ing the carbon mass density. T h e y concluded that 
C = 0 groups have a higher sput ter ing y ie ld than carbon atoms; this is rea
sonable because C O is a stable molecule and one would expect its b ind ing 
energy to the surface to be much smaller than that of a carbon atom. The 
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O^" I B E rates were proport ional to but 15 times higher than the A r + I B E 
rates, and C O was the predominant carbon containing 0 2 I B E product . The 
0 2

+ I B E yields [17] increased as the 0 2 chamber pressure increased, but 
surpr is ingly the y ie ld decreased w i t h increasing bombardment energy. A t 
the lowest pressure, the yields were 2 carbons per Ο2", ind ica t ing that both 
Ο atoms reacted to form C O . Th i s is an example of the reactive ion etching 
mechanism, but i t is interesting to note that this mechanism was only 
observed at their lowest chamber pressure ( 5 X 1 0 ~ 5 torr) . A s the 0 2 

chamber pressure increased, the yields increased up to 6 carbons per 0 / at 
the highest pressure s tudied (0.4 mtorr) . T h e y noted that this chamber 
pressure was too low for charge transfer collisions to play an impor tant role 
in increasing the flux of bombarding particles; thus they concluded that 
these yields resulted from an 0 2 chemically-assisted, bombardment- induced 
etching mechanism. They were also able to explain the counter intui t ive 
energy dependence of the
their ion source was not equippe
prevent target electrons from flowing back to the source plasma; thus they 
could not independent ly control acceleration voltage and beam current . The 
beam current increased rapidly w i t h acceleration voltage, so the neutral-to-
ion flux ratio (pressure to beam current ratio) decreased w i t h acceleration 
voltage. T h e y concluded that the bombardment- induced chemistry per ion 
depends direct ly on the neutral-to-ion flux ratio, and that this dependence 
dominated the direct energy dependence when the acceleration voltage was 
increased. 

These studies [16,17,18] are important because they show that ground 
state 0 2 can enhance polymer 0 / I B E yields, but they leave several impor
tant questions unanswered. W h a t is the energy dependence of the y ie ld at 
constant 0 2 pressure and beam current? W h a t happens when the neutral-
to-ion flux ratio is increased by more than an order of magnitude to the 
range typ ica l for 0 2 R I E pat tern transfer processes? Does the yie ld saturate 
w i t h increasing pressure at constant ion flux and energy? D o the 0 2 

molecules enhance the yie ld by a thermal spike mechanism [19,20] or by an 
enhanced sput ter ing mechanism [21]? The chemical ly enhanced sput ter ing 
mechanism is a momentum transfer collision cascade mechanism where the 
product molecules leave the surface w i t h i n a picosecond of the collision and 
have a non-Maxwel l ian energy d is t r ibut ion . The chemical enhancement i n 
this mechanism results from the chemical s tab i l i ty of C O molecules wh ich 
allows a C O molecule to be removed from the polymer chain w i t h much less 
energy than would be required to remove a Ο Η χ radical or C atom. The 
thermal spike mechanism assumes that the product molecules leave the sur
face on a t ime scale greater than a picosecond wh ich is the t ime required for 
the surface to reach local thermal equi l ibr ium [19]. In this mechanism, the 
product molecules have a modified Maxwel l i an energy d is t r ibu t ion at the 
(time varying) local surface temperature [19]. A low energy ( < 1000 e V ) ion 
penetrates « 4 0 A into the surface; thus it deposits its energy into the 
« 1 0 0 0 atoms that are w i th in 40 A of the point where the ion hi t . F o r a 500 
e V ion , this results in a local temperature of « 5 0 0 0 ° K (roughly the 
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temperature at the surface of the sun) wh ich persists for tens of picoseconds. 
The chemical enhancement in this mechanism results from thermal ly 
induced reactions w i t h 0 2 adsorbed to the surface and from thermal desorp-
t ion of C O groups wh ich may be formed when 0 2 reacts w i t h the radicals 
that may remain after a thermal spike has cooled. These mechanisms may 
be dist inguished by measuring the product energy d is t r ibu t ion [19,20,21,22], 
but such measurements have not been at tempted i n polymer etching. The 
most impor tan t d is t inc t ion between these mechanisms is that energy is a 
scalar quant i ty while momentum is a vector quanti ty; thus yields may be 
angle dependent for a momentum transfer mechanism, but must be nearly 
independent of angle for a thermal spike mechanism. Phys i ca l sput ter ing 
yields are strongly angle dependent [22,23], but chemically-enhanced 
bombardment- induced etching yields are nearly independent of angle i n the 
systems that have been s tudied to date [24,25,26]  The angle dependence 
was not determined in Gokan '
relevant to the s imula t ion
in the f inal section of this paper. 

Role of Ο Atoms in Pattern Transfer Regime. Oxygen atoms spontaneously 
etch polymers and are present under 0 2 R I E conditions, so it is important to 
determine i f they have a significant effect on polymer 0 2 R I E rates under 
typ ica l etching condit ions. Har tney et a l . [27] measured the effect of power 
densi ty and pressure on organic polymer 0 2 R I E rates while using mass spec
t r o m e t r y flux analysis to t rack the Ο atom par t ia l pressure. The i r organic 
polymer 0 2 R I E rate increased w i t h pressure, but the Ο atom par t ia l pres
sure decreased w i t h pressure. Th i s experiment shows that Ο atoms can not 
explain the observed t rend, and suggests that Ο atoms do not part icipate i n 
the rate control l ing step. Selwyn [28] used laser-induced fluorescence to 
measure the Ο atom concentrat ion d is t r ibut ion over a bare electrode, and 
over a polyimide polymer sample in a low pressure 0 2 / A r glow discharge. 
E t c h i n g rates increase w i t h bias voltage, but Selwyn found that the Ο atom 
concentrat ion near the polymer surface decreased w i t h bias voltage. Selwyn 
concluded that the Ο atoms are not rate control l ing, and suggested a dom
inant role for bombardment- induced processes. The Ο atom concentrat ion 
gradient increased w i t h bias voltage, wh ich shows that the Ο atom consump
t ion rate increases w i t h the etching rate. Selwyn [28] suggests that 
bombardment- induced processes control the etching rate, wh ich i n t u rn con
trols the Ο atom consumption rate, and hence the concentrat ion near the 
polymer surface. Three studies of 0 2 R I E profiles [29,30,31] have reported 
that Ο atoms can result i n lateral etching rates (undercutt ing) as high as 
15% of the ver t ical etching rate; moreover, this lateral etching component is 
temperature sensitive (activation energy 2.1 kca l /mole [30]). Th i s radical 
induced undercut t ing may be almost completely suppressed by hold ing the 
substrate at room temperature [29,30], or by adding hydrocarbons to the 
plasma to reduce the Ο atom concentrat ion [31]. 
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Role of Bombardment in Pattern Transfer Regime. G o k a n et a l . [18] meas
ured the relative 0 2 R I E rates of a series of polymers and found that the 
R I E rates scaled inversely w i t h the mass density of carbon as i n their I B E 
s tudy (several materials deviated from the correlation). The relative R I E 
rates [18] var ied by a factor of 3 and do not show the large variat ions charac
teristic of the radical- induced mechanism [10]. These results s trongly sug
gest a bombardment- induced mechanism, but one can not d i rect ly apply the 
I B E results to R I E conditions because I B E neutral-to-ion flux ratios are ord
ers of magnitude lower than under R I E condit ions. 

Paraszczak et a l . [32] s tudied polyimide etching i n a dual rf-microwave 
etching system. T h e y used a L a n g m u i r probe to moni tor the p lasma density, 
and used the 13.5 M H z rf power to control the sheath acceleration voltage 
while independent ly control l ing the plasma density w i t h the microwave 
power source. In one experiment
at constant plasma density
the square root of voltage over the range from 15 to 160 V o l t s . The ion flux 
is proport ional to the plasma density [33], so this experiment is performed at 
constant ion flux; thus it determines the etching yie ld as a funct ion of bom
bardment energy to w i t h i n a propor t ional i ty factor. T h e y [32] noted that 
the momentum per bombarding particle varies as the square root of its 
energy, and argued that the square root energy dependence implies that the 
rate control l ing step is a physical sput ter ing (momentum transfer) process. I 
agree that these results reflect the energy dependence of the y ie ld ; however, 
I do not. agree that these results i m p l y that the rate control l ing step is a phy
sical sput ter ing process for the following reasons: (1) A straight line w i t h a 
positive intercept on the rate axis fits this data as wel l as their square root 
energy dependence. (2) Phys ica l sput ter ing yields do not scale as the square 
root of bombardment energy [22]. I w i l l re turn to a discussion of the energy 
dependence after showing that the results presented by Paraszczak et a l . [32] 
are consistent w i t h the energy dependent yields reported by Jurgensen and 
Rammelsberg [34]. 

In a second experiment, Paraszczak et a l . [32] observed that the etching 
rate increases l inearly w i t h the plasma density when the microwave power 
source is used to vary the plasma density at constant sheath acceleration vo l 
tage. T h e y argued that the Ο atom concentrat ion is proport ional to the 
plasma density and interpreted the results of this experiment i n terms of a 
radical-dominated mechanism. They d id not measure the Ο atom concentra
t ion , and it is not clear why they abandoned the physical sput ter ing mechan
ism wh ich they had used to explain the acceleration voltage dependence. 
The ion flux is proport ional to the plasma density [33] (at constant electron 
temperature as reported in this experiment); thus a linear increase i n etching 
rate w i t h plasma density can also be interpreted i n terms of a 
bombardment- induced mechanism. Th i s experiment shows that the etching 
rate is proport ional to the ion flux at constant acceleration voltage; thus it 
implies that the y ie ld is independent of the neutral-to-ion flux ratio under 
these etching condit ions. 
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Visser and de Vr ies [29] used an energy flux diagnostic to s tudy the 0 2 

R I E rates of novolac, polystyrene and polymethylmethacrylate ( P M M A ) in a 
symmetr ic parallel plate etching system. They reported that the etching 
rates of the novolac and polystyrene are insensitive to temperature, but the 
etching rate of P M M A at 150 ° C was three times its etching rate at 4 0 0 C . 
T h e y determined that the etching reactions are exothermic for novolac, 
polystyrene, and for P M M A at 40 0 C ; however, the P M M A reaction becomes 
endothermic at temperatures higher than 100 0 C . A t low temperature, the 
P M M A etching rate in an A r plasma was much lower than in an 0 2 plasma, 
but at high temperature the P M M A etched at the same rate both plasmas. 
T h e y [29] concluded that P M M A etches by a bombardment- induced oxida
t ion mechanism at low temperatures, but at high temperatures it etches by 
chain scission followed by depolymerizat ion and evaporation of the mono
mer. 

Visser and de Vr ies [29
energy balance to determine the rate at wh ich bombarding particles deliver 
energy to the sample. They determined etching rates and energy deposition 
rates on both the powered and grounded electrodes as a funct ion of 0 2 pres
sure over the range from 1.3 to 12.5 P a . The novolac etching rate increased 
w i t h pressure on the powered electrode while it decreased w i t h pressure on 
the grounded electrode; however, it was proport ional to the bombardment 
energy flux on both electrodes. Th i s correlation is p lot ted as triangles on 
F i g . 1 where the lower three etching rates were obtained on the grounded 
electrode while the higher rates were obtained on the powered electrode. 
The i r system is nominal ly an equal area system, but the powered electrode 
s t i l l developed a negative self bias; thus the difference i n etching rates 
between the powered and grounded electrodes p r imar i ly reflects the differ
ence in sheath acceleration voltages on these electrodes. Th i s energy flux 
diagnostic results i n a correlation that simultaneously accounts for the effect 
of pressure and acceleration voltage on polymer 0 2 R I E rates. T h e y con
cluded that the propor t ional i ty between etching rates and the bombardment 
energy flux implies that the rate control l ing step is a bombardment- induced 
process. 

Jurgensen [10] has shown that the sheath thickness is on the order of the 
mean free path for charge transfer collisions under typ ica l 0 2 R I E condi
t ions. Thus the flux of energetic neutral products of charge transfer col l i 
sions is on the order of the ion flux, and charge transfer collisions control the 
ion energy d is t r ibut ion at the electrode. Jurgensen and Shaqfeh [35] have 
presented a theory wh ich uses measurements of the pressure, sheath th ick
ness, and sheath voltage drop to estimate the flux and average bombardment 
energy of ions, and of energetic neutral 0 2 products of charge transfer 
collisions. Jurgensen and Rammelsberg [34] have appl ied this theory to 
s tudy the 0 2 R I E kinetics of a hard-baked organic novolac polymer. They 
s tudied the effect of pressure, sheath voltage drop, rf frequency, sample tem
perature, and 0 2 flow rate on 0 2 R I E rates (R), and on the energy flux 
delivered by bombarding particles (Q). F igure 2 shows the effect of pressure 
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F i g . 1. The organic polymer etching rate is a linear funct ion of the 
bombardment energy flux as determined by Visser and de 
Vr ies [29] (triangles) and by Jurgensen and Rammelsberg 
[34] (squares). 
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F i g . 2. The organic polymer 0 2 R I E rate (filled points) t racks the 
bombardment energy flux (open points) as the pressure is 
var ied at a constant 500 V self bias, and at 13.5 M H z . 
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on the 0 2 R I E rate (filled points) and on the bombardment energy flux 
(open points) at 500 V self bias, 13.5 M H z , 20 S C C M 0 2 flow, and 20 0 C 
sample temperature. The etching rates and energy fluxes in F igs . 2 and 3 
are ratioed to the results at 10 mtorr where the etching rate is 0.1 wra/min 
and the estimated energy flux is 110 W / m 2 . Note that the etching rate 
t racks the energy flux as reported by Visser and de Vr ies [29]. Jurgensen 
and Rammelsberg [34] also reported that the etching rate and bombardment 
energy flux both increased by a factor of 2.5 when the frequency was 
increased from 9 to 18 M H z at 10 mtorr , and 500 V self bias. F igure 3 shows 
the effect of self bias voltage on the relative etching rate (filled points) and 
bombardment energy flux (open points) at 13.5 M H z and 10 mtorr (squares) 
or 80 mtor r (triangles). Th i s figure shows that the etching rate t racks the 
bombardment energy flux at bo th pressures. The flow rate was var ied from 5 
to 100 seem, and the sample temperature was varied from 15 to 90 ° C , but 
neither of these variables ha
the bombardment energy
between etching rate and energy flux, as reported by Jurgensen and R a m 
melsberg [34]. These results span the following range of parameter space: 
pressure from 5 to 80 mtorr , self bias from 200 to 1000 volts , appl ied power 
density (not an independent variable) from 0.1 to 1.4 W / c m 2 , frequency from 
9 to 18 M H z , 0 2 flow rate from 5 to 100 seem, and sample temperature from 
15 to 90 0 C . Note that the etching rate is a linear funct ion of the energy 
flux over this entire range of etching condit ions. 

F igure 1 shows that the results reported by Jurgensen and Rammelsberg 
[34] (squares) are i n qualitative agreement w i t h those reported by Visser and 
de Vr i e s [29] (triangles), but the results of these studies do not overlay. Jur
gensen and Rammelsberg [34] have discussed the differences i n reactor 
geometry and i n the methods used to estimate the bombardment energy flux 
i n an at tempt to understand what is responsible for the quanti tat ive differ
ences between these studies. T h e y concluded that the relative energy flux 
estimates shown i n F igs . 2 and 3 are accurate, but the absolute energy flux 
estimates (squares shown i n F i g . 1) are low because the theory does not 
account for the effect of rf modula t ion on the electron densi ty in the sheath 
[35]. The correction for this effect would shift the squares i n F i g . 1 to the 
r ight towards the results presented by Visser and de Vr i e s [29] (triangles). 
T h e y also argued that energetic electrons may contribute to the energy flux 
measured in the symmetr ic system used by Visser and de Vr i e s [29]. In par
t icular energetic electrons are known [36] to bombard the counter-electrode 
where three of their results were obtained (lower 3 triangles i n F i g . 1). Ener 
getic electrons are expected to be less effective at induc ing chemical reac
tions, so this could explain w h y these three data points are shifted to the 
right of the results presented by Jurgensen and Rammelsberg [34]. The 
above speculations may be tested by direct comparison between these 
methods of est imating the ion flux. 

Bombardment-induced Yields in Pattern Transfer Regime. Visser and de 
Vr ies [29] est imated the sheath acceleration voltages i n their system, and 
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used the measured energy flux to estimate the ion flux. F r o m the etching 
rate and the ion f lux, they determined that the y ie ld per ion was 3.6 mono
mer units for the novolac [C^H^O^) at an estimated 500 V acceleration vo l 
tage. F o r this e tching condi t ion, the yields for novolac, polystyrene, and 
P M M A at 40 0 C were all about 30 carbons per bombarding ion . Th i s y ie ld 
is 5 times larger than the largest 0 2 I B E yie ld reported by G o k a n and E s h o 
[16], bu t this is consistent w i t h Gokan ' s finding that the y ie ld increases w i t h 
the neutral-to-ion flux ratio. The results presented by Visser and de Vr ies 
[29] i m p l y that the y ie ld is independent of the neutral-to-ion flux rat io i n the 
R I E pressure range, and this is consistent the results presented by 
Paraszczak et a l . [32]. 

F igure 1 shows that the etching rate is nearly propor t ional to the energy 
flux delivered by bombarding particles; this implies that bombardment-
induced processes control
particle is nearly proport iona
dependence of the carbon atom y ie ld (squares) as determined by Jurgensen 
and Rammelsberg [34] from the etching rate and estimated to ta l flux of ions 
and energetic neutrals. The triangles and right hand axis on F i g . 4 are the 
etching rates reported by Paraszczak et a l . [32] as funct ion of sheath 
acceleration voltage at constant plasma density. The ion flux was constant 
i n Paraszczak ' s [32] experiment, so his e tching rates are propor t ional to the 
energy dependent y ie ld and it should be possible to rescale his etching rates 
to superimpose them on Jurgensen's [34] y ie ld t rend . The line shown on F i g . 
4 is a linear least squares fit to the yields reported by Jurgensen and R a m 
melsberg [34], but i t is also a reasonable fit to the etching rates reported by 
Paraszczak et a l . [32]. T h u s the yields i n these studies show nearly the same 
energy dependence. Jurgensen's y ie ld extrapolates to a finite value of 3 ±2 
carbons per 0 2 at zero bombardment energy. Subt rac t ing 2 carbons per 
bombard ing 0 2 gives the induced y ie ld per incident part icle w h i c h extrapo
lates to zero at zero bombardment energy (wi th in experimental error). F o r 
the rescaling factor chosen i n F i g . 4, Paraszczak 's [32] results extrapolate to 
a y ie ld of 4.4 (f0.2) carbons per Ο £ at zero energy. Th i s implies that Ο 
atoms induce half the etching rate at the lowest acceleration voltage i n 
Paraszczak 's [32] s tudy wh ich agrees w i t h the amount of undercut t ing 
observed on their etching profiles [32]. The etching profiles observed i n 
Jurgensen's [37] system do not show any radical induced undercut t ing and 
w i l l be discussed in the final section of this paper. 

U n d e r typ ica l 0 2 R I E conditions, the induced y ie ld is much larger than 
the 2 carbons removed by the react ivi ty of an energetic 0 2 ion or neutral . 
T h u s the term "reactive ion e tching" is actual ly a double misnomer. It 
implies that the bombarding particles are Ο 2 ions, but the flux of energetic 
neutral products of charge transfer collisions is roughly equal to the ion flux 
under typ ica l 0 2 R I E conditions [10]. In addi t ion , i t implies that the reac
t i v i t y is suppl ied by the bombarding ion, but F i g . 4 shows that the induced 
y ie ld is m u c h larger than this reactive component. The mechanism impl ied 
by the name "reactive ion e tching" was observed at the lowest pressures in 
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F i g . 3. The organic polymer 0 2 R I E rate (filled points) t racks the 
energy deposition rate (open points) as the self bias voltage 
is var ied at 13.5 M H z and 10 mtorr (squares) or 80 mtorr 
(triangles). 
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The carbon atom yie ld (squares and left hand axis) reported 
by Jurgensen and Rammelsberg [34], is compared to the 
etching rate at constant plasma density (triangles and right 
hand axis) reported by Paraszczak et a l . [32]. The line is a 
linear least squares fit to the Jurgensen's [34] results. 
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G o k a n and Esho 's [17] 0 ^ I B E yie ld s tudy, but this mechanism does not 
apply under the " R I E " condit ions. The term "reactive ion etching" not only 
refers to a par t icular (and incorrect) etching mechanism, but it is also used 
to refer to a reactor geometry where the powered electrode is m u c h smaller 
than the grounded electrode and where the wafer sits on the powered elec
trode. Jurgensen's [34] results were obtained on such a system, but it is 
interesting to note that Visser and de Vr ies [29], and Paraszczak et a l . [32] 
obtained their results on systems that are not t rad i t ional ly called "reactive 
ion e tching" systems. Nevertheless, the results obtained in these three stu
dies clearly indicate that the same fundamental mechanism occurs i n all 
three reactor configurations. 

The bombardment- induced yields shown in F i g . 4 are so large that it 
seems un l ike ly that momentum transfer could play a dominant role i n the 
etching mechanism. Thes
mechanism for the bombardmen
ground state oxygen molecules react w i t h bombardment generated radical 
sites on the polymer to form carbonyl groups wh ich are later thermal ly 
desorbed from the hot microregion created by a bombarding part icle . Th is 
mechanism predicts that the y ie ld increases w i t h bombardment energy, and 
that the y ie ld saturates w i t h increasing pressure at constant ion energy and 
flux. Th i s saturat ion effect was suggested in the 0 2 I B E y ie ld s tudy 
presented by G o k a n and Esho [17], and is consistent w i t h the y ie ld being 
independent of the neutral-to-ion flux ratio i n the R I E regime as found in all 
the R I E studies [29,32,34]. The thermal spike mechanism also implies that 
the y ie ld is nearly independent of angle wh ich has impor tant impl icat ions for 
model ing etching profiles. 

Organosilicon Polymers 

General Considerations. In 1980 Taylor and W o l f [11] noted that d imethyl -
siloxane has "no appreciable" etching rate i n an 0 2 plasma, and surmised 
that a t h i n <100 A th ick S i 0 2 film formed on top of the polymer and pro
tected it from further etching. The principle that s i l icon (or another oxide 
former) can drast ical ly reduce a polymer's 0 2 R I E rate is the basis for selec
t i v i t y dur ing the 0 2 R I E pat tern transfer step for many mult i - layer l i tho
graphic processing schemes inc luding "spin on glass" tr i- layer schemes [4], 
bi-layer schemes [5,6,7], and surface funct ional izat ion schemes [8,9]. L ine 
w i d t h loss caused by mask erosion is a serious concern for all these schemes, 
so it is impor tant to understand organosilicon polymer 0 2 R I E kinet ics . 
More recently Butherus et a l . [38] have reported another appl icat ion for 0 2 

plasma etching of si l icon containing polymers where the objective is to form 
a th ick S i 0 2 layer ( >2000 A ) for use as a permanent dielectric between 
metal levels i n mult i - level metal izat ion schemes. Th i s appl icat ion requires 
rap id oxidat ion of the organosilicon polymer, so it is also important to under
s tand organosilicon polymer oxidat ion kinet ics i n 0 2 glow discharges for this 
appl ica t ion . Note that the oxide layer must protect the organosilicon poly
mer from further oxidat ion i n the masking appl icat ion, while the entire layer 
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must be rap id ly oxidized i n the dielectric appl ica t ion. F o u r etching regimes 
have been observed for organosilicon polymers i n 0 2 glow discharges. The 
transient regime occurs dur ing the early stages of the etching or oxidat ion 
process while the oxide layer forms on the surface of the polymer. The 
diffusion-controlled regime [38] occurs under condit ions where sput ter ing is 
absent; i n this regime the oxide thickness and total thickness loss ( ini t ia l 
thickness minus total thickness of the oxide and polymer) scale as the square 
root of the etching t ime. The steady-state regime [39,40] occurs when the 
sput ter ing rate balances the oxidat ion rate such that the oxide thickness is 
independent of t ime (after the in i t i a l transient), and the tota l thickness loss 
increases l inearly w i t h t ime (after the in i t i a l transient) . F i n a l l y , the total 
thickness loss and the thickness of the par t ia l ly oxidized layer increase 
l inear ly w i t h t ime after an in i t i a l transient i n the anomalous transport 
regime [40]. Before discussing the experimental results  i t is useful to present 
a simple kinet ic model wh ic
and steady-state regimes a

Kinetics of Oxide Growth. The kinet ic model derived i n this section is an 
extension of the Deal-Grove [41] oxidat ion model to include a loss term that 
accounts for oxide loss by sput ter ing. Th i s model assumes that the plasma 
condit ions determine both the oxygen radical concentrat ion on the surface of 
the oxide layer, and the rate at wh ich oxide is lost by physical sput ter ing. 
Secondly, i t assumes quasi-static diffusion of oxygen radicals across a uni 
form oxide layer w i t h no recombinat ion losses. F i n a l l y it assumes that the 
oxygen radicals react by first order kinetics at the polymer-oxide interface to 
form oxide and volati le oxidat ion products wh ich diffuse back though the 
oxide to escape. In the quasi-static approximat ion, the flux of radicals across 
the oxide layer is set equal to their rate of consumption at the oxide-polymer 
interface [41] to ob ta in 

D(Cs-Ci) kCs 

where F is the Ο atom flux, k is the rate constant for the reaction between 
Ο atoms and polymer, C, is the Ο atom concentrat ion at the polymer-oxide 
interface, D is the Ο atom diffusion coefficient i n the oxide, C$ is the Ο 
atom concentrat ion on the surface of the oxide (plasma side), and X is the 
oxide thickness. The rate at wh ich the polymer is consumed is proport ional 
to the Ο atom flux wh ich yields 

dt {l + Xk/D) { ) 

where Ρ is the remaining thickness of the organosilicon polymer layer, t is 
t ime, and ν is the volume of polymer removed per Ο atom. If the 
s toichiometry of the oxidat ion reaction is assumed to be 

ΟαΗββίη ΟΊ + ( 2 α + νΖβ+ 2η - η ) Ο aC02 + V2fiH2 Ο + ηβί02 (3) 

then the volume of polymer consumed per Ο atom is given by 
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= ( 1 2 α + β+28η+16η) 
ρρΝ0(2α+Κβ+2η-η) 

where pp is the polymer density, and NQ is Avogadro 's number . F i n a l l y , a 
s i l icon mater ial balance gives 

where S is the S i 0 2 sput ter ing rate, and M is the ratio of the S i mass density 
in the polymer to the Si mass density in the oxide. F o r the polymer compo
si t ion shown in E q . 3, M is given by 

M = 7 ô — ς («) 
( 1 2 « + 0 + 2 8 * 7 + 1 6 7 Κ χ 

where ροχ is the density of th  oxid  layer  Equat ion  2 d 5  b
bined to obta in a closed ordinar
dence of the oxide thickness 

dX = Mi/kCs 
dt 1 + kX/D ( J 

The transient solut ion to E q . 7 w i l l be discussed in the next section. Equa
t ion 5 can also be direct ly integrated to relate the remaining polymer th ick
ness to the t ime dependent oxide thickness 

P{t) = P0 - St/M + ( X 0 - X{t))/M (8) 
where X 0

 a n d a r e t n e in i t i a l oxide and polymer thicknesses. F i n a l l y , one 
may define the total thickness loss L(t) as the in i t i a l thickness minus the 
sum of the oxide and polymer thicknesses to obta in 

L(t) = (X(t)-X0){l/M-1)+ St/M (9) 

It is impor tant to note that Eqs . 5, 8, and 9 were derived entirely from a s i l i 
con material balance and the assumption that physical sput ter ing is the only 
si l icon loss mechanism; thus these equations are independent of the kinet ic 
assumptions incorporated into Eqs . 1, 2, and 7. Th i s is an important point 
because several of these kinet ic assumptions are questionable; for example, 
E q . 2 assumes a radical dominated mechanism for X= 0, bu t bombardment-
induced processes may dominate for small oxide thickness. Moreover , ballis
tic t ransport is not inc luded in E q . 1 , but this may be the dominant t ran
sport mechanism through the first « 4 0 A of oxide. F i n a l l y , the first « 4 0 A 
of oxide may be annealed by the bombarding ions, so the diffusion coeffi
cient may not be a constant throughout the oxide layer. In spite of these 
objections, E q . 2 is a three parameter kinet ic model ( k, C$, and D ), and it 
should not be rejected un t i l clear experimental evidence shows that a more 
complex kinet ic scheme is required. 

Transient Regime. Equa t ion 7 is separable and may be integrated to obta in 
the t ime dependence of the oxide thickness. Assuming a finite sput ter ing 
rate, the result is 
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X{t)-Xo = 
MuDCs 

S 
In MvkDCs- DS- SkX0 

MvkDCs- DS- SkX{t) 
- St (10) 

Watanabe and Ohn i sh i [39] have proposed another model for the polymer 
consumption rate (in place of E q . 2) and have also integrated their model to 
obta in the t ime dependence of the oxide thickness. T ime dependent oxide 
thickness measurement in the transient regime is the clearest way to test the 
kinet ic assumptions in these models; however, neither model has been sub
jected to experimental verif ication i n the transient regime. Equa t ion 9 may 
be used to obta in t ime dependent oxide thickness estimates from the t ime 
dependence of the tota l thickness loss, but such results have not been pub
lished. Har tney et a l . [42] have recently used variable angle X P S spectros
copy to determine the t ime dependence of the oxide thickness for two 
organosilicon polymers and l etchin  condit ions  T h e  d id t t 
k inet ic model fits to their
dependent thickness estimate  (Eq  9)
research on the transient regime is needed to determine the va l id i t y of E q . 
10 or the comparable result for the kinet ic model presented by Watanabe 
and O h n i s h i [39]. 

Diffusion Controlled Regime. Butherus et a l . [38] s tudied p lasma oxidat ion 
of polysiloxane in a barrel etcher, and were able to convert several thousand 
angstroms of polysiloxane to S i 0 2 i n « 2 0 minutes. They observed that the 
oxide thickness scales as the square root of t ime, and concluded that the rate 
control l ing step in this process is the diffusion of oxygen radicals through the 
oxide film. More recently Namat su [43] has also observed that the oxide 
thickness scales as the square root of t ime under condit ions where the ion 
bombardment energy is low. In terms of the kinet ic model presented earlier, 
the diffusion-controlled regime is described by assuming 5 = 0 and 
kX/D » 1 in E q . 7, and integrating to obta in 

Th i s equation predicts that the oxide thickness scales as the square root of 
the etching t ime ( f o r X » X 0 ) as observed experimental ly [38,43]. Note 
that D in E q . 11 is the diffusion coefficient of oxygen radicals in the oxide 
layer, not i n the polymer. The radical concentrat ion at the surface of the 
oxide is determined by the plasma condit ions. Thus the only polymer 
dependent property i n E q . 11 is the product Mv w h i c h is determined entirely 
by the density and stoichiometric composit ion of the polymer. Th i s constant 
increases w i t h the si l icon content of the polymer such that Mv for a 
dimethylsi loxane is four times larger than for a diphenylsi loxane. Nama t su 
[43] observed that the oxide accumulates more rapidly on methylsiloxane 
than on phenylsiloxane as predicted by E q . 11; however, he d i d not interpret 
his results in terms of this kinet ic model . Nama t su [43] also found that the 
molecular weight and structure of several methylsiloxane polymers has a 
large effect on the oxidat ion rate in the diffusion-controlled regime even 
though the si l icon and carbon contents of these polymers were s imilar . Th i s 
result was not expected from E q . 11 because Mv on ly depends on 

X 2 - x 0

2 = 2DMvCst ( l l ) 
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composit ion of the polymer and is independent of its molecular weight and 
detailed structure. One can, however, rationalize Namatsu ' s [43] results in 
terms of E q . 11 if one assumes that the molecular weight and polymer struc
ture can affect the structure of the oxide and hence the diffusion coefficient 
in the oxide. Nama t su [43] d id not interpret his results in terms of E q . 11, 
and has rejected the assumptions that lead to this model . He argues that 
the diffusion coefficient in the polymer itself is impor tant , and that the 
t rend w i t h polymer structure reflects the t rend in the diffusion coefficients 
i n the polymer. Nama t su [43] d i d not present measurements of diffusion 
coefficients in his polymers, nor d id he explain how the oxide thickness could 
scale as the square root of t ime if diffusion across the oxide layer is not the 
rate control l ing step. Namatsu ' s [43] results are interesting regardless of how 
they are interpreted; they either indicate that the oxide remembers the 
s tructure of its polymer precurser (my interpretat ion)  or that the kinet ic 
assumptions leading to E q
seem most reasonable (Namatsu '

Etching Rates in Steady-State Regime. Watanabe and Ohn i sh i [39] pro
posed a steady-state R I E model for organosilicon polymer etching; i t assumes 
that an oxide forms on the surface of the polymer and reaches a steady-state 
thickness where the rate of s i l icon loss by physical sput ter ing is balanced by 
oxidat ion of the under lying organosilicon polymer. The i r k inet ic model was 
not based on a microscopic mechanism; however, E q . 11 also predicts that 
the oxide thickness w i l l reach a steady-state where the rate of oxidat ion bal
ances the sput ter ing losses. Jurgensen et a l . [40] pointed out that steady-
state etching behavior is expected for any kinet ic model where the polymer 
oxidat ion rate decreases as the oxide thickness increases. Such behavior is 
plausible because transport through the oxide layer is in series w i t h oxida
t ion of the polymer. The steady-state etching rate (R = S/M) is propor
t ional to the sput ter ing rate of S i 0 2 and inversely proport ional to the mass 
density of s i l icon (density times mass fraction silicon) i n the polymer. Th i s 
result is a direct consequence of the si l icon material balance (Eq. 9) together 
w i t h the assumption that the oxide thickness is independent of t ime in the 
steady-state regime. Watanabe and O h n i s h i [39] tested this model for 
several silyl-styrene polymers and found that it quant i ta t ively predicts the 
etching rate of these materials under high bombardment energy 0 2 R I E con
dit ions; however they observed significant deviations from predicted 
behavior under lower bombardment energy 0 2 R I E condit ions. In a later 
s tudy, G o k a n et a l . [44] found that the steady-state model quant i ta t ively 
predicts the etching rate of 12 organosilicon polymers under 0} I B E condi
tions for bombardment energies greater than 100 e V . In this same study, 
they observed significant deviations from the steady-state model under 0 2 

R I E conditions s imilar to those where Watanabe and O h n i s h i [39] observed 
such deviations. Jurgensen et a l . [40] s tudied the 0 2 R I E behavior a s i ly l -
novolac and two si lyl-methacrylate polymers and observed quantitative 
agreement w i t h the steady-state model for all three polymers under high 
bombardment energy ( > 2 5 0 eT^) etching condit ions. A t lower 
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bombardment energies, the silyl-methacrylates exceeded the predicted etch
ing rate, while the silyl-novolac cont inued to etch at the predicted rate down 
to 130 e V . Har tney et a l . [42] recently found excellent agreement w i t h the 
predicted steady-state etching rate for diphenylsiloxane based negative pho
toresist over a wide range of etching conditions; however, they observed 
steady-state etching rates twice as large as predicted for 
poly(tr imethylsi lylmethylstyrene) ( P S M S ) and a copolymer of this material 
w i t h chloromethylstyrene. I w i l l delay further discussion of the deviations 
from the steady-state model un t i l after presenting surface analysis results. 

Phys i ca l sput ter ing of the oxide layer is the rate control l ing step i n the 
steady-state regime, so it is important to s tudy S i 0 2 sput ter ing yields under 
0 2 R I E conditions to understand the effect of etching condit ions on selec
t i v i t y i n mul t i layer l i thography. Jurgensen and Rammelsberg [34] deter
mined S i yields for a s i ly l novola
rate (for S i 0 2 ) or steady-stat
est imated flux of bombarding ions and energetic neutrals. F igure 5 shows 
the S i y ie ld of the s i ly l novolac (squares) and of S i 0 2 (triangles) as a function 
of the average bombardment energy over the entire range of etching condi
tions discussed earlier. The S i 0 2 sput ter ing y ie ld falls on the same curve as 
the results for the s i ly l novolac as assumed i n the steady-state model . The 
least squares line shown on F i g . 5 is a fit to the s i ly l novolac results and ind i 
cates an apparent sput ter ing threshold of 50 e V . F igure 6 shows the experi
mental (squares) and expected (curve) selectivi ty for etching the an organic 
novolac planar iz ing layer relative to the s i ly l novolac as a funct ion of the 
average bombardment energy. The equation for the expected selectivity is 

SEL = — V b t ^ J (12) 
^(Xcp)opYsi 

where YQ is the energy dependent carbon atom yie ld shown i n F i g . 4, Y$i is 
the energy dependent si l icon atom yie ld shown i n F i g . 5, (XsiP)sP 1 S t n e mass 
fraction of si l icon times the density of the organosilicon polymer, and 
{XCP)OP 1 S the mass fraction of carbon times the density of the organic poly
mer. Th i s equation applies to a wide range of etching condit ions and to 
other polymer-organosilicon polymer systems because the 0 2 R I E rate of 
most organic polymers scales inversely w i t h the mass density of carbon 
[19,20,21], while the 0 2 R I E rate of many organosilicon polymers scales 
inversely w i t h the mass density of si l icon [39,40,42]. These results show that 
one can improve selectivity by reducing the bombardment energy; however, 
this is only true as long as the organosilicon polymer continues to etch by 
the steady-state mechanism. 

Steady-State Oxide Thickness. The steady-state etching rate (R = S/M) 
does not contain any of the kinet ic parameters; thus it does not contain any 
information about the kinetics of the oxidat ion process. In contrast, the 
steady-state oxide thickness is determined by the kinet ics of the transport 
and oxidat ion processes; thus one can learn about these processes by study
ing the steady-state oxide thickness. The si l icon material balance (Eq. 9) 
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F i g . 5. The si l icon atom yie ld of a s i ly l novolac (squares) and of 
S1O2 (triangles) are shown as a funct ion of the average 
bombardment energy. The line is a l inear least squares fit 
to the s i ly l novolac results. 
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F i g . 6. The selectivity for etching the organic novolac relative to 
the s i ly l novolac is shown as a funct ion of the average bom
bardment energy. The curve is based on the least squares 
fits to the y ie ld trends. 
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may be used to relate the steady-state oxide thickness to the in i t i a l thickness 
loss dur ing the transient regime. Jurgensen et a l . [40] est imated the steady-
state oxide thickness using this method and by depth profiles based on A r 
ion mi l l ing w i t h glancing angle X - r a y photoelectron spectroscopy ( X P S | . 
B o t h methods gave oxide thickness estimates in the range from 30 to 50 A 
under conditions where steady-state model predicted the etching rate. The 
observed steady-state oxide thickness was nearly independent of etching con
dit ions and polymer si l icon content. Har tney et a l . [42] used variable angle 
X P S spectroscopy to measure the oxide thickness, and also obtained 
thicknesses in this range. These results [40,42] appear to conflict w i t h the 
results obtained in the diffusion-controlled regime where oxide formation 
rates of several hundred A/min are observed [38,43]. In par t icular , the 
observed oxide thickness would appear to require S1O2 sput ter ing rates 
greater than 100 A/min in the steady-state regime; however  this is much 
larger than the observed [40,42
30 A/min depending on etchin
energetic bombardment plays an important role i n the steady-state regime in 
addi t ion to sput ter ing the oxide layer. Bagley et a l . [45] resolved this 
d i l emma by showing that energetic ion bombardment renders these materials 
permanent ly resistant to oxidat ion . They propose that ion bombardment 
compacts the oxide surface, dramat ical ly reducing diffusion coefficients in 
the oxide layer. 

The results presented by Bagley et a l . [45] i m p l y that the oxide diffusion 
coefficient is much smaller in the steady-state regime than in the diffusion-
control led regime where physical bombardment is absent. It may be possible 
to account for this effect in terms of the diffusive transport model presented 
earlier by using a smaller oxide diffusion coefficient in the steady-state 
regime. T o explore this possibil i ty, one may set dX/dt = 0 i n E q . 7 to ob ta in 

MukCs 

Xss = j - 1 (13) 

where Xss is the steady-state oxide thickness and the first te rm i n the 
brackets is the ratio of the in i t i a l etching rate to the steady-state etching 
rate and is much larger than one. Th i s term equals the selectivity, so E q . 13 
predicts that Xss is proport ional to the selectivity w h i c h decreases w i t h 
bombardment energy. Jurgensen et a l . [40] reported that the steady-state 
oxide thickness is nearly independent of etching conditions, while Har tney et 
a l . [42] reported that the oxide thickness increases w i t h bombardment 
energy. Equa t ion 13 also predicts that the steady-state oxide thickness 
increases w i t h the polymer's s i l icon content; however, Jurgensen et a l . [40] 
found that the steady-state oxide thickness is nearly independent of the s i l i 
con content. These failures show that the diffusive transport model is not 
va l id when the sample is subjected to energetic Ο £ bombardment ; this sug
gests that ball is t ic transport is the dominant transport mechanism i n the 
steady-state regime. The steady-state oxide thickness for a ball ist ic t ran
sport mechanism is equal to the penetration depth of the implan ted oxygen 
[42]. Th i s mechanism predicts that the steady-state oxide thickness is 
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independent of the si l icon content of the polymer and increases w i t h bom
bardment energy as found experimental ly [40,42]. 

Anomalous Transport Regime. The characteristic signature of the steady-
state etching regime is a rap id in i t i a l etching rate (while the oxide layer 
forms) followed by a much slower constant etching rate. Th i s etching 
behavior is always observed for high si l icon content organosilicon polymers 
under 0 2 R I E conditions; however, the predicted steady-state etching rate 
appears to be a lower bound while rates that exceed this predic t ion are often 
observed under moderate bombardment energy etching condit ions 
[39,40,42,44]. The predicted steady-state etching rate was derived entirely 
from a si l icon material balance and three assumptions: (1) The oxide th ick
ness is constant (after the transient regime). (2) Phys i ca l sput ter ing is the 
only si l icon loss mechanism (after the transient regime)  (3) The physical 
sput ter ing y ie ld is ident ica
tions must fail when an organosilico
the steady-state model . Jurgensen et a l . [40] and Har tney et a l . [42] have 
bo th used surface analysis to determine wh ich of these assumptions is fai l ing. 
Jurgensen et a l . [40] used ion mi l l ing and glancing angle X P S to depth profile 
s i lylmethacrylate samples that had been etched at for various times under 
both high and low bombardment energy etching condit ions. A t h igh bom
bardment energy, the sample etched at the rate predicted by the steady-
state model , and after the in i t i a l transient the oxide thickness was constant 
and equal to the value expected from the material balance (Eq . 9). Af t e r the 
in i t i a l transient at low bombardment energy, the sample etched at twice the 
predicted rate and the oxide thickness cont inued to increase. The accumu
lated oxide thickness was in excellent agreement w i t h the thickness 
predicted from the total thickness loss and the mater ial balance (Eq . 9). 
T h e y concluded that the assumption 1 was violated under condit ions where 
this organosilicon polymer exceeded the predicted etching rate. Har tney et 
a l . [42] used variable angle X P S to determine the oxide thickness on the s i ly l -
styrene polymer under condit ions where it etched at twice the predicted 
rate. T h e y found that the oxide thickness was constant after the in i t i a l 
transient and concluded that the polymer structure can affect the oxide 
structure and its sput ter ing y ie ld (assumption 3 violated). Th i s conclusion 
appears to conflict w i t h Gokan ' s [44] f inding that al l organosilicon polymers 
etch at the predicted steady-state etching rate under I B E condit ions. 

The results obtained in these studies [40,42] apparent ly conflict and lead 
to opposite conclusions; however, the differences may result from different 
surface analysis methods, not from differences in the samples s tudied . Jur
gensen et a l . [42] determined the si l icon concentrat ion as a funct ion of depth 
by integrat ing under the tota l s i l icon X P S peak inc lud ing both oxygen 
bound and carbon bound s i l icon. Th i s procedure was used because bonds 
are broken and reform in the ion mi l l ing process, so the chemical bonding 
informat ion may not be reliable in ion m i l l i n g - X P S depth profiles. T h e y [40] 
also used this procedure to determine the carbon and oxygen concentrat ion 
profiles. Af te r a long low energy etch, the s i l icon and oxygen concentrations 
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were elevated to a depth of 240 A while the carbon concentrat ion was 
depressed to this depth [40] (compared to an unetched but A r + sputtered 
sample); however, the X P S spectra also indica ted that at 2 4 0 A , the s i l icon 
and oxygen were both bound to carbon. T h u s carbon is selectively oxidized 
and removed from the polymer wh ich concentrates the s i l icon that remains, 
but this s i l icon may s t i l l be bound to carbon. In contrast, Har tney et a l . [42] 
used variable angle X P S to determine the thickness of the layer where si l icon 
was bound to oxygen. Th i s method would not detect the presence of a s i l i 
con enriched layer unless the s i l icon was present as an oxide. T h u s these 
studies do not necessarily conflict w i t h each other, but may be giving two 
dist inct pieces of informat ion. 

The above interpretat ion implies that carbon bound si l icon is accumulat
ing under the oxide layer when the etching rate exceeds the steady-state 
predic t ion . The sput ter in
[40] oand angle resolved X P
50 A of oxide are formed dur ing the in i t i a l transient. The etching rate i n the 
anomalous transport regime is constant after the in i t i a l transient wh ich 
implies that the accumulat ing si l icon does not contr ibute addi t ional mass 
transfer resistance. Th i s is consistent w i t h the conclusion that physical 
bombardment can dramat ic ly reduce a material 's diffusivi ty [45], and w i t h 
the interpretat ion that the penetration depth is « 4 0 A . Th i s leads to the 
question of what determines organosilicon polymer etching rates under 
moderate bombardment energy etching condit ions. A reasonable work ing 
hypothesis assumes that the mass transfer resistance i n the diffusion-
control led regime (D in E q . 11) is equal to the mass transfer resistance of the 
mater ial wh ich accumulates under the first « 4 0 A of oxide. Organosi l icon 
polymers wh ich form good diffusion barriers i n the diffusion-controlled 
regime (low D i n E q . 11) are expected to etch by the steady-state mechanism 
i n moderate bombardment energy etching condit ions, while materials w h i c h 
form poor diffusion barriers in the diffusion controlled regime (high D in E q . 
11) are expected to etch by the anomalous transport mechanism i n moderate 
bombardment energy etching condit ions. Th i s hypothesis has not been care
ful ly tested, but i t appears to be consistent w i t h the results presented i n 
several studies [39,40,42,43,44]. Th i s mechanism differs from those proposed 
by Jurgensen et a l . [40] (which involved k i n E q . 1), Har tney et a l . [42] 
(which involved Y$ t- i n E q . 12), and Namat su [43] (which involved D for the 
polymer); however i t is s imilar to the mechanism proposed by G o k a n et a l . 
[44]. 

Bombardment Induced Pattern Transfer Models 

Jurgensen and Shaqfeh [46] have formulated a kinet ic theory of interface 
evolut ion to describe the t ime evolution of etching profiles i n bombardment-
induced glow discharge etching processes. Th i s theory assumes that an 
axisymmetric angular d is t r ibut ion of energetic particles is incident on the 
surface being etched, and that the y ie ld per incident part icle is a funct ion of 
its energy and angle relative to the surface normal . The evolut ion equation 
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that results from these assumptions is intractable except i n two special cases 
where i t reduces to a par t ia l differential equation. For tuna te ly one of these 
special cases applies to the planar iz ing layer i n mul t i layer l i thography, while 
the other applies to the masking layer. One of these simplif icat ions is the 
case where the y ie ld is independent of angle as expected for the thermal 
spike mechanism of bombardment- induced etching. Shaqfeh and Jurgensen 
[47,37] have assumed that this s implif icat ion applies to the planar iz ing layer 
in mul t i - layer l i thography and have found that the predicted etching profiles 
are i n good agreement w i t h those observed experimental ly for a tr i- layer pat
tern transfer process. Visser [unpublished results] has also obta ined some 
evidence that 0 2 R I E yields are independent of angle by etching photoresist 
patterns w i t h different wal l angles. The rate control l ing step for organosili
con polymers in the steady-state regime is a physical sput ter ing process, and 
physical sput ter ing yields are strongly angle dependent [22,23]; therefore the 
above s impl i fying approximat io
layer l i thography. For tunate ly
remote portions of the interface (it is raised and convex), and this allows our 
evolut ion equation [46] to be reduced to the hyperbolic conservation law dis
cussed by Ross [48]. Analys i s of this case [48] shows that facet edges (slope 
discontinuit ies) w i l l spontaneously develop when the y ie ld is angle depen
dent. D r A . T a n a k a at N T T has many beautiful (but unpubl ished) S E M s 
showing the formation and t ime evolution of facets in the masking layer of a 
bi-layer system; however, the clearest publ ished S E M showing such facets in 
bi-layer l i thography was presented by Sai to et a l . [49] (fig 10). Th i s 
phenomenon has important implicat ions for bi-layer pat tern transfer 
processes because it implies that some line w i d t h loss w i l l occur even w i t h a 
perfectly monodirect ional angular d is t r ibut ion and a perfect 90 degree wal l 
angle i n the organosilicon resist layer. 

Conclusions 
Phys i ca l bombardment plays a dominant role in the 0 2 reactive ion etch

ing pat tern transfer step i n mult i - layer l i thography. The results of organic 
polymer 0 2 R I E and 0 2 I B E etching studies are consistent w i t h a thermal 
spike mechanism for the bombardment- induced chemistry. The si l icon atom 
yie ld of organosilicon polymers in the steady-state regime is equal to the 
S i 0 2 sput ter ing y ie ld for the same etching condi t ion as assumed in the 
steady-state etching model . These yields show threshold behavior at low 
bombardment energy, but this behavior is often obscured because many 
organosil icon polymers do not etch by the steady-state mechanism at low 
and intermediate bombardment energies. These etching results are being 
incorporated in to pat tern transfer models [37,46,47] that predict etching pro
files and process lati tudes i n mult i - layer l i thography. 
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Chapter 14 

Quantitative Analysis of a Laser Interferometer 
Waveform Obtained During Oxygen Reactive-Ion 

Etching of Thin Polymer Films 

B. C. Dems, P. D. Krasicky, and F. Rodriguez 

School of Chemical Engineering, Olin Hall, Cornell University, Ithaca, 
NY 14853 

A rigorous analysi
obtained during oxygen Reactive-Ion Etching (RIE) of 
thin polymer films, was developed and used to measure 
the polymer refractive index to within 2-3%. This in 
turn allowed the in situ etch rate to be measured 
without any prior knowledge of the polymer's physical 
properties. Film "roughening", imparted to the film 
surface during RIE, was assessed semi-quantitatively 
through an amplitude reduction factor, which accounts 
for any diffuse character at the plasma/polymer 
interface. Amplitude reduction factors measured for 
films etched at 5mTorr were near unity (smooth surface) 
and invariant with respect to incident RF power over 
the range 0.125-0.75 Watts/cm2. However, amplitude 
reduction factors decreased with incident RF power at 
35mTorr, indicating greater roughening. Scanning 
Electron Micrographs showed roughness correlation 
lengths of etched films to be on the order of 0.1-
0.2µm. 

Laser interferometry is used extensively in the integrated c i r c u i t 
and thin film processing industries. It is well-suited for end-
point detection and in situ etch rate monitoring during the plasma 
processing of thin polymer films. The qualitative features of the 
laser interferogram can also shed light on physical changes 
occurring at any particular time in the process. This paper 
describes a rigorous analysis of an interferogram which allows the 
polymer's refractive index to be calculated directly from the 
waveform. This in turn allows in situ etch rate determination 
without prior knowledge of the polymer film's physical properties. 
The analysis also allows the degree of surface roughening imparted 
to the film during plasma processing to be assessed on a relative 
basis. The analysis is restricted to (a) process etch gases which 
do not contain film-forming pre-cursors and (b) non-absorbing 
polymer films which remain homogeneous at a l l times. 

0097-6156/89/0412-0234$06.00A) 
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Background 

A model for the type of thin film system realized in Reactive-Ion 
Etching (RIE) is shown in Figure 1. The polymer film is labeled as 
region #2, the substrate as #3, and the plasma environment as #1. 
The polymer-substrate (2-3) interface is assumed to be sharp and 
smooth, but the plasma-polymer (1-2) interface may be diffuse or 
rough. Unpolarized light of vacuum wavelength λ is incident upon 
the system from region #1 at an angle ϋΛ relative to the normal. 
The system's overall reflectance R is given by (1), 

R β _ r r23 + 2fr 1 2r 2 3cos^ + f 2 r 2
2 . ( r 

I 0 I 1 + 2fr 1 2r 2 3cos^ + f ^ r f a J 

where I Q and I are the incident and reflected light intensities, 
respectively. The r's wit
coefficients for sharp,
denoted, while f is a reduction factor for reflection from the 
plasma-polymer (1-2) interface and accounts for spreading of the 
interface into a transition region. R is a periodic function of 
the film thickness d through the phase function φ - φ2+Φ\, which 
includes the phase delay (2), 

φ2 - (4*d/A)(n| - n^sin 2^) 1' 2 (2) 
associated with passage of light through the film to the substrate 
and back, as well as any additional phase shift φχ introduced by the 
transition region. When the 1-2 interface is perfectly sharp and 
smooth, then f - 1, φί - 0, and the maximum value of the 
periodically oscillating reflectance equals the reflectance of the 
bare substrate after the film is completely removed. The optical 
effect of f < 1 is a reduction in amplitude of oscillation of R 
from what i t would be for an otherwise sharp, smooth interface. 

For a sharp, smooth film with φχ - 0, the f i n a l reflectance 
maximum occurs just as film removal is completed. With a 
transition region, f and φχ axe constant i f this region maintains 
fixed size and shape, but are expected to vary once the region 
begins to collapse into the substrate near the endpoint of film 
removal. An observable effect of f and φχ varying is the end-point 
according to the laser interferogram occurring slightly before the 
f i n a l extrapolated reflectance maximum. The shape of the R versus 
time curve near the endpoint can provide clues to the shape of the 
refractive index profile through the transition region (Figure 2). 
In RIE, film roughening i s expected from ion bombardment of the 
exposed surface. Roughening of the 1-2 interface can produce an 
amplitude reduction in reflectance oscillations similar to that due 
to diffuseness provided the laser beam is sufficiently wide 
compared to the roughness correlation length. But scattering from 
the rough interface also deflects energy out of the specular 
directions and introduces additional corrections into R. As a 
f i r s t approximation, these corrections can be neglected and the 
interferometer waveform for RIE analyzed using a modified version 
of diffuse interface transition layer theory. 
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Figure 2 Waveform Dependence on Concentration 
Profile Near the End-Point 
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When | r 1 2 | a s f° r most polymer films dissolving in 
solvents, R is well-approximated by a power series in r 1 2 to f i r s t 
order : 

R » r§ 3 + 2 f r 1 2 r 2 3 ( l - r f 3 ) c o s ^ (3) 
Physically, this amounts to considering emerging rays whose 
histories involve no more than one reflection from the 1-2 
interface (figure 1). R is then a purely sinusoidal function of φ 
(and of film thickness d), oscillating about the value RQ - r 2 3 . 
The factor f reduces the oscillation amplitude symmetrically about 
R - R0, f a c i l i t a t i n g straightforward calculation of polymer 
refractive index from quantities measured directly from the 
waveform (3). When | r 1 2 | is not small, as in the plasma etching of 
thin polymer films, the f i r s t order power series approximation is 
inadequate. For example, for a plasma/poly(methyl-
methacrylate)/silicon system  r  = -0.196 and r  = -0.442  The 
waveform for a uniforml
sinusoidal in time but contain
addition, amplitude reduction through the f factor does not 
preserve the vertical median RQ making the film refractive index 
calculation non-trivial. 

Figure 3 is a sketch of a typical waveform obtained during an 
oxygen/RIE process. Referring to this figure, let R± be the extreme 
values of R when the transition layer is present. Let R± be the 
corresponding values i f the interface were sharp ( f s l ) . These 
values can be identified by setting cos^ — ±1 in equation 1 which 
gives, 

R± = Γ Γ Ζ 3 ± F R I 2 Λ (4) 
I 1 ± f r 1 2 r 2 3 J 

U ± r i 2 r 2 3 J 
Remember that R£ - r f 3 , the reflectance of the bare substrate 
medium. As before, let RQ be the value of R for which cos^-0 in 
equation 1, 

„2 , f 2 „ 2 

R„ = r r " f 1 2 ι (6) 
[ 1 + f 2 r 2

2 r 2

3 J 

Note that the points on the waveform for which R=RQ are equally 
spaced along φ for uniformly decreasing film thickness, making them 
identifiable. The plasma i t s e l f contributes to the measured 
intensity. This contribution, defined as Rp, must be subtracted 
from the reflectance values before any calculations are made. Rp is 
measured by extinguishing the plasma and measuring the 
corresponding reduction in intensity. 

When f=l, the directly measurable ratio x° - (R_/R£) % for normal 
or near normal incidence can be used to determine n 2, from the known 
value of n x and n 3. At normal incidence, 
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λο _ , n 3 - ni y 
I n 3 + ^ J 

I n3n, + n| J 
Solving for ng in terms of x° yields, 

n* + n 1 ι l " ' 

(7a) 

(7b) 

ng 
I n 3 - ηΛ J 

I  J 

(8) 

For unpolarized light, y goo  approximatio
for incidence angles ϋΛ < 15°. When f < 1, the observed ratio is χ 
- (IL_/R+)1/2 < x°. If r 1 2 were small, then the fact that f would 
compress the waveform symmetrically about the value ^ could be used 
to find x°, and hence ng. Note that this analysis would also 
immediately determine f because equation 3 would apply, and f would 
be the amplitude reduction factor for the reflectance oscillations. 
But i f r 1 2 is not small, then a more careful analysis is needed. 

Consider the quantities A R ±

1 / S s | R ±

, / 2 - R° , / 2 1 , which denote the 
shifts in the extreme values of R V A due to spreading of the 
interface. Using equations 4 and 5, these can be written as 

(1 - f ) r 1 2 ( l - rj 3) 
(1 ± f r 1 2 r 2 3 ) ( l ± r 1 2 r 2 3 ) 

(9) 

One then finds 

f _ Ί - ( 1 + f r i 2 r 2 3 1 r 1 + r i2 r 23 

I AR? J I 1 - f r 1 2 r 2 3 J I 1 - r 1 2 r 2 3 J 

(10) 

If the right side of equation 10 were known or could be estimated 
reasonably well, the equation could then be used to find R2. from 
normalized values of R+, R£, and IL, which are available 
experimentally. If (1 - f) were small, then the fractional shifts 
AR±/R+ would also be small, and vice-versa, so that the ratio of 
shifts could be written as 

( A R + ) ~ ( R + ) ( A R ? ) 
(11) 

But the right side of equation 10 is not known a p r i o r i . A crude 
approximation might be to set i t equal to unity, and equation 11 
would then give 

(AfL/AR+) « (R_/R+),/2 - x <12> 
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This crude approximation gives a rather simple result but is 
probably not accurate enough for most purposes. However, i t turns 
out that the quantities on the right side of equation 10 can be 
obtained from a more careful analysis of the interferometer 
waveform. And once these quantities are known, n 2 can then be found 
directly from them without recourse to equations 11 or 12. 

Consider the general form of the reflectance R from equation 1, 
namely 

R • f a + c ( c o s ^ > ï 
[ b + c(cos<0) J 

(13) 

W h e r e a » r 2
3 + f 2 r 2

2 (14a) 
b - 1 + f 2 r 2

2 r 2
3 (14b) 

c = | 2 f r

In terms of these one can write previously defined quantities as 

a ± c Λ ( 1 5 ) 

RD = a/b (16) 
Now define the directly measurable ratios 

Qt * R./R,, - f c / a "j (17) 
I 1 ± c/b J 

Letting A-a/c and B-b/c, and solving equations 17 for A and B, one 
obtains 

A - f Q+ " Q ~ 1 (18a) 
[ Q+ + Q_ - 2Q+Q_J 

" 0 - ^ (18b) 
I 2 - Q+ - Q- J 

Letting y - | f r 1 2 / r 2 3 | and ζ = | f r 1 2 r 2 3 | , one finds that 2A - y + 1/y 
and 2B - ζ + 1/z, from which y and ζ are found to be 

y - IA - (A2 - 1)*| (19a) 
ζ » |B - (B 2 - 1)*| (19b) 

Equation 19b is valid in general, whereas equation 19a holds only 
i f y < 1. If y > 1, then the opposite sign preceding the square 
root term in equation 19a should be used. Once A and Β are known, 
i t follows that 

| f r 1 2 | = (zy)* (20a) 

| r 2 3 | - (z/y)* (20b) 

Now the task is to determine f. 
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First define the directly measurable quantity w = (R +/Rj)%. 
Using equations 4, 5, and 20, w can be written in terms of y, z, 
and f as 

w = ( C 1 + + z / f > Λ (21) 
I (1 + z)(l + y/f) J 

which can then be solved for f to give 
y - ζ - y(l + z)(l - w) ^ [ y - ζ - y u + ZMJ- - λ 

y - ζ + (1 + z)(l - w) J 
Equations 21 and 22 involve the assumption that r 1 2 and r 2 3 are both 
of the same algebraic sign, so that either xix < n 2 < n 3 or n 3 < n 2 < 
n x . Otherwise, appropriate sign adjustments must be made. Knowing 
f and | f r 1 2 | , one may then determine | r 1 2 | . 

Finally, assuming tha
one notes that 

| r 1 2 | • [ • η ι Ι (23a) 

I n 2 + n l J 
| r 2 3 | - f n 3 " n * ] (23b) I n 3 + n 2 J 

which leaves two ways to solve for the polymer refractive index, n 2 , 

1 + "\ _ (24a) 
I 1 - |r12| J 

n2 -rJ__lfiiLl n3 (24b) 
I 1 + |r2,| J 

A local etch rate can be calculated once n 2 is determined. The 
change in thickness corresponding to one complete oscillation is 
known as the thickness period, d p , 

d p = t (25) 
2 [n l - nfsin 2^]* 

which is constant as long as the film properties are not changing 
during the process. The local etch rate is related to d p and the 
time period of oscillation, Τ (figure 3), 

local etch rate - d p/T (26) 

Experimental 

A l l waveforms were collected using a custom-built, asymmetric, 
capacitively coupled (13.56MHz), reactive-ion etching apparatus. A 
circulating bath maintains the aluminum powered electrode 
temper;cure at 24.0 ±0.5°C. The apparatus is equipped with a He-Ne 
laser vÀ=632.8nm) interferometer as depicted in Figure 4. The 
laser beam was aimed at the substrate surface at an angle of 10° off 
the normal. Laser intensity was measured by a photodiode whose 
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Figure 3: Typical Oxygen RIE Interferogram 
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Figure 4 : RIE/Laser Interferometer 
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signal was passed through a transimpedance amplifier/low pass 
f i l t e r (cutoff frequency - 10Hz) ci r c u i t and di g i t a l l y recorded by 
an IBM personal computer. Dry oxygen was used exclusively as the 
etch gas. Films of poly(methylmethacrylate), PMMA (KTI 
Chemicals,950k), and VMCH, a commercially available poly(vinyl-
chloride-vinyl acetate-maleic anhydride) terpolymer were spun from 
6% solutions in chlorobenzene onto 3" s i l i c o n wafers at 1500 rpm 
and pre-baked at 160°C for 1 hour yielding film thicknesses of 1.0 ± 
0.1/xm. The film coated wafers were placed on the powered electrode 
without any thermal bond in between unless otherwise specified. 

Surface roughness was measured according to ANSI standard 
1346.1-(1978) using a Tencor Instruments Alpha-Step 200 stylus 
profilometer located at the National Nanofabrication F a c i l i t y of 
Cornell. Five surface roughness measurements were made for each 
sample and their average values recorded. Details of the 
experimental apparatus set-up and its operation are given elsewhere 
(Dems, B. C; et. a l . Intl

Data Analysis 

The interferometric data were d i g i t a l l y smoothed (attenuation range 
- 0.9995-1.005) and differentiated so that the local minima («R_) 
and maxima (=R+) of the interferogram could be located and averaged 
over a given run. An average value of the medium/substrate 
reflectance, Rj (=r 2

3), was also calculated over a ten second period 
after the end-point had been reached. The plasma intensity was 
then determined by extinguishing the plasma. The baseline 
measurement for the background intensity was measured by closing 
the shutter on the laser for about five seconds immediately before 
each run. I n i t i a l results showed that i t was very d i f f i c u l t to 
determine RQ experimentally due to small increases (~5%/min.) in 
etch rate with time. Therefore, an i n i t i a l guess of RQ= *s(R+ + R_) 
was used. These values were input to a computer program which 
computed the polymer's refractive index (=n2) by the following 
iterative scheme. 

After subtracting the baseline and plasma intensity, 
experimental R_ R+, R°, and RQ values were substituted in 
equations 17-20 and equation 22 and solved for | r 1 2 | and 
| r 2 3 | . The polymer refractive index was then calculated 
with equations 24a and 24b and the results between the two 
compared. The value of RQ was then appropriately adjusted 
and the process repeated using the new RQ u n t i l the n 2-
values calculated by equations 24a and 24b agreed to within 
0.1%. Singularities in the expressions for parameters A 
and Β in equations 18a and 18b were avoided by making a 5% 
change in RQ when necessary. Convergence was usually 
achieved in less than ten iterations. 

Results 

Results of refractive index measurements for PMMA and VMCH during 
oxygen RIE at 35mTorr and various incident RF power densities are 
tabulated in Table I. The values in the f i r s t column are those 
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obtained using the f u l l reflectance relation (equation 1) while 
those in the second column were calculated assuming r 1 2 « l . The 
calculated n 2 values are invariant with respect to power level to 
within experimental error. The more rigorous analysis makes a 2-4 
percent correction to the r 1 2 « l case and yields results that are in 
better agreement with values cited in the literature or measured by 
other methods. 

Table I. Calculation of Polymer Refractive Index from 
Laser Interferometer Waveform during Oxygen RIE* 

Power Density Self-Bias PMMA VMCH 
(Watts/cm2) (-VDC) *12 :~ r2 3 *12 « r 2 3 

r 12 ~ r 2 3 r 1 2 < < r 2 3 

0.125 250 
0.25 350 1. 481 1. ,442 1. ,512 1.462 
0.50 450 1. 482 1. ,446 1. ,501 1.456 
0.75 520 1. 466 1. .435 1. ,528 1.484 
0.875 550 1. 486 1. .444 1. .511 1.454 

Standard deviation 
of measurement ±0. .010 ±0.011 

Accepted value 1, .489 1.535** 

* RIE conditions: Flow=20 SCCM 02, pressure=35mTorr 
** Measured experimentally with Rudolph Instruments ellipsometer 

The laser interferometer appears to be sensitive enough to 
detect small changes in surface structure. Figure 5 is a plot of 
amplitude reduction factor versus incident power density obtained 
for PMMA and VMCH films at 35mTorr. It is seen that f decreases 
with RF power suggesting that more surface roughening occurs at 
higher ion bombardment energies. Extrapolation of the curves to 
zero power does not necessarily go through f=l (i.e. sharp 
interface), particularly for the PMMA curve. This is consistent 
with the fact that scattering of light by pre-etched PMMA films was 
always observed during the experiments whereas scattering by pre-
etched (post-bake) VMCH films, while present to a small extent, was 
noticeably less. Roughness amplitudes estimated from f using 
transition layer theory (3) range from 60 to 130 À for PMMA and 
from 80 to 140 Â for VMCH. 

Table II summarizes surface roughness values measured for PMMA 
and VMCH samples etched for 1.0 minute at 35mTorr at various power 
densities. Although the measured values of 80 - 105 Â f a l l within 
the ranges obtained from the interferometer and transition layer 
theory, there is no significant variation with power density. 
Differences in surface roughness between pre-etched films of PMMA 
and VMCH are also negligible according to the stylus measurements. 
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Table II. Average Surface Roughness of Etched PMMA and VMCH Films 

POWER DENSITY SELF-BIAS SURFACE ROUGHNESS*(Â) 
(Watts/cm2) (-VDC) PMMA VMCH 

unetched 40 35 
0.125 250 100 85 
0.250 350 90 95 
0.500 450 80 105 
0.750 520 90 80 
1.050 575 85 90 

* Surface Roughness measured with Tencor Instruments Alpha-Step 200 
stylus profilometer per ANSI Standard 1346.1-(1978) 

02/RIE Conditions: flow=20 SCCM, chamber pressure=35mTorr 
Etch time -1.0 minute 

Table III is a summary of results obtained for 02/RIE of PMMA 
at 0.125 Watts/cm2 and 0.75 Watts/cm2 and 5mTorr and 35mTorr. The 
amplitude reduction factor is approximately equal to unity 
(sharp/smooth surface) at 5mTorr for both power levels while values 
less than unity occur at 35mTorr, indicating greater roughening. 
The etch rates at constant power are 2-3 times lower at 5mTorr than 
the corresponding rates at 35mTorr. In addition, the dark space 
width, measured with a cathetometer, increased from 1.1cm at 
35mTorr to 3.0cm at 5mTorr while self-bias potentials were only 
modestly higher at 5mTorr. Non-local transport theories (4) 
predict energy deposition rates that track closely with observed 
etch rates. However, estimated ion fluxes at 5mTorr for both power 
levels are less than those at 35mTorr. Thus, i t appears that 
surface roughness scales with ion flux to the surface. Thermal 
heating effects, which are known to cause the etch rate of PMMA to 
accelerate with time (5), and could influence surface roughness, 
were investigated by measuring the etch rate of samples that were 
thermally bonded (Apiezon Type Ν vacuum grease) to the electrode 
and comparing them to unbonded samples. The thermally bonded 
samples etched at virtually the same rate as the unbonded samples 
for the etch times investigated (< 1.5 minutes). 
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Table III. 

POLYMERS IN MICROLITHOGRAPHY 

Amplitude Reduction Factor and Oxygen RIE Rate of PMMA 

Power Density 
(Watts/cm2) 

Pressure 
(mTorr) 

Self-Bias 
(-VDC) 

f Etch Rate* 
(nm/min) 

0.125 
0.750 

5 
5 

250 
600 

0.993 ±0.015 
0.999 

135 
435 

0.125 
0.750 

35 
35 

230 
500 

0.966 ±0.015 
0.945 

245 
1160 

* Time-weighted average 

SEM photomicrograph
Figures (6a)-(6d) are SEM photomicrographs taken of PMMA films 
etched for one minute under the following 02/RIE conditions: (6a) 
baked/unetched, (6b) 0.125 Watts/cm2, 35mTorr, no thermal bond; (6c) 
0.75 Watts/cm2, 35mTorr, no thermal bond; (6d) 0.75 Watts/cm2, 
35mTorr, with thermal bond. It is clear that the film surfaces 
etched at 35mTorr become progressively rougher with increasing 
power density while thermal bonding had no effect. Similar SEM 
analyses showed the films etched at 5mTorr to remain smooth after 
identical etching intervals. The characteristic wavelength of the 
corrugated surface folds of the roughened films appears to increase 
from less than Ο.ΐμπι at low power to about 0.2/im at high power. 
These wavelengths are less than wavelength of the probing laser 
beam and insure that the beam is indeed optically averaging the 
surface roughness. Had the surface corrugations been of 
sufficiently long wavelength, then the reflected beam signal would 
not average over corrugations, thereby changing interpretation of 
results. 

In these oxygen/RIE experiments, the effect of the transition 
layer phase shift ^ t is such that the endpoint begins close to the 
fi n a l extrapolated reflectance maximum, perhaps anticipating i t 
slightly as expected for a rough film (Figure 7). The approach to 
completion of etch removal appears to be more gradual than is 
ordinarily seen in film dissolution experiments, with no evidence 
of acceleration or steep inflection in the concentration profile 
within the transition region. The concentration profile for a 
simple rough interface is not expected to show any sharp inflection 
unless some intrinsic layering structure (i.e. residual etch 
products) were present, and none is evident from the interferogram. 
Furthermore, there is no reason to expect acceleration of etch 
removal near the endpoint since etch rate is limited by generation 
of active etchant species (atomic oxygen and 0 2

+ ions) in the gas 
phase (6-9). The observations are consistent with this 
expectation. 
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Figure 6. Scanning electron micrographs of hard-baked PMMA films 
before and after a 1.0-min oxygen-RIE treatment at the following 
conditions: a, unetched; and b, etched, 0.125 W/cm2, 35 mTorr, 
-230 VDC, no thermal grease. Continued on next page. 
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Figure 6. Continued, c, Etched, 0.75 W/cm2, 35 mTorr, -500 VDC, 
no thermal grease; and d, same as in c except with thermal grease. 
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Discussion 

Refractive index measurements made by this technique are of 
sufficient accuracy to make this a valuable research tool in 
studying and characterizing the dry etch behavior of novel polymer 
resist materials. In situ etch rate can be measured and analyzed 
quickly without any prior knowledge of the polymer's physical 
properties. 

Surface "roughness" measurements of reactive-ion etched 
samples suggest that laser interferometry may be more sensitive 
than mechanical stylus measurements. This apparent difference in 
sensitivity is due to the fact that surface roughness correlation 
lengths in this study are less than 0.2/im. This is less than laser 
beam's width, which insures that the probing beam i s optically 
averaging the surface roughness and makes i t i n t r i n s i c a l l y 
sensitive enough to use as a RIE characterization tool  On the 
other hand, lateral surfac
beyond the sensitivity
Similar conclusions were drawn in the ellipsometrie surface study 
by Nee (10). 

The key factor in obtaining precise information from the 
oxygen/RIE laser interferogram is careful process control which 
minimizes signal noise. The calculations are sensitive to small 
changes in reflected beam signal. In many cases, the amplitudes of 
waveform oscillations can vary by a few percent during a run which 
can lead to proportionate changes in calculated n 2 and f values. 
Estimates of the plasma intensity, Rp, are a function of the time at 
which i t is measured and the surface area of exposed etchable 
material during the process. The plasma intensity is typically a 
few percent greater during the etch when etchable material is s t i l l 
present. This was confirmed by measuring the plasma intensity 
periodically throughout an etch cycle. 

Conclusions 

The f u l l expression for the reflected intensity of a laser 
interferometer in a plasma/polymer/silicon system can be used to 
measure the polymer refractive index to within about 3 percent. 
This leads to an efficient and non-destructive in situ etch rate 
measurement technique which does not require any prior knowledge of 
film properties. The analysis can also be used to semi-
quant i tat ively gauge the degree of "roughening" imparted to a 
polymer film surface during RIE processing. 
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Chapter 15 

Evaluation of Several Organic Materials 
as Planarizing Layers for Lithographic and 

Etchback Processing 

L. E. Stillwagon and Gary N. Taylor 

AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, NJ 07974 

Several materials wer
planarizing layers for use in optical lithography or in etchback 
processes that are used in the fabrication of multilevel metal
-insulator structures. Two types of materials were examined: 
resins that were applied by spin coating and baked to enhance 
planarization, and liquid monomers that were applied by spin 
coating and hardened photochemically after an appropriate 
leveling period. The planarizing properties of the materials 
were compared by measuring their abilities to level 20-500 μm 
wide isolated square holes on Si substrates. Other relevant pro
perties, such as etching resistance, uv absorbance and glass 
transition temperature, are reported and discussed. 

A s opt ica l l i thography is pushed to its resolution l imi t , the depth of focus of 
the exposure tools w i l l decrease and planar iza t ion , that is leveling, of sub
strate topography may be necessary to properly pat tern topographic sub
strates (1). A single layer that planarizes substrate topography in addi t ion 
to serving as the imaging layer may be used, or a multilayer-resist structure 
may be used w i t h the bot tom layer serving as the p lanar iz ing layer. A more 
immediate need for substrate p lanar iza t ion is i n etchback processing that is 
used i n the fabr ica t ion of mult i level metal-insulator structures (2—4). 

Figure 1 shows two processes for leveling substrate topography. In the 
first a low molecular weight polymer (resin) is appl ied to the topographic 
substrate by spin coating from a concentrated solution of the resin (4—9). 
D u r i n g spin coating the film profiles over isolated features that are narrower 
t han about 50-100 μπ ι are at least par t ia l ly planar while the profiles over 
features wider than this are conformai ( lu ) . Thus , i t is necessary to bake 
the coated substrate after spin coating to lower the film viscosi ty and 
enhance leveling. In the second process a low viscosity, l iquid monomer is 
appl ied by spin coating and the film is hardened (cured) after an appropri
ate leveling or flow period ( lu ) . Here this process is done at room 
temperature and the film is hardened by uv i r rad ia t ion . 

0097-6156/89/0412-0252$06.00/0 
ο 1989 American Chemical Society 
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Figure 1. Schematic drawing of two planar iza t ion processes using (A) a 
low molecular weight polymeric resin and (B) a low viscosity, l iqu id 
monomer. 
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In addi t ion to having adequate p lanar iz ing properties, materials used 
in op t ica l l i thography should be resistant to plasmas used to etch typ ica l 
substrates; the most severe are plasmas that are used to etch a luminum sub
strates. The materials should be thermal ly stable and should conta in smal l 
amounts of metal impuri t ies that adversely affect device performance. 
Mate r i a l s used as bot tom layers in multilayer-resist structures should be 
highly absorbing at the exposure wavelength to eliminate substrate reflection 
of light that degrades resolution, and should be highly crosslinked so that 
the bot tom layer is resistant to spinning solvents used to apply the top 
layers. The absorpt ion requirement can be met by adding smal l amounts of 
appropriate dyes. F o r etchback processing, the mater ia l must be resistant 
to 0 2 reactive-ion etching and should contain low amounts of harmful metal 
impuri t ies . 

In this paper the p lanar iz ing properties of some commercial ly available 
resins and monomers are
etching resistance, film absorbanc  glas  temperatur g

reported and discussed. Some of the materials that we evaluated are not 
marketed for use i n the microelectronics industry. Consequently, they are 
not avai lable as filtered spin coating solutions and may contain high levels of 
metal impuri t ies that adversely affect device performance. 

E x p e r i m e n t a l 

Si l icon substrates w i t h isolated square holes that were fabricated using stan
dard photol i thographic and plasma etching techniques were used to evaluate 
the p lanar iz ing properties of the materials . The hole widths were 20, 50, 
100, 200, 300, 400 and 500 μπι and the hole depth was 1 μπ ι . F igure 2 shows 
a schematic drawing of a typ ica l topographic substrate. P l ana r i za t i on was 
determined either by film thickness measurements using an automated 
instrument ( N a n o s p e c / A F T M o d e l no. 010-0180, Nanometr ics , Inc.) or by 
measuring film profiles over the topographic features w i t h a D e k t a k I IA 
stylus profilometer (Sloan Technology) equipped w i t h a 12.5 μπ ι radius 
stylus. In the former case, the film thickness was measured near the center 
of the square hole (h(0) i n Figure 3) and i n the topographical ly higher region 
far away (several hole widths) from the center of the hole. Th i s lat ter thick
ness was assigned to the i n i t i a l film thickness ho- P l ana r i za t i on was deter
mined using 

P l ana r i za t i on (%) = 1 0 0 " " ^ j i 1 ) 

where d is the depth of the hole on the uncoated substrate. This depth was 
measured using the profilometer. P l ana r i za t ion was determined from film 
profile measurements by 
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Figure 2. Schematic drawing of a typ ica l topographic substrate. 

F igure 3. D r a w i n g of a film profile over a hole. 
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Plana r i za t i on (%) = 100 - ^ L - ± (2) 

where d c (0) (Figure 3) is the depth at the center of the hole on the coated 
substrate. 

Table I describes the resins that were evaluated. F i l m s of the resins 
were appl ied to topographic substrates by spin coating from concentrated 
solutions of the resins i n volat i le spinning solvents using a Headway 
Research M o d e l E C 1 0 1 spin coater. Af te r 2 minutes of spinning the coated 
substrates were transferred to a hot plate for bak ing . The temperature of 
the hotplate was measured w i t h a surface thermometer. 

Tabl

Trade Name M a t e r i a l Type Softening Po in t ( 8 C ) 

H P R - 2 0 6 Posi t ive 
Photoresist (Ol in -Hunt ) 

A Z Protec t ive Coa t ing 
(Hoechst) 

PC1-1500D (Futurrex) 

V a r c u m 29-801 
( B T L Specia l i ty Corp. ) 

M i x e d Isomer Novolac 
+ Diazonaphthoquinone 
Photoact ive Compounds 

M i x e d Isomer Novolac 

Polyester 

Or tho-Cresol Novolac 

120-140 

120-140 

90-100 (&) 

K r i s t a l e x 3085 (Hercules) Polyfa-methylstyrene) 85 

L i q u i d monomer films were also evaluated as p lanar iz ing layers. 1-
N a p h t h y l acrylate was prepared by reacting 1-naphthol w i t h acryloyl 
chloride i n the presence of a ter t iary amine. E thoxy la t ed bisphenol-A 
dimethacrylate and t -butylphenyl g lycidyl ether were obtained from A R C O 
Specia l i ty Chemicals and W i l m i n g t o n Chemica l Co . , respectively. Viscosi t ies 
of the monomers were measured w i t h cal ibrated capi l la ry viscometers (Can
non Instrument Co.) or were determined from the thicknesses of spin-coated 
films using the equation of Emsl ie , et a l (11). The low viscosity monomers 
were applied to the substrates by spin coating and after an appropriate lev
eling period were hardened by exposure to light from an O p t i c a l Associates, 
Inc. deep-uv light source, M o d e l no. 29D. Smal l amounts of Irgacure 651 
(Ciba-Geigy Corp.) or t r iarylsulfonium hexafluoroantimonate ( U V E 1014, 
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General E lec t r ic Co.) were added to the acrylic and epoxy monomers, respec
t ively, to ini t ia te photopolymerizat ion. The acrylic monomers that polymer
ized by a free-radical mechanism were i r radia ted under nitrogen. The out
put of the lamp measured at the substrate was about 4 m W / c m 2 at 260 n m 
and about 11 m W / c m 2 at 310 nm. 

Glass t rans i t ion temperatures of the uv-hardened films were measured 
w i t h a P e r k i n E l m e r M o d e l D S C - 4 differential scanning calorimeter (DSC) 
that was cal ibra ted w i t h an ind ium s tandard. The films were scraped from 
si l icon substrates and placed in D S C sample pans. Temperature scans were 
run from -40 to 100-200 ° C at a rate of 2 0 ° C / m i n and the temperature at 
the midpoint of the t rans i t ion was assigned to T g . 

Oxygen reactive-ion etching ( 0 2 R I E ) rates of the films were measured 
using a single-wafer etcher. T y p i c a l etching conditions were 8-10 seem of 
0 2 , 5 mtorr pressure, -400 V bia d  densit f about 0.4 
w a t t s / c m 2 . React ive- ion etchin
substrates were measured using an A p p l i e d Mate r i a l s Α Μ Ε 8110 Hexode 
Reactor . The plasma was formed in a gas mixture of B C 1 3 , C l 2 and C H F 3 , 
and the bias and power density were -230 V and 0.1 w a t t s / c m 2 . 

Results and D i s c i s s i o n 

If we neglect film shrinkage the degree of p lanar iza t ion achieved during the 
leveling period is determined by the type of geometry and the value of the 
dimensionless parameter t7h 0

3/7?w 4 where t is the length of the leveling 
period, 7 is the film surface tension, η is the film viscosity and w is the w i d t h 
of the topographic feature (12). The type of geometry and topographic 
widths are determined by integrated circuit designers. The film thickness is 
l imi ted to about 2 μπ ι by etching considerations, and the surface tension of 
most organic materials is about 30 d y n / c m . Thus , the only properties con
sidered when surveying candidates as p lanar iz ing materials were viscosity 
and the capabi l i ty to have long leveling periods. The best materials w i l l be 
those capable of long, low viscosity leveling periods. 

Resins. The first three materials l isted in Table I are marketed for use i n 
the microelectronics industry . The last two materials have lower softening 
points t han mixed isomer novolac resins and should have lower viscosities 
when baked at high temperatures. Posi t ive photoresist is widely used as a 
p lanar iz ing layer, but in the future, materials w i t h better p lanar iz ing pro
perties w i l l be required. M i x e d isomer novolacs by themselves have been 
reported to have better p lanar iz ing properties than positive photoresist (&). 
W e evaluated two other commercial ly available mixed isomer novolacs i n 
addi t ion to the mater ia l from Hoechst, Inc. A l l three had s imi lar p lanar iz ing 
properties. Pampalone and coworkers (&) have reported that ortho-cresol 
novolacs had much better p lanar iz ing properties than positive photoresist. 
The poly(a-methylstyrene) mater ia l used here is a mixture of oligomers and, 
unl ike the other materials, d id not crosslink during baking at high tempera
tures. Table II shows the p lanar iza t ion of 20 - 200 μπ ι wide holes achieved 
by unbaked films of the materials . 
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Table II. P l ana r i za t i on Ach ieved by U n b a k e d F i l m s 

M a t e r i a l F i l m Thickness P l ana r i za t i on (%) 
jjum] 20 50 100 200 

Posi t ive 
Photoresist 

2.8 45 35 13 -6 

M i x e d Isomer 
Novolac 

2.9 45 36 10 -9 

Polyester 38 16 5 

Or tho-Cresol 
Novolac 

3.6 - 40 -2 9 

P o l y ( o m e t h y l 
styrene) 

2.1 57 32 -1 -5 

Spinning solut ion concentrations were adjusted so that the final film 
thicknesses after sp in coating and baking were about 2 μη ι . O n l y the film 
profiles over holes narrower than 50-100 μηι were leveled to some degree dur
ing the sp in coating process. The p lanar i ty of the film profile decreased w i t h 
increasing hole w i d t h and leveling is just beginning for the 100 and 200 μηι 
wide holes. These observations agree w i t h a recent analysis of the relat ion
ship between spin coating and p lanar iza t ion (1Q). Negat ive values for the 
degree of p lanar iza t ion were observed for the wider holes. It has been shown 
that dur ing the early stages of leveling the p lanar i ty of the film profiles in 
the center of the holes worsens before improving (12). 

Tab le III lists the p lanar iza t ion achieved by unbaked and baked films 
of positive photoresist, mixed isomer novolac and the polyester mater ia l . 
Three baking temperatures (200, 250 and 3 0 0 0 C ) were t r ied for the pho
toresist and mixed isomer novolac, while the polyester was baked at 2 0 0 0 C 
as recommended by the supplier. A l l films were baked for 10 m i n . D u r i n g 
the ear ly stages of baking the film viscosity is lowered and flow (leveling) is 
enhanced, but loss of volat i le species from the film leads to a film thickness 
decrease that slows leveling and also degrades some of the leveling that may 
have occurred earlier (2JLÛ). These two competing processes occur s imul 
taneously during the baking and their in terplay determines the p lanar i ty of 
film profiles over underlying substrate topography. The three materials 
undergo reactions at higher temperatures that dras t ical ly increase the film 
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viscosity and eventually lead to a highly crosslinked, insoluble f i lm. F i l m s of 
these materials became insoluble after baking for less than a minute at tem
peratures of 2 0 0 0 C and above. 

Tab le III. P l ana r i za t i on Ach ieved by U n b a k e d and B a k e d F i l m s 

F i l m P l ana r i za t i on (%) 
M a t e r i a l Bake Condi t ions Thickness 

(um) 20 50 100 200 

Posi t ive Photoresist 
Posi t ive Photoresist 
Posi t ive Photoresist 260 ° C 2.0 78 33 8 -3 
Posi t ive Photoresist 305 ° C 1.9 74 32 4 -3 

M i x e d Isomer Novolac U n b a k e d 2.9 45 36 10 -9 
M i x e d Isomer Novolac 205 ° C 2.1 84 56 9 -8 
M i x e d Isomer Novolac 255 ° C 2.1 96 70 24 -15 
M i x e d Isomer Novolac 310 ° C 2.0 84 65 25 -12 

Polyester U n b a k e d 2.7 64 38 16 -5 
Polyester 200 ° C 2.2 66 52 29 -6 

F o r the positive photoresist, baking at 200 - 300 ° C enhanced leveling 
of the profiles over 20 μπ ι wide holes, but degraded the p lanar i ty of the 
profiles over 50 and 100 μπι wide holes. A p p a r e n t l y significant flow occurred 
only over distances of roughly 10 μπ ι before thermal reactions greatly 
increased the film viscosity. Thus , thermal flow was able to offset the 
degrading effects of film shrinkage for only the film profiles over the 20 μπ ι 
wide holes. W i l s o n and Piacente (Z) examined the p lanar iz ing properties of 
several different positive photoresist films baked at temperatures between 
160 - 2 0 0 0 C and found s imi lar results. 

B a k i n g films of the mixed isomer novolac at 2 0 5 0 C improved the 
p lanar i ty of the film profiles over the 20 and 50 μπ ι wide holes. The degree 
of p lanar iza t ion was superior to that achieved by positive photoresist. The 
diazonaphthoquinone photoactive compounds i n the positive photoresist 
apparent ly caused crosslinking (hardening) to occur at lower temperatures 
and the photoresist had a shorter flow period t han the mixed isomer novolac 
by itself (â ) . B a k i n g at 2 5 5 0 C improved the p lanar i ty of the film profiles 
over the 20, 50 and 100 μπ ι wide holes. These profiles are more planar t han 
those obtained after bak ing at 205 ° C , while bak ing at 310 ° C yielded 
roughly the same results. 
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B a k i n g the polyester film at 2 0 0 0 C improved the p lanar i ty of the film 
profiles over the 20, 50 and 100 μτα wide holes. These profiles were leveled 
better t han those for the baked positive photoresist film. Dur ing bak ing , the 
polyester film shrinks less than the positive photoresist film and may also 
have either a lower viscosity and /o r a longer, low viscosi ty flow period. 

The thermal reactions that occur during baking at high temperatures 
l imi t the low viscosi ty leveling period for the three materials l isted in Table 
III. B a k i n g at lower temperatures to avoid or slow the thermal reactions d id 
not provide as good p lanar iza t ion as that achieved at 2 0 0 0 C . 

Table I V lists the p lanar iza t ion of 20 - 400 μηι wide holes achieved by 
unbaked and baked films of positive photoresist, ortho-cresol novolac and 
poly(a-methylstyrene). 

Tabje I V . P l ana r i za t i o y

F i l m P l ana r i za t i on (%) 
M a t e r i a l Bake Condi t ions Thickness 

(um) 20 50 100 200 300 400 

Posi t ive Photoresist U n b a k e d 2.8 45 35 13 -6 _ _ 

Posi t ive Photoresist 2 1 0 ° C / 1 0 min 2.0 70 30 4 -1 - -

Ortho-Cresol Novolac U n b a k e d 3.6 - 40 -2 -9 - -
Ortho-Cresol Novolac 2 2 5 ° C / 2 m i n 1.9 88 84 68 28 16 -14 

Or tho-Cresol Novolac 2 2 5 ° C / 5 m i n 1.8 90 86 72 37 21 -13 

Or tho-Cresol Novolac 2 2 5 ° C / 1 0 min 1.8 100 89 70 42 30 -11 

Or tho-Cresol Novolac 2 2 5 ° C / 1 5 min 1.9 98 91 69 40 32 -13 

Poly(a-methyls tyrene) U n b a k e d 
Poly(a-methyls tyrene) 2 2 5 ° C / 2 m i n 1.7 93 86 66 41 14 -3 
Poly(a-methyls tyrene) 225 ° C / 1 0 min 1.6 97 88 75 51 24 4 
Poly(q-methylstyrene) 2 2 5 ° C / 3 0 min 

2.1 57 32 -1 -5 -
1.7 93 86 66 41 14 
1.6 97 88 75 51 24 
1.5 99 88 76 59 29 

The ortho-cresol novolac has a lower softening temperature and reacts 
(crosslinks) more s lowly during baking than the mixed isomer novolac resins 
typ ica l ly used i n positive photoresists (8, Τ 3). The molecular weight of the 
resin, and therefore the viscosity, begin to increase after about 2 m i n of bak
ing at 225 0 C (&); after about 6 min the films are insoluble indica t ing that 
they are highly crosslinked. Thus , films of this mater ia l had longer low 
viscosi ty flow periods than the three materials previously discussed and exhi
bi ted better p lanar iz ing properties i n spite of the large film thickness 
decrease that occurred during baking . Improvement i n the p lanar i ty of film 
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profiles over holes as wide as 300 μπ ι was observed. A t 225 ° C the film 
thickness remained roughly constant for baking times greater than 2 min 
and the op t imum baking time was between 5 and 10 m i n . N o improvement 
in leveling occurred after 10 min since the resin was highly crosslinked at 
this point . B a k i n g at 1 5 5 0 C for 30 min gave inferior p lanar iza t ion to that 
achieved at 225 0 C for 2 min . 

The p lanar iz ing properties of the oligomeric poly(a-methylstyrene) 
were s imi lar to that of the ortho-cresol novolac. The film remained soluble 
after bak ing at 2 2 5 0 C , and the film thickness decreased w i t h increasing 
baking t ime. Chromatographic analysis of baked films showed that the 
lower molecular weight oligomers ( M W = 100-200 g/mol) evaporated from 
the film during baking . Un l ike the ortho-cresol novolac, baking for more 
than 10 m i n at 2 2 5 0 C continued to improve the p lanar i ty of the film 
profiles. 

The leveling rate ca
(10,12). Table V shows th  degre g y
lac and poly(a-methylstyrene) when the final film thickness after bak ing was 
about 4 μπ ι . The films were baked at 225 0 C for 10 min . 

Tab le V . P l ana r i za t i on Ach ieved by 4 μπι T h i c k F i l m s 

F i l m P l ana r i za t i on (%) 
M a t e r i a l Thickness 

(μπι) 20 50 100 200 300 400 500 

Or tho-Cresol Novolac 4.2 95 93 90 79 59 49 31 
Poly(a-methyls tyrene) 4.3 96 95 89 82 70 56 40 

A s expected, the degree of leveling was superior to that achieved by 2 μπ ι 
th ick films, and the p o l y ( α - m e t h y l s t y r e n e ) film achieved better p lanar iza t ion 
over the wider holes. The improvement i n the p lanar i ty of the film profiles 
was extended to holes as wide as 500 μπ ι by doubling the film thickness. 

The polyester film was etched about 1.5 times faster than the positive 
photoresist film during R I E i n a plasma that is used to etch A l substrates. 
The ortho-cresol novolac and poly(a-methylstyrene) materials have high 
aromatic carbon content and should etch at roughly the same rate as posi
tive photoresist, a l though we have not measured their etching rates. Af t e r 
bak ing at 200 ° C , 2 μπ ι th ick films of the positive photoresist, polyester and 
ortho-cresol novolac were highly absorbing at 436 and 366 nm and were 
highly crosslinked. F i l m s of poly(a-methylstyrene) absorb strongly only at 
wavelengths less than about 220 nm and are not crosslinked by baking at 
2 0 0 0 C . T o be used as the bot tom layer i n a multilayer-resist structure a 
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non-volati le dye that strongly absorbs at the exposure wavelength would 
have to be added to this mater ia l and the film would have to be crosslinked 
by some means. G o k a n and coworkers (11) recently reported that films of 
low molecular weight polystyrene exhibi ted good planar iz ing properties when 
baked i n a nitrogen atmosphere. They also investigated copolymers of 
styrene w i t h chloromethylstyrene that could be crosslinked after bak ing by 
uv i r rad ia t ion . Ortho-cresol novolac and poly(a-methylstyrene) etched at 
roughly the same rate as positive photoresist during low-pressure, high-bias 
0 2 reactive-ion etching, while the polyester etched at roughly twice the posi
tive photoresist rate. 

M o n o m e r s . W e surveyed several candidates for the p lanar iza t ion process 
that uses low viscosity, l iquid monomers at room temperature (Figure I B ) . 
A low viscosi ty is required for good leveling properties and a high C / O rat io 
( lu) is required for etchin
viscosity of 30 cs and a C /
properties of the acrylate and methacrylate monomers that were surveyed. 
Mate r i a l s w i t h very low viscosities, for example benzyl methacrylate (2 cs), 
evaporated during spin coating. N a p h t h y l acrylate is monofunctional and 
formed soft films during uv i r rad ia t ion . E thoxy la t ed bisphenol-A 
dimethacrylate E B D M A , that is difunctional and has a moderate C / O rat io 
of 4.5, was added to N A to act as a crosslinking agent. H a r d films were 
formed when the mixtures were i r radia ted . 

Tab le V I shows a comparison of the leveling properties of the ortho-
cresol novolac film that was baked at 2 2 5 0 C for 15 min w i t h those for a uv-
hardened film of a 7:3 mixture of N A and E B D M A . The mixture had a 
viscosi ty of 75 cs and a 10 min leveling period was used before uv hardening. 
B o t h films had a final film thickness of about 2 μπ ι . 

Table V I . P l ana r i za t i on by 2 μπ ι T h i c k F i l m s 

R I E Ra t e P l ana r i za t i on (%) 
M a t e r i a l A l Q 9 20 50 100 200 300 400 500 

Or tho-Cresol Novolac 1.0 1.0 98 91 69 40 32 -13 
(225 0 C / 1 5 min) 

7/3 N A - E B D M A 1.3 1.1 100 95 85 75 64 46 29 
(75 cs, 10 min) 

The ortho-cresol novolac film par t i a l ly planar ized holes as wide as 300 μπ ι , 
while the film of the monomer mixture par t i a l ly planar ized holes as wide as 
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500 μπ ι and exhibi ted superior p lanar iza t ion for holes wider than 100 μπ ι . 
The hardened N A - E B D M A film etched 30 % faster t han the ortho-cresol 
novolac film i n a plasma that is used for etching A l substrates and etched 10 
% faster during 0 2 reactive-ion etching. 

Para - t -bu ty lphenyl g lyc idyl ether B P G E had a s imi lar viscosity and 
C / O ra t io as those of N A and had the best properties of the photocurable 
epoxies that were surveyed, but this monomer dewetted from Si substrates 
immediate ly after sp in coating and formed a puddle at the substrate center. 
Other monofunctional epoxies exhibited the same behavior. Mix tu res of 
B P G E w i t h mul t i funct ional aromatic epoxies wetted Si substrates and could 
be used as p lanar iz ing layers. 

F i l m s of the N A - E B D M A mixtures that were cured by uv i r rad ia t ion at 
room temperature had glass t rans i t ion temperatures that were around room 
temperature. F i l m s w i t h glass t ransi t ion temperatures around 1 0 0 0 C or 
greater are required for l i thography
increased the glass t ransi t io  temperature  films,  shrinkag
also occurred that degraded planar iza t ion . Table V I I lists the glass t ransi
t ion temperatures and film shrinkage for films of the 7:3 N A - E B D M A mix
ture tha t were i r radia ted for 5 min and then baked at 100, 150 and 200 ° C 
for 5 m i n . 

Table V I I . Glass Trans i t ion Temperatures and F i l m Shrinkage of 
U V - H a r d e n e d and B a k e d 7/3 N A - E B D M A F i l m s 

B a k i n g Temperature T g F i l m Shrinkage 

f ° C ) L £ ) 

None 28 5 

100 84 25 

150 95 27 

200 107 25 

The unbaked films had glass t ransi t ion temperatures i n the 25-30 0 C range 
and the T g increased w i t h increasing baking temperature. The films shrank 
by 5 % during uv i r rad ia t ion and an addi t ional 20 % during bak ing . B a k i n g 
at 150 or 2 0 0 0 C raised the T g to about 100 0 C , but caused a 20 % degrada
t ion i n p lanar iza t ion . In general the glass t ransi t ion temperature of an uv-
hardened film is not much greater than the i r rad ia t ion temperature unless 
very long i r rad ia t ion periods are used. A l t h o u g h we have not t r ied i t , 
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i r rad ia t ing the films while they are being heated should y ie ld films w i t h high 
glass t rans i t ion temperatures and eliminate the need for the post-exposure 
bake and the consequent degradation of p lanar iza t ion due to film shrinkage. 
Th i s approach may require monomer mixtures w i t h higher boil ing points 
t han those used here to avoid film loss due to monomer evaporat ion during 
the high temperature i r radiat ions . 

F i l m s of the N A - E B D M A mixture absorbed light strongly only at 
wavelengths below about 300 nm and appropriate dyes would have to be 
added i f films of these materials were used as bot tom layers i n mult i layer-
resist structures to be pat terned at 366 or 436 nm. 

Conclusions 

The p lanar iz ing properties of the ortho-cresol novolac and poly(a
methylstyrene) materials ar
toresist, mixed isomer novola  polyeste
The ortho-cresol novolac becomes highly crosslinked after baking for 5-10 
min at 225 0 C and further baking does not improve p lanar iza t ion . Poly(o> 
methylstyrene), on the other hand, remains soluble and continues to flow 
after bak ing for 30 m i n at 225 0 C , thus affording improved leveling at long 
baking t imes. The ortho-cresol novolac appears to have the best overal l pro
perties as either a bot tom layer in a multilayer-resist structure or as a 
p lanar iz ing layer in an etchback process, al though poly(a-methylstyrene) 
may also be useful in the lat ter process. Nei ther of these materials are 
marketed for use i n the microelectronics industry, but we have examined 
some experimental materials from Fu tur rex Inc. (Ting C . Η . , Ρ ai P . and 
Sobczack Z . , Pape r to be presented at V L S I Mul t i l eve l Interconnection Conf . 
in San ta C l a r a , C a . , June, 1989) that have comparable p lanar iz ing proper
ties to the ortho-cresol novolac and poly (a-me thy Is tyre ne) materials . These 
materials may be available to the microelectronic industry i n the future. 

F i l m s of 7:3 mixtures of 1-naphthyl acrylate and ethoxylated 
bisphenol-A dimethacrylate had better p lanar iz ing properties t han any of 
the resins that were examined and may be useful as layers for etchback pro
cessing. F o r use as bot tom layers in multilayer-resist structures it w i l l be 
necessary to bake the films after uv hardening to increase the T g , and if the 
exposure wavelength is above 300 nm, an appropriate dye must be added to 
eliminate substrate reflections that degrade resolution. 
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Chapter 16 

New Negative Deep-UV Resist for KrF Excimer 
Laser Lithography 

Masayuki Endo, Yoshiyuki Tani, Masaru Sasago, and Noboru Nomura 

Semiconductor Research Center, Matsushita Electric Industrial Company 
Ltd., 3-15, Yagumo-nakamachi, Moriguchi, Osaka 570, Japan 

A photosensitiv
an aromatic azid
phenyl methane) and a resin matrix (poly 
(styrene-co-maleic acid half ester)), has 
been developed and evaluated as a negative 
deep UV resist for high resolution KrF 
excimer laser lithography. Solubility of 
this resist in aqueous alkaline developer 
decreases upon exposure to KrF excimer 
laser irradiation. The alkaline developer 
removes the unexposed areas of this resist . 
No swelling-induced pattern deformation 
occurs and high aspect ratio sub-half-
micron patterns in 1 micron film thickness 
are obtained with high sensitivity. 

1. I n t r o d u c t i o n 

K r F exc imer l a s e r l i t h o g r a p h y t h a t u t i l i z e s s h o r t e r 
wave length has become o f g r e a t i n t e r e s t as a means o f 
f a b r i c a t i n g 0 . 3 - 0 . 5 m i c r o n p a t t e r n s i n s e m i c o n d u c t o r s 
( 1 - 3 ) . 

One prob lem w i t h K r F exc imer l a s e r l i t h o g r a p h y i s t h e 
l a c k o f h i g h r e s o l u t i o n r e s i s t . Many a t tempts t o o b t a i n 
s u i t a b l e r e s i s t f o r K r F exc imer l a s e r has been r e p o r t e d . 
C o - and t e r p o l y m e r s o f PMMA w i t h indenone ( 4 ) , o x i m i n o -
butanone m e t h a c r y l a t e (5 ) , and m e t h a c r y l o n i t r i l e (6) have 
been used as h i g h r e s o l u t i o n p o s i t i v e deep UV r e s i s t s . 
However, t h e i r s e n s i t i v i t y t o K r F exc imer l a s e r 
i r r a d i a t i o n and r e s o l u t i o n a r e no t s u f f i c i e n t f o r use i n 
p r a c t i c a l K r F exc imer l a s e r l i t h o g r a p h y p r o c e s s ( 7 ) . 
N a p h t h o q u i n o n e d i a z i d e - b a s e d p o s i t i v e r e s i s t s have h i g h 
o p t i c a l d e n s i t y , so t h e p r o f i l e s o f t h e i r p a t t e r n a r e 
degraded ( 2 , 3 , 7 ) . R e c e n t l y , W i l l s o n e t a l . have r e p o r t e d 
on 1 , 3 - d i a c y l - 2 - d i a z o l i n k a g e d e r i v a t i v e d i s s o l u t i o n 
i n h i b i t i o n system w i t h h i g h s e n s i t i v i t y as a p o s i t i v e 
deep UV r e s i s t . However, the r e s o l u t i o n and p a t t e r n 
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p r o f i l e s of the r e s i s t have not been f u l l y described (8). 
Orvek et a l . have presented organosilicon positive photo
r e s i s t for KrF excimer laser. Half-micron patterns were 
obtained using a KrF excimer laser contact p r i n t i n g 
system, while the complicated b i l a y e r process i s required 
for the use of the r e s i s t (9). 

As for negative deep UV r e s i s t , Ο'Toole et a l . have 
exhibited half-micron pattern resolution i n 0.5 micron 
f i l m thickness using the new r e s i s t and PIE process (10). 
The pattern p r o f i l e s , however, were re-entrant, due to 
the large photo absorption and the applications to 
s i n g l e - l a y e r - r e s i s t system have not been presented (11). 

We have developed a new negative deep UV r e s i s t for 
KrF excimer laser lithography. The r e s i s t i s composed of 
4,4'-diazidodiphenyl methane ((a) i n Figure 1) as a 
photosensitive azide compound and poly(styrene-co-maleic 
acid half ester) ((b

Azide-phenolic resi
by workers at Hitachi. They are used for i - l i n e (12) or 
for deep UV l i g h t (13), and the applications to KrF 
excimer laser lithography have not been demonstrated. 

We have found the combination of the azide compound 
and the styrene resin i s well suited for achieving high 
resolution and high aspect r a t i o patterns using KrF 
excimer laser stepper system, because of the absence of 
swelling-induced pattern deformation during alkaline 
development and the suitable o p t i c a l density at 248 nm 
i n terms of s e n s i t i v i t y . 

In t h i s paper, the material ch a r a c t e r i s t i c s and 
lithographic evaluation of t h i s new r e s i s t are 
demonstrated. The r e s i s t meets the requirements for KrF 
excimer laser lithography, which exhibits high 
s e n s i t i v i t y , high resolution and high aspect r a t i o 
pattern p r o f i l e s . 

2. Experimental 

2.1. Resist preparation 

The photosensitive azide compound was 4,4 1-diazidodi
phenyl methane (m.p. 44.0 t ) . The poly (styrene-co-maleic 
acid half ester) was used as a resin matrix. 

The azide compound was mixed with the styrene res i n 
i n the range of 10 to 40 wt%, and dissolved i n 2-methoxy-
ethyl acetate. 

2.2. Spectroscopic characterization 

The IR spectra of t h i s new r e s i s t films on s i l i c o n 
substrates were measured with a Shimadzu FTIR-4000 
Fourier transform spectrometer. The UV spectra of 4,4·-
diazidodiphenyl methane i n a quartz c e l l and the films of 
poly(styrene-co-maleic acid half ester) and the new 
r e s i s t on quartz substrates were measured with a Shimadzu 
UV-265FS double-beam spectrometer. 
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2.3. Lithographic evaluation 

The new r e s i s t was spin-coated on a s i l i c o n substrate 
and baked for 20 min. at 80°C i n a convection oven. 
After exposure, the r e s i s t f i l m was developed with a 60s 
immersion i n tetramethyl ammonium hydroxide (TMAH) 
aqueous solution. 

The f i l m thickness of the r e s i s t was 1.0 micron. The 
exposure was done with a 5X KrF excimer laser stepper 
system (N.A 0.36) we manufactured (14). 

S e n s i t i v i t y i s defined as the exposure energy 
necessary for 50% r e s i s t thickness remaining i n the 
exposed areas. Contrast values are assessed by measuring 
the slope of the l i n e a r portion of the curve obtained by 
p l o t t i n g the thickness of the r e l i e f image as a function 
of the logarithm of th  (15)  Th  f i l
thickness was measure
monitor (Nanometrics)

The r e s i s t pattern p r o f i l e s were evaluated using a 
JEOL JSM-T200 scanning electron microscope. 

3.Results and Discussion 

3.1. Optimization of the r e s i s t composition 

Figure 2 shows the exposure char a c t e r i s t i c s for 
azide-styrene resin r e s i s t f i l m with an azide 
concentration from 10 to 40 wt% (based on the styrene 
resin weight) and Figure 3 shows the contrast of the 
r e s i s t films as a function of the azide concentration. 
Development was done with a 60s immersion i n 0.83% TMAH 
solution. The styrene resin matrix alone has been found 
to be a negative deep UV r e s i s t . However, rather low 
contrast (1.48) and low s e n s i t i v i t y (2.5 J/cm2) are 
observed. The contrast and the s e n s i t i v i t y of the 
styrene resin i s remarkedly increased by adding the 
azide, as shown i n Figures 2 and 3. 

When the concentration of the azide exceeds 30 wt%, 
s e n s i t i v i t y decreases (Figure 2) and the contrast becomes 
worse (Figure 3). This i s due to the increase of the 
o p t i c a l density of the r e s i s t . Large o p t i c a l density 
prevents the l i g h t from penetrating into the r e s i s t 
(3,11). Also, the r e s i s t thickness remainig a f t e r 
development i s maximum at the 30 wt% azide concentration 
(Figure 2). From these results, i t was concluded that 
the azide-styrene resin r e s i s t which contains 30 wt% 
4,4'-diazidodiphenyl methane based on poly(styrene-co-
maleic acid half ester) would be most suited for KrF 
excimer laser lithography. The contrast (4.72) was 
excellent and the s e n s i t i v i t y (30 mJ/cm2) was i n the 
desired range. This r e s i s t composition was subjected to 
spectroscopic characterization and lithographic 
evaluation. 
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b 

Figure 1 . Chemical structures of (a) 4 , 4 ' - d i a z i d o d i 
phenyl methane and (b) poly(styrene-co-maleic acid 
half ester). 

Figure 2 . E f f e c t of azide concentration on exposure 
cha r a c t e r i s t i c s for azide-styrene resin r e s i s t of 1 . 0 
micron f i l m thickness. 
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3.2. Spectroscopic ch a r a c t e r i s t i c s 
Figure 4 demonstrates a FT-IR spectra of t h i s new 

r e s i s t before and after 80 eC prebaking, and af t e r 
exposure to KrF excimer laser i r r a d i a t i o n for 100 mJ/cm2. 
The strong absorption at 2100 cm"1 due to the azide group 
stretching vibration i n t h i s r e s i s t i s c l e a r l y present 
before prebaking. I t can be seen that the c h a r a c t e r i s t i c 
bond at 2100 cm-i of the azide decreased to half a f t e r 
prebaking and disappeared after exposure. No other 
s i g n i f i c a n t changes are observed. 

This indicates that the prebaking temperature higher 
than the melting point of the azide decomposes the azide 
(50%) and i t t o t a l l y decomposes upto 100 mJ/cm2 

i r r a d i a t i o n . I t i s possible that subsequent reactions of 
the nitrene, generated from the azide thermolysis and 
photolysis, with th  styren  res i  could b  responsibl
for s o l u b i l i t y modulatio

The UV spectra fo
dimethyl ether solution and for the styrene res i n f i l m 
with 1.0 micron thickness are shown i n Figure 5. The 
azide has an intense absorption at around 248 nm (molar 
extinction c o e f f i c i e n t at 248 nm = 3.0xl0 4 1/M*cm). The 
syrene resin used as matrix polymer exhibits a 
si g n i f i c a n t transparency at 248 nm (70%). 

The UV spectra for t h i s r e s i s t f i l m , before and af t e r 
exposure to KrF excimer laser i r r a d i a t i o n for 100 mJ/cm2, 
are shown i n Figure 6. The absorbance of the azide 
renders the r e i s t f i l m of 1.0 micron thickness 
e s s e n t i a l l y opaque at 248 nm. After exposure of 
100 mJ/cm2, the absorbance bleaches from 0.5 to 6.0% at 
248 nm. Intense absorption by t h i s r e s i s t at 248 nm 
closely relates to the pattern p r o f i l e of the r e s i s t , 
which w i l l be discussed i n the l a s t section. 

3.3. Dissolution kinetics 
In order to determine the appropriate development 

conditions, we examined dissolution c h a r a c t e r i s t i c s for 
r e s i s t films i n the aqueous alkaline developers by 
measuring f i l m thickness as a function of development 
time. In Figure 7, dissolution c h a r a c t e r i s t i c s for the 
new r e s i s t before and after exposure to KrF excimer laser 
are compared with those for the styrene resin matrix. 
The exposure energy was 100 mJ/cm2 and the alkaline 
concentration i n TMAH solution was 0.83%. Large 
differences i n s o l u b i l i t y are observed between these 
three films. 

This indicates that the thermally or photochemically 
decomposed azide (Figure 4) i n h i b i t s the dissolution of 
the styrene resin into the alkaline developer. The 
in h i b i t i o n may be due to the increase of the molecular 
weight of the styrene resin i n the presence of the 
decomposed azide. Hydrogen abstraction from the polymer 
by nitrene of the decomposed azide and subsequent polymer 
ra d i c a l recombination res u l t i n a increase i n the 
molecular weight of the polymer (17). 
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Figure 3 . E f f e c t
for azide-styrene resin r e s i s t of 1.0 micron f i l m 
thickness. 
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Figure 4 . FT-IR spectra for the new r e s i s t f i l m with 
1.0 micron thickness, ( ) before prebaking, ( ) 
after prebaking and ( ) after exposure to KrF 
excimer laser i r r a d i a t i o n . 
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Figure 5. UV spectra for (a) 4,4 1-diazidodiphenyl 
methane i n a diethylene glycol dimethyl ether (7.2xlCT 5 

mole/1) and (b) poly(styrene-co-maleic acid half ester) 
(1.0 micron f i l m thickness). 

100. 

Figure 6. UV spectra for t h i s new r e s i s t f i l m with 
1.0 micron thickness ( ) before and ( ) af t e r 
exposure to KrF excimer laser i r r a d i a t i o n . 
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Consequently, the exposed r e s i s t f i l m did not 
dissolve into 0.83% TMAH solution for at least 1 min., 
while the unexposed r e s i s t f i l m dissolved away i n 48s. 
This dissolution k i n e t i c s study demonstrates the high 
s e n s i t i v i t y and high contrast potentials of the new 
r e s i s t . 

Figure 8 shows the effe c t of the alkaline 
concentration i n TMAH solutions on the contrast and 
s e n s i t i v i t y of the new r e s i s t . S e n s i t i v i t y of the r e s i s t 
increases as the alkaline concentration increases, 
however, the contrast i s maxima (4.72) at 0.83% TMAH 
solution. This means that the higher concentration over 
0.83% cannot distinguish the difference of the 
dissolution rate between the unexposed and exposed r e s i s t 
f i l m . For instance, the higher concentrated developer 
also attacks the exposed areas and the loss of r e s i s t 
thickness occurs. Th
solution, therefore
developer concentration was subjected to the following 
lithographic evaluation. 

3.4. Lithographic evaluation 

Figure 9 shows an SEM photograph of 0.6 micron down 
to 0.45 micron line-and-space patterns of the new r e s i s t 
i n 1.0 micon f i l m thickness exposed with KrF excimer 
laser stepper system (N.A. 0.36). The energy required 
for the pattern fabrication was only 50 mJ/cm2, and the 
development was done with a 60s immersion i n 0.83% TMAH 
solution. High aspect r a t i o patterns of such thick 
r e s i s t films were successfully obtained using t h i s r e s i s t . 

As shown i n Figure 6, the r e s i s t f i l m strongly 
absorbs KrF excimer laser l i g h t . In the KrF excimer 
laser exposure of the r e s i s t , photon energy absorption i s 
highest at the top of the r e s i s t f i l m and lowest at the 
interface between the r e s i s t and substrate. This i s due 
to the attenuation of the i r r a d i a t i o n i n the r e s i s t layer. 
Decreases i n s o l u b i l i t y followed by such photochemical 
reaction occur to a much greater extent i n the v i c i n i t y 
of the r e s i s t f i l m surface. Moreover, the thermally 
decomposed azide decreases s o l u b i l i t y of the unexposed 
and exposed r e s i s t f i l m (Figure 7). 

Therefore, t h i s r e s i s t development can be regarded as 
an etching-type process. The insoluble surface layer of 
the exposed area acts as an etching mask while the 
alkaline developer removes unexposed areas except for the 
insoluble layer of the thermally reactioned regions. The 
developer could not remove the bottom thermally 
reactioned layer because of the decrease of the alkaline 
strength during the development. F i n a l l y , s l i g h t l y 
concave patterns, without swelling-induced pattern 
deformation, were successfully fabricated. More 
rectangular patterns could be attained by varying the 
development conditions. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



16. ENDO ET Al» Deep- UV Resist for KrF Excimer Laser Lithography 277 

ζ 

0 0.5 1.0 
DEVELOPMENT TIME (min) 

Figure 7 . Dissolution characteristics for ( ) 
unexposed poly(styrene-co-maleic acid half ester) f i l m , 
( ) unexposed t h i s new r e s i s t f i l m and ( ) 
exposed t h i s new r e s i s t f i l m to KrF excimer laser 
i r r a d i a t i o n . 

0.70 0.80 0.90 

ALKALINE CONCENTRATION(%) 

Figure 8. E f f e c t of alkaline concentration i n TMAH 
solution on contrast and s e n s i t i v i t y of the new r e s i s t 
with 1.0 micron f i l m thickness. 
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Figure 9. SEM photographs of 0.6 micron down to 0.45 
micron line-and-space patterns of t h i s new r e s i s t with 
1.0 micron f i l m thickness. 
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4. C o n c l u s i o n s 
A n e g a t i v e deep UV r e s i s t , c o n s i s t i n g o f a p h o t o 

s e n s i t i v e 4 , 4 ' - d i a z i d o d i p h e n y l methane and a p o l y -
( s t y r e n e - c o - m a l e i c a c i d h a l f e s t e r ) r e s i n , has been 
found t o meet t h e r e q u i r e m e n t s needed f o r K r F exc imer 
l a s e r l i t h o g r a p h y . 

The r e s i s t has a h i g h s e n s i t i v i t y and h i g h r e s o l u t i o n 
c a p a b i l i t y . The s u i t a b l e photo a b s o r p t i o n , e x c e l l e n t 
d i s s o l u t i o n k i n e t i c s and no s w e l l i n g d u r i n g development 
c o n t r i b u t e t o such s u p e r i o r c h a r a c t e r i s t i c s o f t h i s 
r e s i s t . 

We a c h i e v e d h i g h a s p e c t r a t i o s u b - h a l f - m i c r o n p a t t e r n 
f a b r i c a t i o n i n 1.0 m i c r o n f i l m t h i c k n e s s u s i n g t h i s new 
r e s i s t . We a r e c o n v i n c e d t h a t t h i s new r e s i s t c o u l d make 
p o s s i b l e s i m p l e and e f f i c i e n t s i n g l e - l a y e r - r e s i s t system 
f o r K r F exc imer l a s e  l i t h o g r a p h y
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Chapter 17 

Characterization of a Thiosulfate Functionalized 
Polymer 

A Water-Soluble Photosensitive Zwitterion 

C. E. Hoyle, D. E. Hutchens, and S. F. Thames 

Department of Polymer Science, University of Southern Mississippi, 
Hattiesburg

The characterization of a water-soluble zwitterionic polymer derived 
from aminoethane thiosulfuric acid (AETSA) and a diglicydyl ether 
of bisphenol A (DGEBA) has been accomplished. The polymer has 
been shown to form an associative network in water at high 
concentrations. The gel network disassociates at higher temperatures 
or under a shearing stress. Upon heat treatment above 165°C, the 
polymer sustains a measurable weight loss and is crosslinked to form 
a water-insoluble film presumably with disulfide formation. 
Photolysis of coalesced films, either direct or sensitized, results in 
sulfur-sulfur bond cleavage with subsequent disulfide formation and 
loss of water sensitivity. Initial imaging studies demonstrate the 
potential of the thiosulfate functionalized polymer as a photoresist. 

A large number of polymeric materials have been developed over the past two 
decades which are photochemically reactive. In many cases, such polymers are 
initially soluble in organic solvents prior to exposure with insolubilization 
accompanying ultraviolet radiation. This often presents a problem in practical 
applications where handling of organic solvents is objectionable or expensive. 
A need exists to develop functional polymers which are both water soluble and 
photochemically labile. 

A number of reports in the literature describe the use of alkyl thiosulfates 
to modify reactive vinyl type monomers and/or preformed polymers with the 
expressed goals of producing polymers with enhanced water solubility The 
alkylthiosulfate modified polymers have been shown to be thermally and 
photochemically reactive and capable of producing crosslinked films with varying 
degrees of stability (5). 

This paper describes the synthesis and characterization of a new 
zwitterionic water-soluble thiosulfate polymer (Poly[7-(amino -̂thiosulfate) 
ethe^-PATE) via chemical reaction of a diglicydyl ether of bisphenol A 
(DGEBA) with aminoethane thiosulfuric acid (AETSA) as a reactive 
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nucleophile. Due to the presence of the ionizable thiosulfate moiety, the 
resulting polymer is water soluble. Further, the ability of the water soluble 
polymer PATE to form an inner zwitterionic salt allows for significant stability 
in water at near neutral pH. Since AETSA itself, as well as cured DGEBA 
resins, are known to be of negligible toxicity, such polymers are also most likely 
non-toxic. 

The associative, thermochemical, and photochemical properties of PATE 
polymer will be described and evidence will be provided supporting the thesis of 
labile sulfur-sulfur bonds. Photolysis of a model compound and a polymer 
similar to PATE but lacking thiosulfate functional groups has been conducted to 
provide supportive evidence for the proposed sulfur-sulfur bond cleavage 
reactions. Finally, a preliminary investigation of the imaging characteristics of 
the PATE polymer is presented in order to place the photochemical investigation 
in perspective. 

Experimental 

Materials. Reagent grade solvents, dimethyl formamide (DMF), dimethyl 
acetamide (DMAC), dimethyl sulfoxide (DMSO) and methanol were purchased 
from Baker, stored over molecular sieves once opened, and used without further 
purification. Aminoethane thiosulfuric acid (AETSA) purchased from Kodak, 
and Taurine, purchased from Alfa were purified by recrystallization. Each was 
thrice recrystallized from hot, deionized water. The crystalline precipitate was 
dried (48 hours at 40 °C) in-vacuo and subsequently stored in a desiccator. 
Benzophenone (BP) was purchased from Aldrich Chemical Company. 
QUANTACURE BTC (BTC), (4-benzolybenzyl) trimethylammonium chloride, 
was used as supplied by Aceto, Inc., Flushing, New York. Phenyl glycidyl ether 
(PGE) was purchased from MCB, distilled in-vacuo. and stored at -15 °C. Epon 
828* was used as supplied bv Shell Chemical Company. The epoxy equivalent 
weight (EEW) for Epon 828 determined by an appropriate titration, was found 
to be 187.7. 

Elemental Analysis. All samples submitted for elemental analysis were dried 
at 40 °C in a vacuum oven at less than 1 torr pressure for 24 hours and then 
sealed in ampoules. Elemental analyses were performed by MHW Laboratories 
of Phoenix, Arizona. 

Instrumentation. Fourier transform infrared (FTIR) spectra were recorded on 
a Nicolet 5DX using standard techniques. Spectra were measured from various 
sample supports, including KBR pellets, free polymer films and films cast on 
NaCl windows. Spectra for quantitative analysis were recorded in the 
absorbance mode. The height of the 639 cm"1 absorbance was measured after 
the spectrum was expanded or contracted such that the 829 cm'1 absorbance was 
a constant height. In some spectra an artifact due to instrumental response 
appeared near 2300 cm"1. 

Proton-decoupled13 C NMR spectra were obtained using a JEOL FX90Q 
spectrometer. Polymer solutions for analysis were 5 to 15 weight percent. All 
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chemical shifts are referenced externally to trimethyl silane. Ultraviolet 
spectroscopy was performed with a Perkin-Elmer model 330 spectrophotometer, 
using double-beam, background-cancelling techniques. HPLC analysis was 
performed using an LDC Minipump, a Rheodyne 7125 sample injector and a 
Perkin-Elmer LC-75 variable wavelength U V detector operating at 245 nm. The 
detector used air as a reference with offset background cancelling. The mobile 
phases were mixtures of acetonitrile and water, most commonly 85 parts water 
and 15 parts acetonitrile by volume. The columns were a Waters micro-
bondapack CN alone or in series with a Waters C-18 column (3.9 mm i.d. X 30 
cm.). The flow rate varied between 0.9 and 1.0 mL/min to generate a pressure 
of less than 2000 psi at the pump exit. 

Synthesis of PolylWamino -̂thiosulfate^ ether] (PATEV Polyfr-amino -̂sulfonic 
acid] (PASEV and Hydroxy-3-aminoethane thiosulfuric acid (AETSAPPE). 
Details of the synthesis of

Preparative Photolysis. The preparative photolysis of an aqueous solution 
(pH=8.5) of AETSAPPE (2.5 M) was conducted in a 1-inch diameter quartz 
test tube in a Rayonet Reactor (Southern New England Radiation Co.) fitted 
with 254 nm lamps. Within two hours the solution gelled and the reaction was 
terminated. Upon acidification the solution cleared, and the product could be 
re-precipitated by addition of base. This indicates loss of the thiosulfate 
functionality. The product was dissolved in dilute HC1, precipitated with 
acetone, and filtered. This process was repeated three times, and the final 
precipitate was washed with water. The product (20 to 30 mg) was dried in 
vacuo for 24 hours and stored in a dessicator until use. Comparison of the 1 3 C 
NMR spectrum of the product with the starting AETSAPPE 1 3 C NMR spectrum 
clearly shows that the thiosulfate methylene peak shifted upfield, from 39 ppm 
to 35 ppm. The complete 1 3 C NMR and IR analysis of the product were 
consistent with the disulfide product. Further, elemental analysis of the product 
confirmed that the product was the desired disulfide product 2-amino (2-hydroxy 
3-(phenyl ether) propyl) ethyl disulfide (AHPEPED): Expected C: 58.39, H: 7.08, 
N: 6.20, S: 14.18; actual C: 58.26, H: 7.22, N: 6.06, S: 14.28. 

Quantitative Photolysis. Photolysis experiments were performed by exposing 
samples to a 450 Watt medium pressure mercury lamp. A shutter was placed 
between the samples and the lamp so that the exposure time could be accurately 
controlled. Unless otherwise stated, the samples were placed 4 inches from the 
lens. Filters (254 nm, 280 nm and 366 nm) when used, were placed immediately 
in front of the shutter. Sample holders were available for 1" χ 1" quartz plates, 
NaCl windows and quartz U V cuvettes, and samples of each type were utilized. 

U V intensity measurements were made with an International Light 700A 
Research Radiometer. The measuring head was tightly covered with aluminum 
foil for zeroing, and then exposed to the lamp output under exactly the same 
conditions as the actual samples (i.e., same distance, angle, elevation, etc.). The 
results of these experiments were used to evaluate the quantum yield or 
efficiency of the photochemical process. Specifically, photolysis of AETSAPPE 
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to y ie ld A H P E P E D was followed quantitatively by H P L C (Waters) using a 50:50, 
watenacetonitrile mobile phase and a C-18/cyano column combinat ion i n series. 
A E T S A P P E eluted at a retention volume of 5.9 m L and A H P E P E D at an 
elution time of 3.2 m L . Three unknown products of relatively low amounts also 
eluted wi th retention volumes of 3.0 mL, 5.3 mL> and 7.9 m L . F o r the sensitized 
photolysis, a 85:15 watenacetonitrile mobi le phase was used to separate 
A H P E P E D and B T C from A E T S A P P E . 

Photolysis of P A T E Fi lms . P A T E films (5 μ to 20 μ thick) were obtained by 
casting on glass 10-20% solids aqueous solutions containing 0.02% wetting agent. 
The resultant films, heated i n a drying oven at 100 ° C for four minutes, were 
quite water soluble. 

F o r I R studies, films of 5 to 10 microns were applied to N a C l disks by 
injecting known, small volumes of dilute solutions of P A T E i n D M S O . The 
solutions were spread to cove
subsequently dried 10 minute

Results and Discussion 

Synthesis of Poly | V ( a m i n o 0-thiosulfate) ether] ( P A T E ) . Po lv [Ύ-(amino B-
sulfonic acid) ether] ( P A S E ) . and Hydroxy-3-(aminoethane thiosulfuric acid) 
( A E T S A P P E ) . The general scheme for synthesis of both the P A T E and P A S E 
polymers is shown i n Scheme I. In the case of the P A T E polymer, the m i l d 
conditions employed (40-60° C ) insure that crosslinking of the resultant polymer 
by disulfide linkages is minimized. Specific details of the synthesis are given 
elsewhere (7). Depending on the exact reaction conditions as we l l as the nature 
(value of η may vary but is close to 0.1 i n Scheme la) of the starting diglycidal 
ether of bisphenol A , the molecular weight (determined by viscometry i n D M S O 
and the amino equivalent weight) of the P A T E polymer var ied between about 
3000 and 9000. In the polymer synthesis employed the primary amine of 
aminoethane thiosulfate ( A E T S A ) reacts as a difunctional monomer, since it 
possesses two active hydrogen atoms and reacts wi th two epoxy groups. A E T S A 
can also act as a monofunctional end-capping agent, and the combined effect of 
these two reactions is the formation of the P A T E polymer. T h e value of such 
a synthetic scheme is that the desired thiosulfate-functional polymer is formed 
directly from stable monomel ic materials. It is therefore unnecessary to subject 
a thiosulfate-functional vinyl monomer to polymerization conditions (i.e. anionic, 
cationic or radicals) which could result i n premature degradation of the 
thiosulfate bond, wi th a subsequent high probabili ty of disulfide crosslinks. 
Addi t ional ly , this synthesis does not rely on the availability of a l inear 
(uncrosslinked) prepolymer and therefore represents an entirely new method for 
introducing the thiosulfate (Bunte salt) functionality into a polymer molecule. 

The synthesis of hydroxy-3-aminoethane thiosulfuric acid ( A E T S A P P E ) 
is shown i n Scheme II. The same basic conditions used for the polymer synthesis 
were employed to synthesize the model compound ( A E T S A P P E ) although the 
work-up conditions were less stringent. The structure was confirmed by carbon-
13 N M R and elemental analysis. 
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Titration of PATE. The titration curve (pH vs. acid/base concentration) of the 
PATE polymer (Figure 1) shows a large increase in pH near the isoprotic point 
with addition of a small amount of sodium hydroxide, confirming the zwitterionic 
nature of PATE near the isoprotic point. 

Rheological Behavior of PATE. Given the reported tendency of AETSA 
zwitterions to associate in the crystal lattice, and the potentiometric evidence 
that AETSA-functional polymers are zwitterions, it is reasonable to expect a 
tendency toward association. Such association of AETSA functional ends would 
result in a network-like structure. However, such ionic aggregation is far weaker 
than covalent bonding, and would be expected to dissipate at high temperatures 
or shear fields. Viscosifying effects consistent with AETSA association have 
indeed been noted. Specifically, 15% and higher solids aqueous solutions of 
PATE resins are opaque solid gels at room temperature. When heated above 
45 °C the solutions becom
solutions reform their gel-lik
a few hours. These phenomena imply a form of chain-chain association with the 
gel visualized as a loose associative matrix structure. 

The apparent viscosity measured by a Contraves Rheometer illustrates 
the effect of heat on the solution viscosity. The zero-shear apparent viscosity 
was evaluated for aqueous PATE solutions of 1 g/dL to 15 g/dL over a 
temperature range of 25 °C to 60 °C (Figure 2). The results demonstrate that 
at room temperature increasing the concentration of polymer 15-fold increases 
the viscosity by a factor of 13. However, at higher temperatures, the increase in 
viscosity with concentration over the same range is only about a factor of 2. 
These data are consistent with formation of weak electrostatic interactions which 
are overcome by heating. In another experiment, a Gardner viscosity tube filled 
with a 17.1% aqueous PATE solution was heated to 80 °C and allowed to cool 
to room temperature. As the sample reaches room temperature a large increase 
in the viscosity marks the onset of a gel-like state (Figure 3). 

While the Gardner tube experiment illustrates the initial formation of a 
network as a function of viscosity, the associations apparently continue to form 
for some hours. Visual observation of the solution indicates that maximum 
opacity occurs after about 20 to 30 hours after heat removal: this increase in 
opacify is likely the result of the formation of progressively larger aggregates. 
Direct evaluation of the opacification of the solution was measured as a function 
of optical density. A quartz cuvette was filled with the 17.1% aqueous solution 
of PATE heated to 80 °C. Complete opacity (0% transmission of light) was 
achieved in 28 hours (Figure 4). The initial, rapid decrease in transmission 
corresponds to the gelation of the solution. However, a much longer time frame 
is required to form a large matrix capable of efficient light scattering. 

In summary, the rheological studies of PATE are consistent with a 
proposed molecular association model for PATE solutions. Kinematic viscosity 
evaluation shows that at concentrations of 15% to 20% solids, a gelatinous 
solution results. The apparent viscosity measurements illustrate that network 
formation can be overcome by heating indicating that the association is 
electrostatic in nature. 
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Figure 1. Titration curve of PATE illustrating zwitterion formation near 
isoprotic point. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



17. HOYLEETAL. Thiosulfate Functionalized Polymer 287 

Figure 2. Concentrat ion dependence of aqueous solutions of P A T E on the 
apparent viscosity. 
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Figure 3. Dependency of kinematic viscosity on time since removal of heat 
(80 °C) from a 17.1% aqueous solution of PATE. 
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Figure 4. Increase of percent transmission upon time since removal of 
heat from a 17.1% aqueous PATE solution. 
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Thermal Polymerization of PATE Films. Films of 0.008 to 0.010 inch, wet film 
thickness were prepared from 15% to 20% aqueous PATE solutions. All 
resulting films were coalesced by oven drying for 4 minutes at 100 °C, or at 
room temperature with the addition of a small amount of a high boiling solvent 
such as DMF, methoxy ethanol or butoxy ethanol. After drying, the films could 
easily be washed from the glass or steel surface with water and redissolved. 
However, after thermolysis at 170 °C (for 10-15 minutes) the films became 
insoluble in water and organic solvents, confirming the presence of a 
crosslinking, water-insolubilizing reaction. The films were light tan colored, 
possessed excellent adhesion, were quite brittle, and harder than comparably 
heat cured amine/epoxy systems. Due to their brittle nature free PATE films 
could not be obtained intact by removing the films from glass or steel. However, 
soaking in water resulted in slightly hazy and softened films suggesting 
incomplete decomposition of the thiosulfate moiety. Infrared spectral analysis 
of thermally cured films confir
acid stretching bands at 639
reduced, were still present to some extent after 20 minutes of heating (Figure 5). 
Unfortunately, the absorption characteristic of disulfides (S-S stretching at 500-
400 cm-1) is too weak to be of significant value; however, no other changes were 
noted in the IR spectrum which implies a crosslinking mechanism other than 
disulfide bond formation. 

To gain additional insight into the necessary structural features for the 
crosslinking reaction, the PASE polymer, which does not contain the labile S-S 
bond, was subjected to the same curing process as the PATE polymer. Thus, if 
crosslinking occurs as a result of thiosulfate degradation, the PASE polymers 
would not crosslink, since the sulfonic acid group lacks the sulfur-sulfiir bond. 
Indeed, after prolonged heating, no crosslinking was noted. Further, IR analysis 
of the films, before and after thermal curing, showed no spectral changes 
indicating that the labile S-S bond must be present for crosslinking to occur. 

Any crosslinking mechanism involving S-S bond rupture should result in a 
detectable and quantifiable weight loss. Figure 6 shows the results of an 
experiment in which a PATE sample was slowly heated. Substantial weight loss 
occurs above 165 °C. Figure 7 depicts the quantitative weight loss of a sample 
heated rapidly to about 174 °C and held isothermally, simulating a thermal 
curing process. The recorded loss of 7.2% is less than the theoretical value of 
11.3%. Nonetheless, these data are consistent with the proposal that the 
crosslinking reaction proceeds via a mechanism involving S-S bond cleavage and 
weight loss. Non-quantitative thermal degradation of thiosulfate with 
concomitant disulfide formation accommodates such a proposed mechanism: 
since the weight loss is consistently less than expected for complete reaction, 
some thiosulfate functionality must remain in the film thereby providing for the 
residual water sensitivity previously noted. 

In summary, the presumption from thermal curing data is that heating 
above 165 °C results in sulfur-sulfur bond rupture and weight loss. Since the 
degradation is not quantitative, the residual thiosulfate functionality renders the 
"cured" films somewhat water sensitive, resulting in swelling and weakening of 
the polymer upon exposure to water. 
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Figure 5. FT-IR of PATE film (a) before and after (b) 10 minutes and (c) 
20 minutes thermolysis at 170 °C. 
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Figure 6. Weight loss of PATE film as a function of temperature. 
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Photolysis of PATE Films. Photolysis of 2-8 micron films of PATE on glass or 
steel under the full arc of a focused 450 Watt medium pressure mercury lamp 
for 10 minutes yields totally insoluble films in water and a variety of organic 
solvents. These include ethyl ether, MEK, MIBK, THF, carbon tetrachloride, 
cyclohexane, pyridine, methylene chloride, methoxy ethanol, benzene, xylenes and 
acetone. DMSO alone swelled the film. Upon soaking in warm water for 10 
minutes, the films could be removed intact. 

FTTR analysis of the photolyzed PATE film confirmed loss of the 
thiosulfate group (exemplified by reduction of the 639 cm"1 absorption-Figure 
8). As in the thermal case, no other changes were noted in the FTTR spectrum. 
This provides further evidence that the thiosulfate moiety decomposes and 
crosslinks via disulfide formation upon exposure to U V light as shown in Scheme 
III. Storage of the photolyzed films in aqueous solution for a period of greater 
than 3 years resulted in no visible signs of opaqueness, degradation, or swelling. 
Figure 9 shows the loss o
photolysis of a 5-10 micron

aromatic C-H out-of-plane-bend absorption as a reference. The 639 cm"
thiosulfate band is the only absorbance band characteristic of the thiosulfate 
group which is not obscured by some other group associated with the polymer 
backbone. Clearly, the rate of loss of thiosulfate moiety is greatest early in the 
photolysis, and slows later in the reaction, resulting in a total loss of 53% of the 
thiosulfate group. The decrease in the reaction rate is consistent with formation 
of a chromophore, i.e. a disulfide, which competes with the thiosulfate for U V 
radiation. Similar results have been noted upon photolysis at 280 nm. 

In an attempt to sensitize the thiosulfate bond cleavage, benzophenone 
(10% by weight) was incorporated into the polymer film. Upon photolysis at 
366 nm, the 639 cm"1 thiosulfate band was reduced (Figure 10) as in the case 
of direct photolysis at 254 nm and 280 nm. Since benzophenone is a known 
triplet sensitizer it is likely that the S-S bond cleavage in the thiosulfate group 
occurs from a triplet excited state in the sensitized reaction. Incidentally 
photolysis of a PATE film at 366 nm in the absence of benzophenone resulted 
in no loss of the 639 cm"1 IR peak. Unfortunately due to the film thickness, we 
were unable to obtain accurate quantum yields for either the direct or sensitized 
photolysis. Finally it should be noted that no chemical evidence has been 
presented to confirm disulfide formation. Results from the photolysis of a 
PATE-type model compound will be offered to substantiate the claim of 
disulfide formation as well as quantitate the primary photolysis step. But first, 
we consider photolysis of a PASE polymer film. 

Photolysis of PASE Films. Given the overwhelming evidence that PATE resins 
crosslink by degradation of the S-S bond in the thiosulfate with concomitant 
disulfide formation, an additional study was undertaken to confirm this thesis 
using PASE, a polymer that is identical to PATE except for its lack of a sulfur-
sulfur bond: this excludes degradation by the proposed sulfur-sulfur bond 
cleavage mechanism. After 120 minutes exposure to the full output of a medium 
pressure mercury lamp, PASE films remained water soluble, indicating that no 
crosslinking had occurred. In addition, no changes in the IR spectrum could be 
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Figure 8. F T - I R of P A T E f i lm (a) before and (b) after 10 m i n photolysis 
wi th unfiltered 450 Watt medium-pressure mercury lamp. 
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Figure 9. FT-IR of PATE film photolyzed for time periods of 0, 4, 10, 20, 
40, and 80 min with isolated 254 nm line of 450 Watt medium-pressure 
mercury lamp. 
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Figure 10. FT-IR of PATE film containing 10% benzophenone (BP) 
photolyzed for time periods of 0, 30, 60, 120, 240, 720, and 3180 min with 
isolated 366 nm line of 450 Watt medium-pressure mercury lamp. 
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detected, even after 120 minutes (Figure 11). These results are consistent with 
the thesis that the presence of a thiosulfate group is a requirement for 
crosslinking in the PATE polymer. 

Photolysis of Hydroxy-3-(aminoethane thiosulfuric acid^ propyl phenyl ether 
(AETSAPPE). AETSAPPE possesses identical functionality to the thiosulfate 
group in PATE, but being only monofunctional, AETSAPPE is incapable of 
forming insoluble polymer upon photolysis. As a result, the reaction products 
should remain soluble in typical organic solvents, making separation and 
identification of products possible. 

Preparative photolysis of AETSAPPE (0.25 M aqueous solution) at 254 nm 
(Rayonet reactor) resulted in the formation of the disulfide product 2-amino(2-
hydroxy-3-(phenyl ether) propyl) ether disulfide (AHPEPED) as the primary 
photoproduct. Photolysis of AETSAPPE at 254 nm (isolated line of medium 
pressure mercury lamp) resulte
accompanied by formatio
12b) (Scheme IV). Similar results were obtained for photolysis at 280 nm. 
Quantum yields for disappearance of AETSAPPE and formation of AHPEPED 
at 254 nm and 280 nm are given in Table I. The photolytic decomposition of 
AETSAPPE in water was also accomplished by sensitization (\ x =366 nm) with 
(4-benzoylbenzyl) trimethylammonium chloride (BTC), a water soluble 
benzophenone type triplet sensitizer. The quantum yield for the sensitized 
disappearance (Table I) is comparable to the results for direct photolysis 
(unfortunately, due to experimental complications we did not measure the 
quantum yield for AHPEPED formation). These results indicate that direct 
photolysis of AETSAPPE probably proceeds from a triplet state. 

The data for the model compound study strongly supports the tenet of a 
photolytic bond cleavage of the sulfur-sulfur bond in PATE polymers (Scheme 
IV). Combined with the results for PASE, we feel quite confident in postulating 
the formation of a disulfide linkage upon photolysis of PATE films (Scheme ΙΠ). 

Preliminary Examination of PATE Imaging Characteristics. The data herein 
have shown that PATE resins are easily photolyzed in the deep U V region to 
form crosslinked films which are of sufficient integrity for photoresists. However, 
in addition to these film performance properties, a potential resist material must 
meet other equally important criteria. For example, the masked (unphotolyzed) 
portion of the resist film must be removed prior to etching, without damage to 
the cured film. Also, the cured films must withstand an etchant bath. 
Therefore, since PATE resins seem to meet the necessary requirements of 
solubility and solvent resistance, investigation of performance under crude 
simulated processing conditions was undertaken. 

Films of PATE were cast on copper plated circuit boards. Typical 
solutions contain from 8% to 17% PATE solids and 0.02% Flourad FC 135 
surfactant. No other additives, such as adhesion promoters, sensitizers, viscosity 
modifiers or stabilizers, were employed in the formulations. Films of 0.001 to 
0.008 inches wet film thickness were cast on abrasively cleaned circuit boards 
and then oven dried for 5 minutes at 105 °C. Thus, in each case the 
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Figure 12. (a) Plot of concentration of AETSAPPE versus photolysis time 
with the 254-nm isolated line of a 450 Watt medium-pressure mercury lamp 
(b) Plot of concentration of AHPEPED versus photolysis time of an aqueous 
AETSPPE solution with the 254-nm isolated line of a 450 Watt medium-
pressure mercury lamp. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



17. HOYLEETAL. Thiosulfate Functionalized Polymer 299 

^ ^ 0 - C H 2 ? H CH 2 Ν NH 2 CH 2 CH 2 S-S -0 

hi/ 

SCHEME IV 

Table I. Quantum Yields for Loss of AETSAPPE (4_0ss) 
and formation of AHPEPED (4>AHPEPED) 

λ* 4-OSS ^AHPEPED Sensitizer 

254 nm 0.23 0.30 None 
280 nm 0.22 0.15 None 
360 nm 0.00 0.00 None 
360 nm 0.23 * Yes 

(OD=0.84 
at 366 nm) 

*See text for explanation 
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approximate dry film thickness was less than 25 microns. However, it was found 
that thicker films (10 to 25 microns) were more difficult to develop, and gave 
poor line resolution, so efforts were confined to films less than 10 microns. 
Typically, 8 to 15 minutes of photolysis under the full arc of a 450 W medium 
pressure mercury lamp from a distance of 4 inches were required to crosslink the 
films. A thin metallic strip machined as a support for silicon microchips was 
clamped onto the surface of the circuit board for masking purposes. An initial 
attempt was made to etch the copper immediately after photolysis using a 
Keprrf™ BTE-202 bench-top etcher containing a strong FeC^ solution (3.03 M). 
Unfortunately, the etchant bath crosslinked the unphotolyzed resin, so a 
developing step in neutral pH water was required. Photocured PATE resins 
were thus developed for 10 to 30 seconds under warm tap water: the boards 
were immediately placed in the etchant for 2 minutes, then washed and dried. 
Figure 13 shows a section of one of the circuit boards produced by this 
technique. 

In order to establis
polymer, aqueous solutions of PATE (a different batch from that used in the 
quantitative photolysis investigation) were spin cast to give thin films (less than 
1 micron) on a silicon wafer, exposed to a 240-260 nm source (PE 600; 
Scanspeed 50,000; Aperture 3; UV-2, 240-260 nm) and subsequently developed 
by rinsing with a neutral pH water stream. Figures 14a and 14b show the 
resultant electron micrographs corresponding to mask line resolutions of 2.5 and 
1.5 microns. At 1.5 micron resolution, a "snaking" or swelling of the pattern is 
noted. Attempts to generate higher resolution patterns resulted in an increased 
tendency to swelling, therefore defining the ultimate resolution of the PATE 
system tested at about 1.5-2.0 microns. 

Figure 13. Image of mask produced by exposure of a PATE film followed 
by appropriate rinsing/etching procedure on copper board. 
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Figure 14. Image generated by exposure of spin watered PATE film on 
silicon wafer: (a) 2.5 micron line resolution (b) 1.5 micron line resolution. 
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Conclusions 

This paper describes the successful synthesis and examination of polyfr-
(amino /Mhiosulfate) ether] (PATE), a water soluble photolabile polymer. 
Evidence has been presented that the PATE polymer is zwitterionic and forms 
weak associations in aqueous solutions. Heat treatment of PATE films result in 
extensive crosslinking, presumably through a disulfide bond. This work presents 
strong evidence that PATE is activated by deep U V radiation, and that a 
disulfide crosslink is formed. Sensitization experiments demonstrate that the 
crosslinking reaction can be induced by a triplet sensitizer. Finally, preliminary 
results point out the potential for application of PATE films as active 
photoimaging systems. 
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Chapter 18 
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Pyrimidine derivative  applicabl
negative and positive type deep-UV photoresists. 
Intermolecular photodimerization of pyrimidine bases in the 
side chain of various polymeric and dimeric compounds upon 
irradiation of UV light (270 nm) led to the photocrosslinking of 
the polymer chains or photopolymerization of the dimeric 
compounds. This in turn allows the use of these materials as 
deep-UV negative type photoresists. Photolithographic 
evaluation of a typical polymer showed very high sensitivity 
with good resolution. On the other hand, the polymers 
containing a thymine photodimer in the main chain underwent 
dissociation of the thymine photodimers upon irradiation to UV 
light (250 nm), leading to breakage of the polymer chains. 
These polymers could be used as positive type photoresists 
and high resolution (0.3 µm) was demonstrated. 

It is well known that pyrimidine bases convert to photodimers upon 
irradiation to UV light near the λ max( > 270 nm). This photochemical 
reaction has a lethal effect in biological systems due to the 
photochemical transformation of pyrimidine bases of nucleic acids. 
However the photodimerization is a reversible reaction and the 
photodimers split to afford the original monomers very efficiently upon 
irradiation at a shorter wavelengths as shown in Scheme 1(1). 

Scheme 1 

This knowledge regarding the efficient photochemical dimerization of 
the pyrimidine bases, led us to study, in detail, both the intramolecular 
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photodimerization of pyrimidine bases grafted onto the side chain of a 
polymer and dimeric model compounds (2-13), as well as the 
intermolecular photodimerization. The latter reaction leads to 
photocrosslinking of the oligomers and polymers thus allowing them to 
be applied as negative type photoresists. 

On the other hand, due to the efficient photoreversal reaction of the 
pyrimidine photodimers at shorter wavelength, the design of a new type 
of polymers containing thymine photodimers in the main chain seemed to 
be of interest. Photolysis of these polymers causes cleavage of the 
photodimers in the polymer chain and reduces the molecular weight of 
the polymer. This decrease in molecular weight would be expected to 
increase the solubility of the polymers in the irradiated regions 
allowing their use as positive photoresists. These polymers might be 
obtained by photopolymerization of the corresponding dimeric models 
containing pyrimidine bases at the ends of their molecules. 

The object of this stud
lithography, by using th
(17-19). Applicability of pyrimidine containing polymers to both 
negative and positive type photoresists is due to this photoreversible 
reaction in which cyclobutane dimers are either formed or cleaved 
depending on the exposure wavelength (Scheme 2). 

* : 0 R ' xx 
0 Ν R 2 R 2 ^ 0 

C h ^ C H ^ — ~ X — C H 2 C H 2 

λ <270 nm λ > 2 7 0 nm λ<270 nm λ>270 nm 

W C H 2 C H 2 C H 2 C H 2 W 

Scheme 2 

EXPERIMENTAL 

Material 

CH2CH2 CH2CH2—~x 

Negative Type photoresists: 
Polymet vacrylates and copolymers of butadiene and methacrylate 
having /arious pyrimidine derivatives (Figures 1, and 2) were prepared 
by free radical polymerization of the methacrylate monomers (14-16). 
In the case of the poly(MAOT 1 -alt-MAOT 3 Me 1 ), the polymer was obtained 
by the reaction of the polymethacrylic anhydride with the hydroxyethyl 
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Uracil 
λ max.= 266nm 

φ η ρ = 0.038 

Thymine 
Amax.= 272nm 

φ D F=0.0074 

5-Cyanouracil 
Amax.= 282nm 

φ D F = 0.00037 

5-Bromouracil 6-Methyluracil 6-Cyanouracil 
Amax.= 282nm λ max.= 267nm Amax.= 292nm 

φ D F = 0.0094 φ 0 ρ = 0.0Α1 

Figure 1. Polymethacrylates containing pyrimidine bases. 

polyiMAOT1) (7) poly(MA0T ] Me 3 ) (8) poly (MAOTW ) (8) 

polyiMAOT-co-MAOrMe1) (lOa-e) polyiMAOT -alt-MAOT Me ) (11) 

Figure 2. Polymethacrylates containing thymine derivatives. 
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derivatives of thymine followed by the reaction of another cyclic type of 
thymine derivatives (18). 

Bis-pyrimidine derivatives were prepared by the reaction of the 
hydroxyethyl derivatives of pyrimidine with various bifunctional com
pounds such as dichloro-siloxane derivatives (Figure 3) (20). 

Positive Type Photoresists: 
Polyamides containing thymine photodimer units in the main chain 
(17a,b) were prepared by polycondensation of thymine photodimer de
rivatives (15a,b), which were obtained by the photochemical reaction of 
the monomeric compound, and various diamines by the activated ester 
method (Figures 4 and 5) (17, 19). 

Instrumentation 

The photosensitivity spectr  recorded  Niho
photograph, CT-40 and a
deep-UV source. A Cano  aligne  (PLA-521F)
(CM250, in the case of resolution evaluation of the positive photoresist, 
and CM290 in the case of negative type photoresist) was used as the UV 
irradiation instrument in which a Xe-Hg lamp was chosen as the light 
source, and irradiation of the silicon wafers were carried out with 
contact printing through a mask. Ultraviolet spectra were measured 
with a Nihon-Bunko (UVIDEC-660) spectrophotometer. Glass transition 
temperature (Tg) of the polymers were measured with a Seiko 
differential scanning calorimeter(DSC-20). The molecular weight 
distribution of the polymers were determined by GPC method using Toyo 
Soda HLC-CP8000 with a thermostated column TSK gel G4000HT, and a UV 
detector operating at 270 nm with dimethylformamide as the eluent. 

RESULTS AND DISCUSSION 

Photodimerization of the Pyrimidines 

Photochemical reactions of the pyrimidine polymers in solution were 
studied to determine the quantum yields of the intramolecular 
photodimerization of the pyrimidine units along the polymer chains. 
Photoreactions of the polymers were carried out in very dilute solutions 
to avoid an intermolecular(interchain) photodimerization. Quantum 
yields determined at 280 nm for the polymers (1-6 in Figure 1) are listed 
in Table I. The quantum yield of the 5-bromouracil polymer 
[poly(MA0U-5Br)] could not be determined because of side reactions of 
the base during the irradiation. 

Among the examples shown in Table I, the 5-cyanouracil derivative 
[poly(MA0U-5CN)] had the lowest photochemical reactivity, while the 
6-cyanouracil analog [poly(MA0U-6CN)] had the highest reactivity. 
The highest photodimerization reactivity of the 6-cyanouracil 
derivative might be caused by the capto-dative substituent effect; the 
electron donating group is the N - l group, and the electron acceptor 
group is the cyano group (12). 
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Figure 3. Bis-pyrimidine derivatives. 
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HOOCCH2CH2
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Q 9 CH-j Η 

—̂ CH2)3HNOCCH2CH2 CH2CH2CONH-̂ - -̂ CĤ HNOCCHj 
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Figure 4. Isomers of polyamides containing thymine photodimer. 
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Table I. Quantum Yields in Solution and Lithographic Evaluation of 
Polymethacrylates with Pendant Pyrimidine bases 

Pyrimidines Polymers Φ d

a ) λ b ) λ m a x ° E 0

d : > 

(nm) (nm) (mJ/cm 2) 

Uracil Poly(MAOU) 0.035 — — — 
5-Methyluracil PolyiMAOT 1) 0.0095 230--300 280 34.6 
6-Methyluracil Poly(MAOU-6Me) 0.0081 245--305 280 95.0 
5-Cyanouracil Poly(MA0U-5CN) 0.00037 255--320 290 76.9 
6-Cyanouracil Poly(MA0U-6CN) 0.041 255--355 305 19.5 
5-Bromouracil Poly(MA0U-5Br) — 245--325 295 19.8 

a) Quantum yields of photodimerization in dimethyl sulfoxide solution. 
b) Photosensitive wavelength range. 
c) Maximal photosensitive
d) Minimum required energ
length. 

The quantum yields for the polymeric thymine derivatives, 7-11 in 
Figure 2, determined at 280 nm in dimethyl sulfoxide solution are plotted 
against the molar composition of the polymers as shown in Figure 6a. 
Poly(MAOT 1-co-MAOT 3Me 1 )s have lower quantum yields for intramo
lecular photodimerization than polyiMAOT 1 )and poly(MAOT 3Me 1 ). Among 
the copolymers, polyiMAOT 1 -alt- MA0T 3 Me 1 ) , in which the T 1 and T 3 M e 1 

base units are strictly alternating, has a slightly lower quantum yield 
than random copolymer, poly(MAOT 1 -co-MAOT 3 Me 1 ) of the the same 
composition. These provided that the photodimerization reaction of the 
adjacent T 1 and T 3 M e 1 bases imparts more strain to the polymer chain 
than the equivalent reaction of T 1 units or T 3 M e a units. 

Photopolymerization: 
Photopolymerizations of the bis-pyrimidine derivatives were carried out 
in solid film by irradiation with UV light from a s pec troir radiator. The 
rate of the photopolymerization was found to depend on the wavelength 
of light. The highest reactivity was observed at ~ 300 nm (Figure 7a), 
while the highest reactivity for photoreversal of the photodimer was 
obtained by irradiation at ~ 240 nm (Figure 7b). The polymers 
obtained the photopolymerization were not soluble in ethyl acetate. 
Therefore, sensitivity curves for insolubilization of the bis-pyrimidine 
derivatives via photopolymerization were obtained by development with 
ethyl acetate/toluene (Figure 8). The photopolymerization using an 
eximer laser (XeCl: 308 nm) source gave essentially the same result. 

Photoreversal of the Pyrimidine Photodimers 

Photodissociation of the polyamides (Figures 4 and 5) was carried out in 
the solid films. Polymer films (1-2 μ. m) were cast onto quartz 
substrates and were exposed to monochromatic 250 nm light from a 
spec troir radiator. The dissociation of the thymine photodimers was 
followed by monitoring the absorbance at 270 nm. The results obtained 
for the polyamide prepared from the reaction of propane diamine and 
the isomers of the thymine photodimer (cis-syn(17a), cis-anti(17b), and 
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Figure 5. Polyamides containing thymine photodimer. 
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Figure 6. (a) Quantum yields for intramolecular reaction and 
(b) photosensitivities vs MAOT 3Me 1 units in polymers for 
homopolymers and copolymers in Fig. 2. +: PolyiMAOT 1), 
Poly(MAOT 3Me 1), and PolyiMAOT 1 -co-MAOT 3 Me 1 ). 
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0'—ι 1 1 1 « ' 1 
210 220 230 240 250 260 

Wavelength ( nm ) 

F i g u r e 7. (a) Wavelength dependency of pho topo lymer iza t ion of 
the 6 - c y a n o u r a c i l d e r i v a t i v e s , (b) Wavelength dependency of 
p h o t o r e v e r s a l of the photodimer . 
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a mixture of both isomers(17a+b)) are shown in Figure 9. From this 
figure, it is perceived that, regardless of the structure of the thymine 
photodimers, polymer chain scission occurres at the same rate. 
Furthermore, to investigate the effects of diamine structure in the 
polymer chains on the dissociation rate of the polymers, the 
photoreactions of different polyamides (18a-f) were compared in Figure 
10. From this figure it is seen the polymers with a more flexible 
framework (lower Tm and Tg), 18b, 18e, and 18f, dissociated faster than 
polymers 18c, and 18d that possess a more rigid framework (higher Tm 
and Tg). However, the maximum dissociation conversion is the same for 
all the polymers (the same G values). This result might be related to 
the fact that the photoreactions were carried out at room temperature, 
and therefore, the polyamides with a Tg lower than room temperature 
had more conformational freedom of the polymer chains, and hence the 
photodissociation reactivity would be higher than for those polymers 
with high Tg. 

The molecular weight
were followed by GPC to determine changes in the molecular weights of 
the polyamides. It was found that photolysis of the polymer resulted in 
polymer chain scission, leading to the appearance of oligomers 
containing thymine bases at the end of the molecules. 

Lithographic Sensitivity 

Negative type photoresist 
The wavelength range for which each polymer undergoes photo
dimerization, the wavelength at which each polymer displays maximal 
sensitivity, and the sensitivity (E; the minimum incident input energy 
per unit area required to produce an insolubilized film of the same 
thickness as the the initial film) are listed in Table I. Polymer 
sensitivities were determined for the wavelength where each polymer 
displays maximum sensitivity. All formulations employed the same 
spinning solvent and the same developer. 

Poly(MA0U-6CN) which showed the highest quantum yield for 
intramolecular dimerization in solution, showed the highest 
photosensitivity value. The photoresist sensitivities of 
poly(MAOU-6Me) and poly(MAOU-5CN), which have low reactivity for 
photodimerization in solution, are low. A very interesting result is the 
high sensitivity of poly(MAOU-5Br) which has similar Ε value as 
poly(MA0U-6CN). In this case there is evidence for debromination in 
addition to the photodimerization in solution; the UV maximum at 282 nm 
shift to 266 nm, which is assigned to uracil base, accompanied by 
decrease of absorbance. This debromination should form a free 
radical, and afford enhanced sensitivity by crosslinking. 

From the photosensitivity data (Table II) of the thymine substituted 
polymethacrylates (Figure 2), the minimum energy required to effect 
crosslinking at the wavelength where the polymers display maximum 
sensitivity is plotted also against the composition of thymine units in 
Figure 6b. Comparison of Figure 6a and Figure 6b shows that 
increasing the concentration of T 3 M e 1 thymine units in the copolymer, 
which reduces the favorable stacking conformation between the 
adjacent thymine units, effected more compatibility for intermolecular 
photodimerization in the film state. Therefore, polymers with lower 
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Figure 8. Photopolymerization of the 6-cyanouracil derivative. 
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Figure 9. Photoreversal of the polymers containing isomers of 
thymine photodimer. 
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quantum yields of intramolecular photodimerization in solution showed 
higher photosensitivity values. This was confirmed by comparing the 
quantum yields of the polymers in the film state tabulated for some of 
the polymers in Table III, and the photosensitivity values in Table II. 
These results show that suppressing intramolecular, and intensifying 
intermolecular photodimerization, polymers of higher photosensitivity 
values can be obtained. 

Table II. Lithographic Evaluation of Polymethacrylates 
with Pendant Thymine bases 

Polymer [MAOT 3MeT λ max 0 E 0

d ) 

(unit %) (nm) (nm) (mJ/cm 2) 

Poly(MAOT 3Me 1) 100 230-305 280 38.0 
PolyiMAOT 1) 0 
PolyiMAOT 1 Me 3) 0 
Poly (MAOT1 -co-MAOT 3 Me  ) - l 18 250-305 280 28.0 
Poly (MAOT1 -co-MAOT 3 Me 1 )-2 22 230-305 280 23.4 
Poly (MAOT1 -co-MAOT 3 Me 1 )-3 34 230-310 280 20.3 
Poly (MAOT1 -co-MAOT 3 Me 1 )-4 46 230-310 280 18.8 
Poly (MAOT1 -co-MAOT 3 Me 1 )-5 56 230-310 280 16.7 
Poly (MAOT1 -alt- MAOT 3Me 1 ) 50 200-315 270 15.8 

a) MA0T 3 Me 1 units in copolymer. 
b) Photosensitive wavelength range. 
c) Maximal photosensitive wavelength. 
d) Minimum required energy for photocrosslinking at the maximal wave
length. 

Table III. Quantum Yields and Maximum Photodimerization Conversion 
of Thymine Bases in Polymethacrylates 

with Pendant Thymine Bases in the Film State 

Polymer O d Conv.max E D

b ) 

Solution 0 5 Film (%) Film (mJ/cm 2) 

PolyiMAOT 1) 0.0095 0.086 40 34.6 
Poly(MAOT 3Me 1) 0.017 0.080 37 38.0 
Poly (MAOT1 -co-MA0T 3 Me 1 ) - 3 ° 0.0044 0.159 42 20.3 

a) Quantum yield for intramolecular dimerization in solution. 
b) Maximum required energy for photocrosslinking (Table II). 
c) MA0T 3 Me 1 unit in copolymer: 34 unit%. 

Positive type photoresist 
The photosensitivity tests were carried out only for the polyamides 
containing different isomers of thymine photodimers to determine the 
effect of isomer structure on photosensitivity. 

The polymers 17b and 17a+b were dissolved in dimethylformamide by 
10%(w/w) and were spin coated onto a silicon wafer. The thickness of 
the film was found to be 0.3 μ. m. The minimum required energy for 
complete removal of the photoresist layer after development, versus the 
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wavelength of UV irradiation is shown in Figure 11. The spectral 
sensitivities of the polymers prepared with different isomers were 
approximately the same at each wavelength throughout the deep-UV re
gion. Moreover, the highest sensitivity was observed at 250 nm. 

Resolution Evaluation 

Negative type: 
Polymethacrylates containing 6-cyanouracil or 5-bromouracil units in 
the side chain of the polymer had the highest photosensitivity. 
However, since these polymers were tacky in nature, a copolymer of 
butadiene and the methacrylate monomer with pendant 6-cyanouracil 
was synthesized. This polymer showed resolution down to 1  m 
(Figure 12). 

Positive type: 
A typical pattern obtained with polymer 17b is shown in Figure 13. An 
exposure time of approximately 0.9 min was determined to be the best 
irradiation time after development of the images in a solution of 
methanol and isopropanol (v/v 8/2). The light energy corresponding to 
this exposure time was 345.6 mJ/cm 2 . The width of the bars are in the 
range of 0.5 - 0.9 μ m. High resolution was observed down to 0.5 μ m, 
which was the resolution limit of the line and space patterns in the 
mask. The thickness of the film after development and rinsing was 0.28 
μ m, corresponding to 93% thickness remaining. The resolution 
evaluation for other polymers was carried out under the same 
conditions except that the smallest line and space features on the mask 
were 0.1 μ m. An imaged pattern for the polymer 18c is shown in 
Figure 14. Here it was determined that polyamides containing thymine 
photodimers in the main chain are inherently capable of very high 
resolution down to 0.3 μ m. 

Conclusion 
Polymethacrylates containing 6-cyanouracil or 5-bromouracil units in 
the side chain of the polymer displayed the highest photosensitivity. 
Copolymers of butadiene with the methacrylate monomer with pendant 
6-cyanouracil are capable of resolving \ μ m features and behaved as 
negative photoresists. 

Polyamides containing thymine photodimer units in the main chains 
showed excellent resolution values (0.3 μ m) and behaved as positive 
photoresists. It is concluded that polymers containing pyrimidine 
bases displayed high resolution and high sensitivity when used in both 
negative and positive photoresists formulations. 
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F i g u r e 10. P h o t o r e v e r s a l of the polyamides c o n t a i n i n g thymine 
photodimer . • : 18a, • : 18b, · : 18c, O : 18d, • : 18e, Δ : 18£ 

,o4 

200 210 220 230 240 250 260 270 280 

Wavelength In ml 

F i g u r e 11. P h o t o s e n s i t i v i t y s p e c t r a of polyamides con t a in ing 
thymine photodimer . 
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Figure 12. Resolution pattern of poly methacrylate containing 
6-cyanouracil. 
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Figure 13. Resolution pattern of polyamide 17a. 

Figure 14. Resolution pattern of polyamide 18c. 
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Chapter 19 

Synthesis of New Metal-Free Diazonium Salts 
and Their Applications to Microlithography 

Shou-ichi Uchino, Michiaki Hashimoto1, and Takao Iwayanagi 

Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo 185, Japan 

New metal-free diazonium salts have been synthesized 
and applied to microlithograph
dyes for a contras
working photoactive compounds, and photoacid gene
rators. 4-N, N-dimethylaminobenzenediazonium trifluoro
methanesulfonate (D1) is the most suitable photo
bleachable dye. Upon i-line (365nm) exposure, 0.4-µm 
line-and-space patterns were obtained using a positive 
resist in conjunction with the D1-CEL. D1 also shows 
good properties as a negative working sensitizer for a 
two-layer resist system formed by means of a "doping" 
process, in which the diazonium salt is distributed in 
the top and bottom layers. 4-Methoxybenzenediazonium 
trifluoromethanesulfonate can be used as a photoacid 
generator for acid catalyzed cross-linking. 
Submicron resolution can be achieved with high 
sensitivity. 

In recent years, demands on microlithographic techniques have 
become much more severe along with the reduced sizes of 
semiconductor devices. Various techniques to enhance the 
performance of microlithographic r e s i s t systems have been 
developed. Contrast enhanced lithography (CEL) i s one 
technique which improves r e s i s t r e s o l u t i o n (1,2). The CEL 
process involves spin-coating a CEL layer containing a 
photobleachable dye on top of a conventional photoresist. This 
CEL layer i s opaque before exposure, but during exposure, the 
most highly exposed regions bleach f i r s t while the l e a s t exposed 
regions bleach l a t e r . Therefore, o p t i c a l images that are 
degraded by the lens system of the exposure apparatus are 
sharpened by passing through the CEL layer. The 
photobleachable dyes used i n contrast enhancing materials can be 
c l a s s i f i e d i n t o four categories: nitrones(1, 2), polysilanes(3), 
styrylpyridiniums(4), and diazonium s a l t s (5 r9). 
1Current address: Yamazaki Works, Hitachi Chemical Company Ltd., Hitachi, Ibaraki 317, 
Japan 
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The re la t ionship between r e s i s t contrast and o p t i c a l 
properties (extinction coef f i c i ent and bleaching quantum yie ld) 
of photobleachable dyes was previously described by a simple 
model (9), and water-soluble diazonium sa l t s with good op t i ca l 
properties were developed for the CEL process (9). 

Diazonium sa l t s are also useful as a photosensitive 
material in a photobleachable two-layer r e s i s t system based on a 
"doping process"(10). High-resolut ion re s i s t patterns were 
obtained using this two-layer r e s i s t scheme and an i - l i n e 
reduction project ion al igner. 

As mentioned above, the conventional diazonium sa l t s have 
good o p t i c a l properties as CEL dyes and negative working 
sens i t i zers for the two-layer r e s i s t system. However, almost 
a l l diazonium sal ts are s t a b i l i z e d with metal-containing 
compounds such as zin  chloride  tetrafluoroborate  hexafluoro
antimonate, hexafluoroarsenate
may not be desirable
potent ia l device contamination. To a l l e v i a t e the potent ia l 
problem, new metal-free materials have been sought for. 

In th is paper we report on the use of t r i f l u o r o -
methanesulfonates (Table 1) of 4-N, N-dimethylamino-
benzenediazonium (Dl) and 4-methoxybenzene-diazonium (D2) as CEL 
dyes, negative working sens i t izers , and photoacid generators for 
chemical ampl i f icat ion r e s i s t systems(11). 

Experimental 
Synthesis of diazonium salts. The de ta i l s of the synthesis of 
4-N, N-dimethylaminobenzenediazonium trifluoromethanesulfonate 
(Dl) are described below. N, N-Dimethyl-p-phenylenediamine 
(27.7 g, 0.2 mole) was dissolved i n acet ic acid (150 ml). 
Trifluoromethanesulfonic acid (30.6 g, 0.2 mole) was added to 
the so lut ion i n an atmosphere of nitrogen. The so lut ion was 
kept at room temperature while i sopentyl n i t r i t e (26 g, 0.22 
mole) was added dropwise. The so lut ion was allowed to react 
for ha l f an hour. After completion of d iazot izat ion , 
tetrahydrofuran (400 ml) was added to the solut ion and the 
prec ip i ta ted Dl (55 g) was f i l t e r e d . Dl (20 g) was 
r e c r y s t a l l i z e d from acetone (90 ml)/tetrahydrofuran (260 ml). 
Prec ip i tated Dl crys ta l s (14 g) were f i l t e r e d and dried. The 
melting point of Dl i s 127t and the maximum absorption i n water 
appears at 376 nm. 4-Methoxybenzenediazonium trifluoromethane
sulfonate (D2) was synthesized s imi lar ly . 

Lithographic evaluation. 
CEL dye. A CEL solut ion was obtained by d i s so lv ing p o l y 

vinylpyrrol idone) (PVP) (7 g) and Dl (5.8 g) i n 50 wt% aqueous 
acet ic acid. (87.2 g). The CEL layer was spin-coated onto a 
photoresist, RI-7000P (Hitachi Chemical Co.) , and baked at 80T 
for 20 minutes. Exposure was performed with an in-house i - l i n e 
reduction project ion al igner. The r e s i s t was developed i n a 
2. 38 wt% tetramethylammonium hydroxide aqueous solution. The 
f i lm thickness was measured with an Alpha-step 200 (Tencor) 
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profilometer. Spectroscopic measurements were performed on a 
Hi t a c h i 340 UV spectrophotometer and a H i t a c h i 260-10 IR 
spectrophotometer. 

Negative two-layer resist. A cresol novolac r e s i n (Alnovol 
PN-430) was spin-coated on a s i l i c o n wafer and baked at 80T, for 
one minute on a hot plate. The s i l i c o n wafer was set on a spin-
coater and a photosensitive s o l u t i o n c o n s i s t i n g of Dl (3 wt%), 
PVP (5 wt%), a c e t i c acid (46 wt%), and water (46 wt%) was 
deposited so as to contact the phenolic r e s i n f i l m on the 
s i l i c o n wafer. The so l u t i o n on the phenolic r e s i n f i l m stood 
for 2 minutes. The r e s i d u a l s o l u t i o n on the phenolic r e s i n 
f i l m was spun to form a Dl-PVP top layer and baked at 80t for 
two minutes. By t h i s process, a two-layer r e s i s t was 
formed (10). 

The r e s i s t was expose
p r o j e c t i o n a l i g n e r or
conjunction with a UVD2 band pass f i l t e r (Toshiba glass Co.). 
Aft e r removing the top layer by r i n s i n g i n water, the r e s i s t was 
developed with a 2. 38 wt% tetramethylammonium hydroxide aqueous 
solution. 

Photoacid generator. Dl (4 wt%J was mixed with p o l y ( g l y c i d y l 
methacrylate) (PGMA) (20 wt%J i n e t h y l c e l l o s o l v e acetate. The 
mixture was spin-coated on a s i l i c o n wafer and baked at 80T fo r 
1 minute. Exposure was performed with a 600-W Xe-Hg lamp i n 
conjunction with a UVD2 f i l t e r . The r e s i s t was developed i n a 
mixture of methyl ethyl ketone to ethanol (7/1 w/w). 

In another application, the diazonium s a l t (Dl or D2) (2.5 
wt%) was dissolved i n a mixture of cyclohexanone and a c e t i c acid 
containing 12.5 wt% poly(4-hydroxystyrene) and 2.5 wt% Methylone 
r e s i n (GE 75108). The r e s i s t was exposed with a 600-W Xe-Hg 
lamp through a 313-nm interference f i l t e r . A f t e r exposure the 
r e s i s t was baked at 80t for 3 minutes and developed i n a 1 wt% 
tetramethylammonium hydroxide aqueous solution. 
Results and discussion 
Synthesis of diazonium salts. The conventional d i a z o t i z a t i o n 
of amino compounds i s performed as described below. An amino 
compound i s dissolved i n a c i d i c water, then aqueous sodium 
n i t r i t e i s added dropwise to the solution, while the s o l u t i o n 
temperature i s kept below Ot. Aft e r completion of 
di a z o t i z a t i o n , a diazonium ion s t a b i l i z e r such as zin c chloride, 
sodium tetrafluoroborate, or sodium hexafluorophosphate i s added 
to the reaction solution. Therefore, diazonium s a l t s that are 
synthesized by the conventional process contain metal ions that 
may contaminate semiconductor devices. In addition, because 
some diazonium s a l t s are extremely soluble i n water, i t i s often 
d i f f i c u l t to i s o l a t e them from the aqueous reaction solution. 

To avoid the above mentioned problems, diazonium s a l t s were 
synthesized by d i a z o t i z i n g amino compounds with i s o p e n t y l 
n i t r i t e i n a c e t i c acid containing a strong acid such as 
trifluoromethanesulfonic acid. A f t e r completion of 
di a z o t i z a t i o n , the reaction s o l u t i o n was poured i n t o an organic 
solvent. The p r e c i p i t a t e d c r y s t a l s were f i l t e r e d and dried. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



322 POLYMERS IN MICROLITHOGRAPHY 

This process makes i t possible to remove metal ions from the 
diazonium s a l t s and also provides easy i s o l a t i o n of the 
diazonium s a l t s that are highly soluble i n water. 

Thermal stability of Dl. The thermal s t a b i l i t y of the Dl i n 50 
wt% a c e t i c acid aqueous s o l u t i o n was evaluated by k i n e t i c 
analysis. The thermal decomposition of diazonium s a l t s i n an 
aqueous s o l u t i o n i s a f i r s t - o r d e r reaction. The thermal 
decomposition constants of Dl at 25, 75, and 90t are 9. 1x10" 6, 
2. 9x10" 8, 1. 3x10" 1/hr, respectively. The Arrhenius plo t of Dl 
i n a c e t i c acid s o l u t i o n i s shown i n Figure 1. The a c t i v a t i o n 
energy of Dl (23. 0 kcal/mol) and the decomposition rate constant 
at 5t were obtained from Figure 1. This decomposition rate 
constant (k6T:=3. 7x10" 7/hr) indicates that 1% of the Dl i n the 
a c e t i c acid aqueous s o l u t i o n w i l l decompose i n about 3 years at 
5Î. 

Photoproduct of Dl in solid
i n the s o l i d state was i s o l a t e d by s i l i c a g e l column 
chromatography and analyzed by IR and NMR spectroscopy (Figures 
2 and 3). NMR spectrum shows that a photoproduct of Dl has the 
absorption band of the N, N-dimethylamino group (2.86 ppm) and 
the symmetric absorption band of aromatic protons (6.57-7. 10 
ppm). The strong IR absorption of the s u l f o n y l group (1210 and 
1420 cm - 1) can be seen i n Figure 3. From NMR and IR spectra, 
the main photoproduct of the Dl was i d e n t i f i e d as 
trifluoromethanesulfonic acid 4-N, N-dimethylaminophenyl ester. 

kpplication to a CEL dye. The UV spectra of Dl i n a PVP matrix 
before and a f t e r bleaching are shown i n Figure 4. The 
absorption maximum of Dl l i e s at 376 nm. The photobleaching 
curve of the Dl-CEL layer c o n s i s t i n g of Dl and PVP i s shown i n 
Figure 5. The transmittance of the unbleached layer i s less 
than 1% and that of the completely bleached layer i s about 90%. 
Contrast and r e s o l u t i o n of the photoresist are expected to be 
g r e a t l y improved with the use of the Dl-CEL. 

The exposure curves of the p o s i t i v e photoresist H i t a c h i 
Chemical RI-7000P with and without the Dl-CEL are shown i n 
Figure 6. The r e s i s t contrast with the Dl-CEL(y=3. 9) i s three 
times higher than that without the Dl-CEL(y=l. 3). Scanning 
electron microphotographs of submicron r e s i s t patterns printed 
with and without the Dl-CEL are shown i n Figure 7. The 
photographs show that the CEL layer containing Dl enables 
imaging of 0.4-μπι line-space patterns on an i - l i n e reduction 
proje c t i o n aligner. 

Application to the two-layer resist system. Photobleachable 
r e s i s t systems that have a strong absorption before exposure and 
that bleach completely upon UV exposure a l l e v i a t e the l i g h t 
r e f l e c t i o n from the substrate. A photobleachable r e s i s t system 
formed by means of the "doping process" was reported i n our 
previous paper(9). This r e s i s t system consists of two layers 
i n which a diazonium s a l t i s d i s t r i b u t e d i n both the top and 
bottom layers. When exposed to i - l i n e , the diazonium s a l t i n 
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Table i . Newly synthesized diazonium salts and chemical 
structure of Methylene used in this experiment 

NAME CHEMICAL STRUCTURE λιτβχ 
(nm) 

Êmax 
xlO* 

Dl 376 3.37 

D2 H3COh0-N2SC3CF 3 312 2.37 

Ç-CH2-CH=CH2 

•(CH2OH)m 

METHYLONE 
m = 1 -3 

ΔΕ=210 Kcai/mol 

-10 

I ι ι ι ι I ι ι ι ι 1 1 
2.5 ao _ as 

Figure 1. Arrhenius plot of Dl thermal decomposition in a 50 
wt% acetic acid aqueous solution. 
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Figure 2. NMR spectrum of the main photoproduct from DL 
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Figure 3. IR spectrum of the main photoproduct from DL 
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2 0 0 3 0 0 4 0 0 5 0 0 
WAVELENGTH (nm) 

Figure 4. UV absorption spectra of a Dl-CEL layer consisting 
of 4-N, N-dimethylaminobenzenediazonium trifluoromethane-
sulfonate and PVP. The solid line is the unbleached layer, 
and the broken line is the completely bleached layer. 

100, 

DOSE (mJ/cm2) 

Figure 5. Photobleaching curve of the Dl-CEL layer exposed 
at the i-line (365 nm). 
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DOSE (mJ/cm2) 

with 
Dl-CEL 

300 

Figure 6. Exposure curves of positive resist Hitachi 
Chemical RI-7000P with and without the Dl-CEL. The contrast 
(γ-value) of the Dl-CEL
non-CEL resist. 

Figure 7. SENl photographs of resist patterns printed with 
and without the Dl-CEL on commercially available resist 
(Hitachi Chemical RI-7000P). 
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the top layer bleaches to act as a contrast enhancing material, 
while the diazonium s a l t i n the bottom layer decomposes to cause 
i n s o l u b i l i z a t i o n of the phenolic r e s i n i n the base developer. 

The exposure curve of the two-layer r e s i s t based on the 
doping process i s shown i n Figure 8. The two-layer r e s i s t 
system has a high contrast and high r e s o l u t i o n c a p a b i l i t y . 
Submicron line-and-space patterns are obtained using t h i s two-
layer r e s i s t system (Figure 9). 

Application to photoacid generators. Recently much at t e n t i o n 
has been focused on chemically amplified r e s i s t systems using 
onium s a l t s (11), halogen compounds (12), or nitrobenzyl ester(13) 
as photoacid generators. Since the newly synthesized diazonium 
s a l t s have trifluoromethanesulfonic acid anion as the counter 
ion, they generate a strong protonic acid upon UV exposure. Dl 
and poly ( g l y c i d y l mathacrylate
to i - l i n e . The exposur
shown i n Figure 10. Here i t can be seen that the Dl-PGMA 
r e s i s t works as a highly s e n s i t i v e negative r e s i s t . The newly 
synthesized diazonium s a l t s might be u s e f u l as photoacid 
generators for chemical a m p l i f i c a t i o n r e s i s t systems. However, 
the Dl-PGMA r e s i s t system did not show excellent image q u a l i t y 
because of s w e l l i n g during the development process. 

Another acid-catalyzed c r o s s - l i n k i n g type r e s i s t system 
devoid of swelling was evaluated, which consisted of a phenolic 
resin, Methylone resin, and the diazonium s a l t . Both Dl and D2 
were used. The exposure curve of the r e s i s t system containing 
D2 as the photoacid generator i s shown i n Figure 11. The 
s e n s i t i v i t y and contrast of the r e s i s t dramatically improved 
with post exposure baking. An SEM photograph of the submicron 
pattern of the acid catalyzed r e s i s t system using D2 as the 
photoacid generator i s shown i n Figure 12. The r e s i s t system 
which contains Dl does not show high s e n s i t i v i t y and high 
contrast c h a r a c t e r i s t i c s . I t i s probable that the 
photogenerated acid i s wasted by the protonation of the N, N-
dimethylamino group of Dl. The d e t a i l s of the reaction 
mechanism are under in v e s t i g a t i o n . 

Conclusion 
New metal-free diazonium s a l t s were synthesized and applied to 
microlithography. A CEL l a y e r c o n s i s t i n g of Dl and PVP has good 
o p t i c a l properties for i - l i n e exposure and resolves 0.4-/mi l i n e -
and-space p o s i t i v e r e s i s t patterns. Dl i s also a u s e f u l 
material as a negative working s e n s i t i z e r for phenolic resins. 4-
Methoxybenzenediazonium trifluoromethanesulfonate can be used as 
a photoacid generator f o r the design of mid-UV r e s i s t system 
based on acid-catalyzed c r o s s - l i n k i n g . Submicron r e s i s t 
patterns are resolved using t h i s highly s e n s i t i v e r e s i s t system. 
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3 10 30 100 300 
DOSE (mJ/cm2) 

Figure 8. Exposure curve for a negative two-layer resist 
system formed by "doping. " Exposure was performed at the 
i-line(365nm). 

Figure 9. SEUL photograph of the negative two-layer resist 
formed by means of "doping. " Exposure was performed at 
the i-line. (A) 0. 5-μm IAS, (B) 0. 6-\Lm IAS. 
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Figure 10. Exposure curve of PGM sensitized with Dl. 
Exposure was performed at the i-line. 

1 3 10 
D0SE(mJ/cm2) 

Figure 11. Exposure curve of the acid-catalyzed resist 
system consisting of poly(4-hydroxystyrene)f D2, and 
Methylone. Exposure was performed using a Xe-Hg lamp 
equipped with a 313-nm interference filter. 
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Figure 12. SEM. photograph of the acid-catalyzed resist 
system exposed at 313 nm with an exposure energy of 5 mJ/cm*. 
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Chapter 20 

Photobleaching Chemistry of Polymers 
Containing Anthracenes 

James R. Sheats 

Hewlett Packard Laboratories, Palo Alto, CA 94304 

We describe a dye system that is particularly useful for resolution 
enhancement in optical lithography because of the possibility of complete 
separation of dye and resist exposures, and because of its utility in the 
deep UV spectral region. Substantial variations in reactivity occur in 
connection with the substituents of the anthracene nucleus, the type of 
polymer matrix, the presence of sensitizers, and binding of the anthracene 
to the polymer backbone. The best results are obtained with small alkyl 
substituents and an external sensitizer. Variations are also observed in 
deep UV behavior. Novel reactions occurring in the absence of oxygen 
are described; these are intensity and wavelength dependent and pres
umably involve highly excited states. It is probable that these reactions 
lead to the crosslinking of some anthracene-containing polymers. 

Despite the steadily shrinking dimensions of VLSI circuits, which are now well into 
the submicron regime for advanced production, optical lithography continues to 
be the patterning method of choice (1). Although electron beam direct writing can 
produce extremely small features, it is unlikely that its throughput will allow it to 
be competitive in high volume production. The excellent intrinsic resolution of 
x-ray lithography must be considered along with the cost of synchrotron sources 
and the formidable problems of mask making. For these reasons optical methods 
will be vigorously pursued as long as they are viable. 

There are in general two aspects to resolution in optical lithography: the 
imaging system and the resist. Current activities involving shorter wavelength and 
higher numerical aperture (N.A.) imaging are described in ref 1. Single-layer resist 
materials have also been improved considerably in recent years (2); however it is 
not easy to satisfy all the requirements in a single material; thus multilayer 
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approaches, despite the disadvantages of a greater number of processing steps, may 
play a role i n wringing the maximum possible performance from a given exposure 
tool (3). 

T w o general types of multilayer process may be distinguished, depending on 
whether they use oxygen reactive i o n etching ( R I E ) (4) or optical exposure (5-11) 
to transfer the pattern into the resist. Opt ica l pattern transfer may suffer from 
some l imita t ion due to substrate reflections, but has an advantage i n the simplicity 
of the equipment compared to R I E . 

This paper w i l l describe the chemistry underlying one such process, which we 
have called Photochemical Image Enhancement (9,11) because it uses photo-
bleaching to improve the image incident on the resist. It is related to, but distinct 
from, other photobleachable dye processes such as Contrast Enhanced Lithography 
( C E L ) (6) and B u i l t on M a s k ( B O M ) (8,12). It involves no inherent throughput 
penalty (as does C E L ) , and th
M a s k ( P C M ) that has bee
stantially simpler than RIE-based methods. A resolution of 0.5 μτη wi th between 
1 and 2 μτη total depth of focus has been demonstrated using 436 nm, 0.42 N . A . 
imaging (13); similar results were also obtained by Hargreaves, et a l . wi th i-line 
exposure (14). 

A schematic of P I E is given i n refs. 9 and 11. Briefly, a layer of polymer 
containing a dye that is photobleachable by the imaging radiat ion is applied over 
the resist. Image-wise exposure of the dye creates a latent image of dye concen
tration (while not affecting the resist), and this image is transferred to the resist by 
a f lood exposure at a wavelength that is strongly absorbed by the dye and to which 
the resist is sensitive; the dye is nonreactive during the f lood exposure. The image 
quality is enhanced by the exponential dependence of transmittance on dye con
centration arising from the coupling of Beer's law to the photobleaching reaction: 
regions of high [dye] transmit much less light than those wi th lower [dye]. M o r e 
extensive theoretical analysis is given i n refs. 9, 13, and 15. C E L similarly uses a 
dye over the resist, but the dye and resist are simultaneously exposed i n the imaging 
instrument. The opt imum contrast enhancement is thus only transiently obtained. 

The chemistry involves the photooxidation of 9,10-substituted anthracenes, 
which must be embedded i n a polymer of high oxygen permeability. Previous 
publications have described the preliminary applications to lithography (13) and 
the issue of oxygen permeability (15); the present report concentrates o n photo
bleaching kinetics, sensitizer concentration effects, and deep U V exposure char
acteristics. D a t a concerning the effect of having the anthracene bound to a 
hydrocarbon polymer chain are presented and compared to observations o n the 
photochemistry of anthracene/polymer mixtures under nitrogen, wi th various 
wavelengths and sensitizers. 

E X P E R I M E N T A L 

The apparatus for recording photobleaching has been described i n previous pub
lications (10,15,16). Briefly, an argon ion laser (364,476,514nm, or a l l visible lines) 
or a H e - C d laser (442 nm) with greatly expanded beam i l luminated the sample 
(fused si l ica wafer) while its spectrum was recorded by an H P 8 4 5 0 A spectrometer. 
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Some sources of error are discussed i n ref. 15; i n addition, it should be noted that 
these exposures were started with a manual shutter while simultaneously pressing 
the "start" button of the spectrometer, which leads to t iming uncertainty of around 
+1Λ sec. 248 n m irradiat ion was from a Lumonics excimer laser, wi th a Laser 
Precis ion Rj-7200 energy meter for dosimetry. Pulse lengths are nominally 35 nsec 
(manufacturer's specification). Oxygen was excluded by a cel l wi th fused si l ica 
windows and V i t o n o-rings, and a flow of N2 (from l iq . N2 boil-off) at a few cc/sec. 
( A few tests wi th A r ([O2] ~ 0.4 p p m by Spectra-Gases assay) gave the same results.) 
Dose measurement for the cw laser is estimated to be uncertain by as much as 
+ / -10-20% due to spatial positioning uncertainty, although the photodiodes were 
calibrated by ferrioxalate actinometry (17,18). The data i n Figures 4,5 and 7 were 
obtained wi th the laser setup described i n ref. 16, which is more accurate (+/ -3%). 
The exposure i n Figure 6 used an H g lamp with bandpass filter for 365 n m (10 n m 
F W H M ) ; dose accuracy is similar to the spectrophotometer system. The f i lm i n 
Figure 8 was exposed i n the gas cel l and then removed for spectral analysis. The 
dose quoted for the all-line
because an approximate averag
~ + / - 2 5 % . 

Hydrocarbon polymers were purchased from A l d r i c h Chemica l Co . , and 
siloxanes from Petrarch Systems. The ketocoumarin Kc450, from Kodak , is 
3,3 ,-carbonylbis(7-diethylaminocoumarin). Diphenylanthracene ( D P A ) , dimethy-
lanthracene ( D M A ) and eosin were purchased from A l d r i c h ; l,2-bis(10-
(trimethylsiloxy)-9-anthryl)ethane ( D S A E ) was provided by Professor H . - D . 
Becker of the Universi ty of Goteborg, Sweden. The three copolymers were 
provided by D r . J.S. Hargreaves of Hewlet t Packard Co . , who has published syn
thetic procedures elsewhere (19). They are abbreviated as follows: 1:2 P ( M A M -
M A : P M D S M A ) , 1:2 P ( V D P A : P M D S M A ) , and 1:2 P ( V P A : P M D S M A ) ; where 
M A M M A = (10-methyl-9-anthryl)methyl methacrylate; V D P A 
vinyldiphenylanthracene, or 9-(p-ethenylphenyl)-10-phenylanthracene; V P A = 
9-vinylphenylanthracene and P M D S M A = 3-methacryloxypropylpentamethyldi-
siloxane. A l l chemicals were used as received; films were spun f rom chlorobenzene 
solution. The films were i n general not baked since baking caused no apparent 
difference i n photochemical behavior; the films i n Figures 4-7 received a 90°C, 30 
min . oven bake. Further details are given i n ref. 15. 

B L E A C H I N G K I N E T I C S 

Figures 1-3 show deep U V transmittance (248 or 260 nm) for several different 
anthracene derivatives inpoly(phenylsilsesquioxane) (PPSQ) , wi th and without an 
external triplet sensitizer (Kc450, or "Kc") . It is clear that there are substantial 
differences i n the bleaching contrast. 

B y "bleaching contrast" is meant the ratio R C = [ ( D 2 / D 1 ) / E 2 / E 1 ) ] , where D 
refers to transmitted dose, Ε to incident dose, and the points 1 and 2 are two points 
relatively close to each other on the curve (E2/E1 - 1 . 1 ) . W e have argued elsewhere 
(15) that this is the most appropriate figure of merit wi th which to evaluate pho
tobleachable materials for image enhancement (including for C E L and B O M ) ; the 
larger R c is, the better. R c w i l l vary along the bleaching curve, and the greatest 
image resolution enhancement should be obtained i f the maximum of R c occurs 
approximately at the nominal l ine edge. 
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Figure 1. Transmittance Τ (260 nm) vs. incident energy Ε (364 or 442 nm) foi 
DMA/PPSQ films as indicated (film irradiated at 442 nm contains 0.4 wt.% Kc450) 
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Figure 2. Τ (248 nm) vs. Ε (442 or 476 nm) for 10 wt.% DMA/PPSQ/0.4% Kc450 
and 25% DPA/PPSQ/0.075% Kc450 as indicated. 
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Figure 3. T vs. E for films with (a) 28% DSAE/PPSQ/4.8% Kc450, 140 μπι/cm 2, 
442 nm, T 2 4 8 , OD° 2 4 8 =3.4; (b) 29.1% DSAE/PPSQ/0.146% Kc450, 160 μπι/cm 2, 442 
nm, T 2 4 « , OD°=2.84; and (c) 40% DPA/PDPS, 6.46 mW/cm2, 364 nm, T 2 6 p , 
OD° 2 6 0 =3.15. The energy scale for (b) is 10x greater than shown, and for (c) it is 
32X greater. 
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Figure 4. Τ vs. Ε for 1:2 P(MAMMA:PMDSMA), 200 mW/cm2, 364 nm. Solid 
line: calculation for second order kinetics. 
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Figure 5. Τ vs. Ε for 1:2 P(VDPA:PMDSMA), 100 mW/cm2, 364 nm. Solid line: 
calculation for second order kinetics. 
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Figure 6. % thickness remaining vs. incident energy for 1:2 P(MAMMA:PMDSMA) 
exposed over hardbaked Hunt HPR 206 on a Si wafer; developed 60 sec. m butyl 
acetate. Initial thickness 0.34 μπι. 
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Figure 7. Τ vs. Ε for 1:2 P(MAMMA:PMDSMA) irradiated under N 2 at 364 nm, 
130 m W/cm2. 

£ c 
If) 
CO 
CO 

Ο 
Ζ 

ί 

CO 
Ζ 
< 
ce 

0.90 

0.86 

0.82 

0.78 

0.74 

0.70 

0.66 

0.62 

0.58 

0.54| 

0.50 

DMA (13%)/ΡΕΜΑ; Ν 2 ; eosin 

ALL LINES (Ar+), 6-7 W/cm2 

514 nm, 1.2 W/cm2 

· 

_l L _1_ 

2000 4000 6000 8000 

INCIDENT ENERGY (J/cm2) 

10000 

Figure 8. Τ (365 nm) vs. Ε (as indicated) for 13% DMA/PEMA/1% eosin, irradiated 
under N 2 . Note that the all-lines dose includes -50% 514 nm light, which is 
demonstrated in this figure to be non-actinic; therefore the efficiency of the 
blue-light reaction is ~2x greater than shown. 
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R c w i l l also depend on the ini t ia l absorbance (greater in i t ia l absorbance 
implies larger R c (15)), and so a l l of the curves i n the three figures cannot be strictly 
compared to one another. However, several pairwise comparisons are precisely 
val id , and the absorbances are close enough that a common comparison among a l l 
of them is useful. The following points are evident: 

1) D P A with K c is very similar to D M A without K c (the small superiority of 
D M A shown here is l ikely due to the higher in i t ia l absorbance). 

2) D S A E wi th a high [Kc] has a higher contrast than D P A wi th K c , but lower 
than D M A with K c . 

3) D S A E wi th K c has lower contrast i f [Kc] is low than i f it is high. (The data 
are not shown, but D P A and D M A contrast do not vary wi th [Kc].) 

4) D P A without K c has the lowest contrast, and R c is just barely greater than 
1 at its maximum. 

5) D M A with sensitizer has the highest contrast. 

A thorough theoretica
i n several polymers, using transmittance at 365 n m to avoid any complications due 
to possible absorbance i n the med ium or photoproducts, is being published else
where (J .R. Sheats, J . Phys. Chem. , 1989). The reactions known from solution phase 
studies (20) lead (13) to the following rate equation for anthracene ( A ) (same for 
oxygen): 

ό Α / ό ΐ = - α θ Ι Α [ β Α / ( β Α + 1) ] ( 1 ) 

where θ is a function of oxygen concentration and various rate constants; for the 
present purpose it can be taken to be the triplet y ie ld (13). β is the ratio of the 
rate constant for the oxidation step ( ^ O2 + A ) to the rate constant for decay of 
singlet oxygen, (a is the base e extinction coefficient, and I=intensity.) W h e n a 
sensitizer is used, the first factor of A is replaced by the sensitizer concentration, 
and α and θ pertain to the sensitizer rather than anthracene. 

This analysis leads to the conclusion that equation 1 is obeyed we l l by certain 
anthracene/polymer combinations, but there are significant deviations for others. 
D M A / Ρ Ε Μ Α (poly(ethyl methacrylate)) and D P A / P B M A (poly(butyl metha
crylate)) fit equation 1 exactly, while D P A / P E M A (both wi th and without sensi
tizer) and D P A / P D P S (poly(diphenylsiloxane)) deviate; the actual reaction 
proceeds more slowly with dose than predicted, and the deviation increases as the 
dose increases. 

The parameter β is related to the contrast. If β Α > > 1, equation 1 reduces 
to that of a simple first order reaction (such as C E L materials are usually assumed 
to follow (6)). If β Α < < 1, the reaction becomes second order i n A . In a similar 
manner, the sensitized reaction varies between zero order and first order. F o r the 
anthracene loadings required bythe P I E process (13,15), A is close to 1 M , so β > >1 
is required for first order unsensitized kinetics. Al though i n solution, β for D M A 
is - 5 0 0 , and - 2 5 for D P A (20), we have found β =3 for D M A / Ρ Ε Μ Α , and β = 1 
for D P A / P B M A Thus although the chemical trends are i n the same direction i n 
the polymer as i n solution, the numbers are quite different, indicating a substantial 
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restrictive effect of the polymer on the reaction. That is, we can conclude that steric 
effects, or "microviscosity" effects w i l l have a substantial effect on the reaction 
kinetics. Al though, as mentioned, the model does not quantitatively describe 
D P A / P E M A (which is similar to D P A / P P S Q ) , the discrepancy is not large, and 
the behavior is approximately second order; likewise that for D P A / P E M A (or 
D P A / P P S Q ) wi th Kc450 is essentially first order (13). Such effects of free volume 
and microscopic mobil i ty have been discussed some time ago by Somersall , et. a l 
(21) and by others (22,23). 

The trends seen here, such as the greater R c of D M A relative to D P A , and 
the approximate equality of D M A (unsensitized) to D P A (sensitized), are thus 
consistent with expectation. D S A E has substantial absorbance at 442 n m (0.143 at 
436 n m i n 0.68 μιτι thickness, 29.1 wt.%) (cf. ref. 15), so the low [Kc] case i n Figure 
3 can be considered as essentially unsensitized. It is noteworthy that D S A E behaves 
more l ike D P A than D M A , even though its substituents are aliphatic. In solution 
(20), β is determined by electroni
efficiently than monosubstitute
matic ones. In polymers, however, the hindering effect of the polymer lends greater 
importance to steric characteristics. It seems plausible, then, that the greater bulk, 
or lower conformational mobility, of D S A E causes it to react less efficiently than 
D M A , even though both are aliphatic. Its contrast is sti l l better than D P A . 

Figure 3 shows that a second order system ( D P A / P D P S ) is essentially just a 
"linear image transfer agent"; at this ini t ia l absorbance it gives neither enhancement 
nor degradation of contrast. This places a lower l imi t on the kinetic order that one 
can uti l ize i n a process such as P I E . It is worthwhile to consider, however, that such 
a l inear system could sti l l have value i n P I E (although it wou ld be worthless for 
C E L ) . O n e might image with the K r F laser stepper at 248 n m (where available 
resists have undesirably strong unbleachable absorbance (3)), and then transfer the 
pattern at 260-265 nm, where the anthracene absorbance is highest and where some 
potential resists have relatively lower absorbance (24,25). (Exposure of the resist 
during imaging would be avoided by adjusting its sensitivity relative to that of the 
anthracene.) 

Figures 4 and 5 present the kinetic behavior of two copolymers of an 
anthracene-containing monomer (methacrylate or styryl) wi th a siloxane-
containing methacrylate; the anthracene moiety is related to D M A and D P A 
respectively. A l though the transmittance at 364 n m rather than 248 or 260 is 
recorded, comparison to the data of Figures 1-3 is made possible by the theoretical 
curves, which are the best possible fits for a second-order kinetic law (26). It can 
be seen that there is a major deviation; the bleaching proceeds more slowly than 
second order, and gets progressively slower as the reaction proceeds. The deviation 
is more pronounced for the phenyl-substituted case than for the methyl. It is virtually 
impossible to completely bleach either f i lm at 364 nm. This is paralleled by an 
insolubil izat ion process (14,19), as shown i n Figure 6. The appearance of fully 
insoluble material is at approximately the same dose as that at which the deviation 
from expected kinetics (i.e., for D M A ) begins to be noticeable. The deviation can 
not be related to oxygen permeabili ty since reciprocity failure due to insufficient 
oxygen is not observed for intensities 2.5x higher. 
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It might be thought that the insolubil izat ion is caused by anthracene dimeri -
zat ion (27,28), although D P A has never been observed to dimerize (29) due to 
steric hindrance from the non-planar uhenyl rings. However , it was found that a 
f i lm of P ( V P A : P M D S M A ) with ~ l O ^ M Kc450, extensively irradiated at 436 nm, 
also becomes insoluble. This reaction is extremely unlikely to be dimerization, 
since it has been we l l verified i n solution phase studies that dimerizat ion proceeds 
v i a the singlet state only (28-33); even for dianthrylethanes (where the excited triplet 
is held i n close proximity to a ground state partner for its entire lifetime), dimeri
zat ion is found only for the singlet except for some carbonyl-substituted species 
(30). 

Ano the r possible explanation is that singlet O 2 somehow leads to crosslinking. 
The reactions of O2 have been extensively studied (34), and do not appear 
relevant to these copolymers. The only functionality that could conceivably react 
wi th singlet O 2 is a v iny l chain termination, which could produce a hydroperoxide 
that might then participate
polymerized P M M A (35), th
was found to be 0.36, for bulk polymerized material; i n benzene solution the fraction 
was 0-3%. This result, plus the fact that the insolubil izat ion occurs immediately 
during photolysis at r o o m temperature, makes it very unl ikely that such hydrop
eroxides are involved. 

P H O T O R E A C T I O N S U N D E R I N E R T G A S 

In an attempt to clarify these phenomena, mixtures of anthracenes and polymers 
were irradiated under N 2 or A r , both at 364 n m (direct excitation) and with triplet 
sensitization, using the blue lines of an A r + laser as we l l as 514 nm. 1:2 
P ( M A M M A : P M D S M A ) was also irradiated at 364 n m (Figure 7). Some data for 
D M A / Ρ Ε Μ Α irradiated at 364 n m are given i n ref. 15, where it is shown that 
bleaching does occur i n the absence of O2 (transmittance rises from 0.63 to 0.80 
with ~ 5 J / c m 2 , for a 13.6 wt .% fi lm); the bleaching is similar to that of the copo
lymer. D P A also undergoes such bleaching, albeit with substantially lower effi
ciency. The effect can also be seen with triplet sensitization: a D M A / Ρ Ε Μ Α f i lm 
wi th eosin, irradiated wi th a l l lines of the A r + laser, is slowly bleached (Figure 8). 
However , when 514 n m alone is used, no reaction can be detected after 8 k J / c m 2 

(Figure 8). The excitation of eosin triplets is demonstrated by the fact that 514 n m 
irradiat ion i n air very quickly (with a few hundred m J / c m 2 ) bleaches the D M A . 
The triplet energy of eosin is high enough to be transferred to anthracene (eosin 
is 43 k c a l / m o l (36), and anthracene 42 (37)). T h e absence of reaction (under N 2 ) 
at 514 n m demonstrates that eosin itself has no effect. Therefore the bleaching 
reaction must proceed through the anthracene triplet. The bleaching is accompa
nied by a change i n polymer molecular weight. 

T h e most probable explanation of these results is found upon examining the 
absorption spectrum of the first triplet state T x of anthracene, which is strong 
(e > 4 x l 0 4 1 / m o l cm) and maximized i n the blue ( - 4 2 5 - 450 nm, depending on 
substituent) (38,39). Its absorbance at 514 n m is negligible. Thus the unexpected 
bleaching very l ikely results from absorbance by Τχ to produce a highly excited 
triplet, f rom which novel photochemistry may wel l occur. (Blue light is present 
directly during sensitized irradiation; with 364 n m irradiat ion the T n excitation may 
be either by "trivial" (emission-absorption) energy transfer or by a Forster-Dexter 
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mechanism.) The nature of this reaction is unknown, but it appears to be a relatively 
specific, bimolecular reaction from a highly excited (hence short-lived) state; the 
state is bound (39) and so simple dissociation (as seen elsewhere (40)) is ruled out. 
Energy transfer f rom T 2 is known for a variety of cases (41), and a rearrangement 
reaction from a highly excited triplet i n the pleiadene family (possibly T7) was 
observed i n a 77K r igid glass (42). The latter reaction was observed only v i a direct 
two-photon excitation. Bimolecular reactions of upper excited states are quite rare 
(41). In the present case, where Bi rks (43) shows the state as ~ T 7 , electron transfer 
or hydrogen atom abstraction by anthracene are plausible candidates for the pro
cess; the formation of radicals is l ikely. 

A n anthracene radical adjacent to another anthracene could couple (44) to 
produce crosslinked material i n the case of the copolymers; the concentration i n 
the 1:2 copolymer is high enough for such juxtaposition to be common. The res
onance stabilization of the anthryl radical should decrease the rate of alternative 
decay pathways. Accord in
described above, such crosslinkin
mobil i ty of the reacting anthracene rings and thus hinder the reaction (effectively 
reducing β ) . A t the 100-300 m J / c m 2 dose at which crosslinking is found (Figure 
6), F igure 7 shows that a few % of the anthracenes have been bleached i n the 
non-oxidative reaction, which is enough to crosslink chains of average molecular 
weight -5x1ο 4. However , 1 J / c m (365 nm) does not cause crosslinking of 1:2 
P ( M A M M A : P M D S M A ) under N 2 . -200 J / c m 2 (+/-50%) at 355-375 n m under 
N 2 produces thorough crosslinking (which is not reversed by baking at 105°C for 
50 min. , and is therefore not dimerization (45)); the dose requirements for this 
reaction have not been more precisely determined. Thus, although 0 2 is not 
required for crosslinking, it greatly enhances it, possibly by forming peroxide 
crosslinks. 

Hargreaves has suggested that the insolubil izat ion of some closely related 
polymers is due to photolytic homolysis of the endoperoxide O - O bond and sub
sequent generation of carbon-centered radicals from the Ο radicals (19). There are 
several facts that make this an extremely unlikely explanation for the data described 
here; these include the quantitative insufficiency of the maximum amount of 
endoperoxide reaction obtainable with a few hundred m J / c m 2 dose (homolysis 
quantum yield <0.5 (46), and extinction coefficient ~1 ( M c m ) - 1 (47)), and the 
synthetic utility of such homolysis reactions i n related molecules i n the presence of 
good hydrogen atom donors (implying facile epoxide formation) (48). Clear ly the 
crosslinking observed under N 2 is not accounted for by this mechanism. 

Further understanding of this system w i l l require excited state spectroscopy 
to identify i n rea l t ime the species present. T h e present hypothesis, however, 
suggests ways of overcoming the impediment to the use of anthracene-containing 
copolymers i n P I E . F o r example, lowering the molecular weight of the polymer 
would require more crosslinks before a gel is formed. The bleaching (oxidative) 
reaction could then be finished before the kinetics are significantly affected. 
Similarly, increasing the efficiency of the oxidation reaction relative to the cross-
l inking reaction (for example, by providing a more fluid environment) would 
accomplish the same result. Final ly , using a polymer with less readily abstractable 
hydrogen atoms is predicted to reduce the rate of the crosslinking reaction. 
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S E N S I T I V I T Y A N D S E N S I T I Z E R C O N C E N T R A T I O N E F F E C T S 

Figure 9 shows the bleaching of 25 wt .% D P A / P P S Q wi th three different 
Kc450 concentrations. Equa t ion 1 predicts that the rate of the reaction should scale 
l inearly wi th the product of intensity and sensitizer concentration (at the same 
wavelength). (This formula is only va l id i f at least one member of the donor/ac
ceptor pair can diffuse freely, or i f the pair members are close enough for electron 
exchange energy transfer to occur readily. These conditions are satisfied since the 
[A] is ~ 1 M , and K c can transfer energy either to anthracene or directly to 0 2 which 
is mobile.) One cannot expect exact agreement wi th this formula because of the 
effects of different absorbance (26). However, the data show that the predict ion 
is a semiquantitatively useful rule. It also shows that the anthracene photobleaching 
reaction can be quite sensitive at reasonable sensitizer loadings, which bodes we l l 
for practical utility. (Note that the data are at 476 nm, where Kc450 absorbs ~2x 
less than at 436 nm.) The exposure time for P I E is thus l imi ted by oxygen perme
ability (15) rather than intrinsi

Some sensitivities with 364 n m irradiat ion are as follows: D M A / P E M A , 
0.0059; D P A / P E M A , 0.0057; D P A / P P S Q , 0.0092 c m 2 / m J . (This value is the ini t ia l 
rate d A / d t divided by the intensity; see ref. 15.) A comparable datum for 
D M A / P P S Q is not available, but by comparing the doses required to reach a 
specified absorbance, one finds that D M A / P P S Q is slightly faster than 
D M A / Ρ Ε Μ Α ; the ratio is about 1.5 (+/-20%). These numbers are a little smaller 
than those for conventional positive resist (49). W i t h deep U V irradiation, however, 
they w i l l be - 7 - 2 0 times larger due to the larger extinction coefficient, which helps 
fulfi l l one of the key prerequisites of a C E L (or P I E ) material for the deep U V . 

D E E P U V E X P O S U R E 

A central aspect of the P I E concept is that the dye and resist exposures should be 
completely separated (9,15); any departure from this condit ion makes the system 
more l ike C E L and lowers its performance. Further bleaching of the anthracene is 
of course el iminated simply by removing oxygen; the bleaching reactions described 
above (e.g. Figure 8) are much lower i n efficiency and therefore irrelevant insofar 
as pattern transfer is concerned. However, "antibleaching" due to the loss of oxygen 
from the anthracene peroxide upon D U V irradiat ion (47) is a concern; it constitutes 
a dose-dependent loss of contrast. 

A l though this reaction is we l l known, it was not expected to cause serious 
problems for P I E for two reasons (15). First, when the oxygen is regenerated, it is 
i n the excited singlet state, and so should re-react efficiently wi th a nearby 
anthracene (the anthracene concentration is never lower than about 1/3 of original 
i n even the fully exposed regions). Second, those oxygen molecules that do decay 
should be effectively re-excited by the high concentration of anthracene triplets 
that are generated by the deep U V light (the state excited at 260 n m decays on a 
subnanosecond t ime scale to the same state that is excited at 365 nm) (37). Since 
anthracene endoperoxide derivatives also possess a second, irreversible D U V 
photoreaction (involving breakage of the O - O bond and formation of ring epoxides 
and other products) (46,50), there should be little i f any loss of contrast due to these 
processes. 
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Nevertheless, Figure 10 shows that 25 wt .% D P A / P P S Q / K c 4 5 0 , previously 
bleached i n 02 by visible light, does undergo an antibleaching reaction. T h e extent 
of the reaction varies with the ini t ia l bleach: the greater the ini t ia l bleach, the 
greater the relative change. However, after a point of no further reaction is reached, 
the ordering of the curves is sti l l the same; i.e., the greatest original extent of bleach 
is sti l l the greatest. It is shown i n ref. 15 that the final state curve is sti l l useful 
( R c > 1) despite this loss of contrast. 

S imi lar results have been reported for D M A / P E M A (14). Figure 11 shows 
data for D S A E / P P S Q . Al though the same effect is present, it is quantitatively 
different. The reduction i n Τ is about a factor of 3 for a f i lm init ially bleached to 
Τ = 3 2 % , whi le for D P A about the same reduction is seen wi th T( ini t ia l ) = 8%; 
thus it is apparently less severe for D S A E . The most interesting result is that 
D M A / Ρ Ε Μ Α , when irradiated under N 2 at 260 n m ( + / - 8 n m F W H M bandwidth) 
by an H g - X e lamp, shows absolutely no change i n transmittance with a dose of 100 
J / c m 2 (15). Thus the antibleachin
at low intensities and occur
i n - 3 5 nsec). 

Real- t ime excited state monitoring w i l l be required to understand the 
mechanism of the antibleaching reaction. It is possible that the excimer laser pulse 
produces such high concentrations of singlet oxygen and triplet anthracene that 
bimolecular quenching processes greatly reduce the available concentrations (39). 
However , no data are available at this time to al low a quantitative analysis. F r o m 
the lithographic point of view, the important result is that low intensity deep U V 
imaging sources such as the Perk in -Elmer Micrascan 1 can be used without any 
process degradation by this effect. The effectiveness of anthracene as a P I E or 
C E L material wi th K r F excimer laser sources can only be determined by further 
experiment, although it appears l ikely that quite useful enhancement factors can 
be gotten even i n the presence of the degradation shown i n the figures (cf. ref. 15). 

C O N C L U S I O N S 

The photobleaching kinetics of anthracene photooxidation have been 
investigated. Bleaching characteristics satisfactory for P I E (with H g g-line and 
i-line as we l l as 248-265 n m deep U V imaging) and C E L (deep U V only) are 
observed (as long as the intensity does not exceed limits imposed by oxygen per
meabili ty of the f i lm (15)). The kinetics depend on the anthracene substitution; 
small , mobi le aliphatic substituents appear to be the best, although aromatics and 
larger aliphatic groups also work we l l with external sensitizers. Photobleaching 
under inert atmosphere (with much lower efficiency than under oxygen) has also 
been investigated, and ascribed to sequential mult iphoton processes; it is hypoth
esized that these processes are involved also i n producing the difficulties encoun
tered when anthracene is bound to a methacrylate or methacrylate-co-styryl 
polymer chain. D e e p U V stability data are presented indicating that anthracene 
derivatives can be fruitfully applied to deep U V P I E or C E L with low intensity 
(lamp) sources; further research is necessary to assess applicability wi th K r F laser 
sources, although at least some degree of utility at m in imum is probable. 
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INCIDENT ENERGY (476nm), m J/cm 2 

Figure 9. Τ (365 nm) vs. Ε (476 nm) for 25% DPA/PPSQ/Kc450, for 3 different 
[Kc450]: (a) 3.12%, 4.59 mW/cm2, (b) 2.15%, 5.88 mW/cm2, and (c) 0.356%, 53.4 
mW/cm2. The energy scale is correct for (a); (b) and (c) have been scaled by the 
[Kc450], so the true maximum dose is 580 and 3506 mJ/cm2, respectively. 
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Figure 10. Τ (248 nm) vs. Ε (248 nm, KrF laser) under N 2 , for 25% 
DPA/PPSQ/0.075% Kc450, previously exposed under 0 2 at 476 nm to the T 2 4 8 

shown. Excimer laser pulse rep rate 25 pps, delivered in bursts of 10 or 100. 
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Chapter 21 

Lithography and Spectroscopy of Ultrathin 
Langmuir-Blodgett Polymer Films 

S. W. J. Kuan1, P. S. Martin1, L. L. Kosbar2, C. W. Frank1, and 
R. F. W. Pease3 
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CA 94305 
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3Department of Electrical Engineering  Stanford University  Stanford

Ultrathin (0.9 - 15.3 nm) poly(methylmethacrylate) (PMMA) and 
(30 - 40 nm) novolac/diazoquinone films prepared by the 
Langmuir-Blodgett (LB) technique have been explored as high
-resolution electron beam resists and photoresists, respectively. 
One-eighth micron line-and-space patterns have been achieved in 
PMMA using a Perkin Elmer MEBES I pattern generation system 
as the exposure tool. The etch resistance of PMMA films with 
thicknesses greater than 4.5 nm is sufficient to allow patterning of 
chromium film suitable for photomask fabrication. One micron 
line-and-space patterns have been fabricated by optical lithography 
in 30 nm thick novolac/diazoquinone films, and etched into 50 nm 
of chromium. Monolayer PMMA films containing 5 mol% 
pyrenedodecanoic acid (PDA) as a probe were prepared by 
transfer to a quartz substrate at different surface pressures and 
characterized by fluorescence spectroscopy. The ratio of excimer 
to monomer emission intensity (Ie/Im) has a maximum value at 
~ 10 dyn/cm, which is suggestive of a structural rearrangement 
occurring in the Langmuir film at that surface pressure. 

As the dimensions of integrated circuits keep shrinking, the desired resolution will 
soon be beyond the limit of conventional ultraviolet (UV) lithography. Deep UV and 
X- radiation, high and low energy electron beams and scanning tunneling microscopy 
(STM) have been proposed (1) as possible exposure systems for the next generation 
high resolution lithography. In optical lithography (UV or DUV) the resolution is 
limited by resist absorption, light diffraction, and rheological effects related to the 
resist development process. In electron beam lithography the major limitation on the 
resolution is imposed by electron scattering (proximity effect), which causes a 
nonuniform incident exposure in the pattern area. These resolution limiting effects 
generally become more serious with increasing resist thickness. Therefore, to improve 
die resolution in both optical and electron beam lithography, the use of ultrathin resists 
(with thicknesses < 200 nm) has been proposed (2-8V 

Ultrathin resists have many technological advantages: In optical lithography 
they offer improved exposure and focus latitude (2). and alleviate the problem of 
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absorption in conventional resists, such as novolac, especially for deep U V exposure. 
In electron-beam lithography the use of ultrathin resists w i l l reduce electron scattering 
within the resists and thus make the proximity effect correction schemes ÇLÛ) easier to 
implement. The most attractive advantage of an ultrathin resist is that it allows for 
electron penetration when the scanning tunneling microscope (STM) is used as a very 
low voltage exposure tool (1). Because the S T M is capable of creating patterns with 
extremely high resolution (< 10 nm) and potentially at very high speed, it may become 
an important lithographic tool in the near future with the use of ultrathin polymer films 
as resist materials. 

To prepare ultrathin polymer films on the surface of wafers, especially those of 
large diameter (6 or 8 inch), uniformity and defect density become important factors in 
determining the resist quality. The conventional spin coating method has been 
reported to introduce interference striations (11) and high defect densities (2.3) when 
used to prepare ultrathin polymer films. A s an alternative approach, the L B technique 
has been proposed as being suited to the preparation of more uniform ultrathin 
polymer films (2). Using this technique monolayer polymer films can be transferred 
layer by layer to the surface o
feature of the L B technique
thickness of the built-up f i lm to be controlled in a precise manner. Consequently, 
extremely uniform and ultrathin polymer films can be prepared. 

In order to establish a basis for rationalizing the lithographic performance of 
ultrathin polymer films, a better understanding of their structure at the molecular level 
is required. However, to date there has been very little effort i n this area (12-14). 
Ultrathin polymer films prepared using either the spin casting or L B technique not only 
have important technological applications, but are also interesting from a scientific 
point of view i n that the resulting polymer chain configurations are expected to be 
different in films prepared by these two methods. In spin-cast films, due to the force 
exerted along the radial direction during spinning, the polymer chains may under 
certain circumstances be frozen in a nonequilibrium state along that direction as the 
solvent evaporates (15). In L B films, due to the interaction between the subphase 
(water) and the hydrophilic groups of the polymer, the polymer chains are expected to 
exist i n a partially oriented geometry. For single component ultrathin polymer 
systems, both spin-cast and L B films can be used to study the polymer chain 
configurations in constrained geometries. In addition, interchain diffusion, chain 
relaxation and chain-substrate interaction upon annealing are areas for potential 
investigation. 

Mos t commonly used positive photoresists are composed o f several 
components, including a polymer resin and small molecule photo-active compound 
(PAC) as wel l as the casting solvent. The chemical compatibility of the resin and the 
P A C is often rather poor, and aggregation of the two materials during casting is of 
potential concern. Aggregation of the resin or P A C could cause variations in local 
development rates, which would be most obvious at line edges. W e have previously 
(15) investigated the effects of the casting solvent on the homogeneity of the spin-cast 
fi lm. L B film formation allows us to investigate the interactions of these materials in a 
slightly different manner. The molecules are inherently more ordered due to the 
hydrophilic and hydrophobic interactions at the air/water interface. This ordering may 
affect the homogeneity of mixed films of novolac and P A C . The fact that we can 
control the novolac and P A C concentration in each monolayer w i l l also allow us to 
investigate other film parameters such as the interdiffusion of the P A C and the polymer 
upon prebake and the "sphere of influence" of the P A C molecules in inhibiting 
dissolution. 

One of the major obstacles to investigating ultrathin polymer films is the small 
amount of detectable sample material and, as a result, high instrument sensitivity is 
crucial. Although polarized Fourier Transform Infrared Spectroscopy (13.14) has 
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been used to study L B po!y(octadecyl methacrylate) and poly(octadecyl acrylate) films, 
it was found that the signal-to-noise ratio decreases dramatically as the film thickness 
decreases from ~ 12 nm (6 layers) to less than 2 nm (one monolayer). Fluorescence 
spectroscopy has been used in the present study to investigate the microstructure of 
monolayer polymer films. Wi th this technique, we are able to obtain the necessary 
signal-to-noise ratio to perform accurate measurements. Extrinsic fluorescence is 
capable of acting as a very sensitive probe of the polymer structure. A particular 
example is the use of pyrene excimer fluorescence, which has been employed in this 
study. The requirement for pyrene excimer formation is that two pyrene groups face 
each other in a sandwich arrangement at a separation distance of between 0.3 to 0.4 
nm. A n y structure changes on this scale w i l l perturb the excimer forming sites and 
thus be detected. 

Experimental 

Materials. The nearly monodisperse atactic P M M A  which was used for the electron 
beam lithography and fluorescenc
Chemical. It has a weight averag
1.08. Pyrenedodecanoic acid ( P D A ) used i n the fluorescence studies was obtained 
from Molecular Probes and used as supplied. Spectroscopic grade benzene purchased 
from J.T. Baker was used as the spreading solvent in the P M M A and P M M A / P D A 
solutions. 

The novolac sample, which was provided by Kodak, was synthesized from 
pure meta-cresol and formaldehyde. It has a weight average molecular weight o f 
13,000 and a very broad polydispersity of 8.5. The polymer was purified by two 
precipitations from tetrahydrofuran into hexane. The P A C was a naphthoquinone-1,2-
(diazide-2-)-5-sulfonyl ester provided by Fairmount Chemical (Positive Sensitizer 
1010). A hydroxyl substituted benzophenone is attached to the sulfonyl ester. The 
spreading solvent was isopropyl acetate, which was obtained from Aldr ich Chemicals 
and used as received. 

Substrates and L B film Preparation. The substrates used in the electron beam 
lithography studies consisted of 50-nm chromium (Cr) films evaporated over 100-nm 
thermally grown silicon oxide formed onto 4-inch sil icon wafers. The C r and oxide 
layers provide an excellent contrast for evaluating etched C r patterns with both optical 
and scanning electron microscopes (SEM) . The substrates for the optical exposures 
were 3-inch silicon wafers upon which 50-nm chromium films had been evaporated. 
Three-inch quartz wafers obtained from Shin-Etsu Chem. Co . were used as substrates 
for the fluorescence measurements. The substrates were cleaned by immersion in a 
9/1- H2SO4/H2O2 solution at 120 °C for 20 min, followed by six cycles of deionized 
water rinsing and a final spin drying under a nitrogen ambient 

The L B film depositions were performed using a Joyce-Loebl Langmuir 
Trough I V equipped with a microbalance for measurement of the surface pressure by 
the Wilhelmy plate method. Filtered deionized water with a p H of 7 was used for the 
subphase. For the electron beam lithography study, P M M A was spread on the water 
surface from a dilute benzene solution (~ 10 mg P M M A in 20 m l benzene). The 
novolac /PAC mixtures were spread from solutions (~ 20 mg solids i n 10 m l solvent) 
of isopropyl acetate. For the fluorescence studies, the P M M A / P D A mixture was 
spread on the water surface from a dilute benzene solution (1.75 mg P D A and 8.33 mg 
P M M A in 20 m l benzene). Prior to compression, a 20 min interval was allowed for 
solvent evaporation. The Langmuir f i lm was compressed to the desired transfer 
pressure at a rate of 50 cm 2 /min , followed by a 20 minute equilibration period. The 
Cr-coated silicon wafers and quartz wafers were immersed into the subphase before 
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the PMMA was spread on the water surface. The first monolayer of PMMA was 
transferred during the first upstroke of the substrate, at the speed of 2 mm/min. 

Electron Beam Exposure. Single component LB PMMA films transferred at 5, 11, 
15, and 17 dyn/cm, with thicknesses 0.9 nm (1 layer) to 15.3-nm (17 layers), have 
been prepared and investigated as high resolution electron beam resists by exposure 
with a modified Perkin Elmer MEBES I pattern generation system. The MEBES 
exposures were performed at a 20 MHz address rate, 10 kV accelerating voltage, 1/8 
|im beam diameter and address size, and a 6 nA beam current resulting in a dose of 2 
μΟ/αη 2 per scan. Equal line-space patterns with nominal feature sizes from 1.25 μπι 
down to 0.125 μπι were written. The dose ranges for this study were 1 - 200 
μΟ/οτη2. After exposure PMMA was developed in a 3:7 2-ethoxyethanol:methanol 
solution for 13 sec. Prebaking and postbaking conditions were 100°C for 2 hours 
and 90°C for 30 min, respectively. Following the postbaking process the samples 
were put in a Cr etching solution (Cyantek CR-14) for 30 sec. to transfer the resist 
pattern to Cr. The samples wer  the  examined with  scannin  electro  microscop
(SEM). 

Optical Exposure. Multicomponent LB films were prepared from solutions of 
novolac/PAC varying in concentration from 5-50 wt% PAC, and transferred at 2.5 -
10 dyn/cm. The films were composed of 15 - 20 monolayers, with an average film 
thickness of 30 nm, as measured by ellipsometry. Exposures were performed with a 
Canon FP-141 4:1 stepper (primarily g-line exposure) at an exposure setting of 5.2 
and with a fine line test reticle that contains line/space patterns from 20 to 1 μπι (40 to 
2 μπι pitch). They then were then developed in 0.1 - 0.2 M KOH, depending on the 
PAC content The wafers received a 20 min 120°C post development bake to improve 
adhesion to the Cr. Finally, the Cr was etched in Cyantek CR-14 chromium etchant, 
and the resist and Cr images were examined by SEM. 

Fluorescence Measurement Fluorescence spectra were measured on a Spex Fluorolog 
212 spectrofluorometer equipped with a 450 W xenon arc lamp and a Spex DM1B data 
acquisition station. Spectra were recorded in the front-face illumination mode using 
343 nm as the excitation wavelength. Single scans were performed using a slit width 
of 1.0 mm. PDA fluorescence emission spectra were recorded from 360 to 600 nm, 
with the monomer and excimer fluorescence measured at 376.5 and 485 nm, 
respectively. Monomer and excimer peak heights were used in the calculation of the 
ratio of excimer to monomer emission intensities (Ie/Im). Excitation spectra were 
recorded from 300 nm to 360 nm and monitored at 376.5 and 500 nm for the 
monomer and excimer excitation, respectively. 

Rçsyltç 

Electron Beam Lithography. LB PMMA films with thicknesses greater than 6.3 nm 
withstood the 50-nm Cr etching and allowed the patterns to be transferred from the 
resists into Cr films. Fig. 1 is an example of the patterns in Cr employing a 8.1 nm (9 
layer) LB PMMA film, transferred at 15 dyn/cm, as a positive electron beam resist. 
Resist films prepared at different transfer pressures did not appear to differ 
substantially in their lithographic performance. Those films thinner than 4.5 nm (5 
layers) proved unsuitable for withstanding the chromium etch once they had been 
cycled through MEBES (even though nominally unexposed). 

Optical Lithography. For the novolac/PAC films, the PAC concentration was varied 
rather than the film thickness. Films with 5 % PAC could not withstand the Cr 
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Figure 1. Patterns in 50 nm C r f i lm employing a 8.1 nm (9 layers) L B 
P M M A f i lm as resist, exposed with a dose of 80 μ Ο / α η 2 . The linewidths of 
the patterns are 1/8,1/4, 3/8, and 1/2 μπι, respectively. 
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etchant. Fi lms with 10 and 20 % P A C withstood the etchant and produced resolvable 
l x l um arrays (Fig. 2). The dose and development conditions would have to be 
optimized to achieve lines of the proper dimensions. Development of the films with 40 
- 50 % P A C yielded observable resist images, but these images could not be replicated 
by C r etching. A n organic layer apprently remained in the bottom of the images and 
inhibited dissolution. There are also small defects in the films with high P A C 
concentrations (40 - 50 %) , which do not appear i n the films with lower P A C 
concentrations (Fig. 3). Fi lms prepared at various transfer pressures did not exhibit 
significant lithographic differences. 

Fluorescence Measurements. L B monolayer P M M A films doped with 5 m o l % P D A 
have been prepared at surface transfer pressures ranging from 1 to 17 dyn/cm. 
Examples of P D A emission and excitation spectra are given i n Figs . 4 and 5 
respectively. The fluorescence measurements on these films have been plotted in F ig . 
6 as Ie/Im vs. surface pressure, le/hn increases as the surface pressure increases, and 
decreases as the pressure passes some critical value (~ 10 dyn/cm)  A summary of the 
results of the fluorescence excitatio
spectrum, which is analogou
the emission intensity at a specific wavelength as a function of excitation wavelength. 
From the excitation spectrum we can analyze the configurations of different absorbed 
species. A l l the excimer excitation spectra were red shifted ( - 4 nm) and broadened 
relative to that of the monomer. 

DiSÇDSSJQn 

Electron Beam Lithography. L B P M M A films with thicknesses of 6.3 nm (7 layers) 
are sufficient for patterning a C r film suitable for photomask fabrication. For ultrathin 
P M M A films the resolution (see F ig . 1) is l imited by the smallest spot diameter 
available on M E B E S I (1/8 μπι) . However, it is not possible to obtain this resolution 
i f a thicker resist (> 100 nm) is used under the same exposure and development 
conditions, which demonstrates that ultrathin resists are able to minimize the proximity 
effect. A l s o , since the radius of gyration of 188,100 M w P M M A is about 10 nm in 
the bulk, and the thickness of the 7 layer film (6.3 nm) is less than 10 nm, it is 
reasonable to assume there must be an alteration of chain configuration in the ultrathin 
films. This w i l l be particularly true when the post-deposition baking temperature of 
the multilayer films is less than the glass transition temperature (115°C), as is the case 
for the present experiments. In such a case, interdiffusion of P M M A chains between 
the deposited layers may not result in chain configurations characteristic of the bulk. 

Optical Lithography. Resist films can be prepared from L B films of polymer/small 
molecule mixtures. F i g . 7 gives a schematic representation of a Langmuir film of 
novolac and diazoquinone mixture. Single layers of novolac are substantially thicker 
(r 2 nm) than P M M A monolayers (~ 1 nm) suggesting that it is not possible for the 
novolac to have al l of the phenolic groups in contact with the water surface due to the 
polymer's branched structure. Images in the novolac/diazoquinone films could be 
resolved image down to about the resolution limits of the optical exposure tool used (~ 
1 μπι ) . Future electron-beam and deep U V exposures w i l l allow us to evalute the 
resolution of submicron images. 

The homogeneity of the components in the L B films may affect the uniformity 
of dissolution in the exposed regions; however, aggregation of the P A C or novolac 
would cause regions with slower or faster dissolution, respectively. If the aggregated 
regions reached ~ 0.2 μπι or larger, they could create observable roughness on the 
edges of the developed and etched images. In general, the edges of the images appear 
to be quite smooth for P A C concentrations at or below 20 wt%, although at high 
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Wavelength ( N M ) 

Figure 4. Fluorescence emission spectrum of 5 mol% P D A in monolayer 
L B P M M A f i lm transferred at 7 dyn/cm. The excitation wavelength is 343 nm. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



358 P O L Y M E R S I N M I C R O L I T H O G R A P H Y 

-i 1 1 1 1 1 1 
300 310 320 330 340 350 360 

Wavelength ( N M ) 

Figure 5. Fluorescence excitation spectra of 5 mol% P D A in monolayer 
L B P M M A fi lm transferred at 7 dyn/cm. The excimer excitation (dashed curve) 
was monitored at 500 nm and monomer excitation (solid curve) was monitored 
at 376.5 nm. 
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3.0 

Surface Pressure (dyn/cm) 

Figure 6. Ratio of excimer (le) to monomer (Im) fluorescence intensities 
of 5 m o l % P D A in monolayer L B P M M A f i lm as a function of transfer 
pressure. 

Table I. Summary of the Results of PDA Fluorescence Excitation Spectra (188K Mw PMMA) 

c _ λΜ3χ(ηπι) Peak Broadening5 

Surface Pressure (dyn/cm) Excimer Exc. Monomer Exc. Excimer Exc. Monomer Exc. 

2 348 344 1.18 1.69 
4 348 344 1.26 1.73 
6 347.5 344 1.45 2.06 
8 347.5 344 1.42 1.95 
10 348 344 1.49 2.14 
12 347.5 344 1.38 1.95 
14 347.5 344.5 1.50 2.17 
16 347.5 344.5 1.51 2.26 

a. χ is the wavelength at which the global maximum peak intensity of the PDA excitation 
spectrum occurs. 

b. Peak Broadening is defined as the ratio of the intensity of the maximum peak of the PDA excitation 
spectrum to the intensity of its adjacent local minimum. 
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Figure 7. Schematic of Langmuir fi lm of mixtures of novolac and 
diazoquinone (PAC) . 
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concentrations (40 - 50 wt%) small (0 .1-1 μπι) variations are observable in the films. 
These may be related to the aggregation of the film components. Larger defects up to 
several hundred microns and thickness variations also occur in al l of the films. It is 
not clear i f these are directly related to aggregation, as thickness variations occur in 
films of pure novolac also. 

Fluorescence Measurements. When the P M M A / P D A mixture forms a Langmuir fi lm, 
the hydrophilic C = 0 groups of P M M A are expected to be directed toward the water 
phase with the chain backbone ly ing generally parallel to the water surface. The 
C O O H groups of P D A are also expected to be directed toward the water with the long 
aliphatic chain and pyrene groups directed upward. Upon compression of the 
Langmuir film, the P M M A chains presumably become more compact and finally 
collapse. The collapse pressure of P M M A has always been a controversial issue in the 
literature. This has arisen because of different definitions and methods of determining 
collapse pressure, and different stereoregularity of the P M M A . Stroeve et al. (16) 
provides a detailed discussion of these points  They suggest that for Langmuir layers 
of syndiotactic P M M A ( M w
where reversible loss become
there is an irreversible collapse of the Langmuir layer, at surface pressures greater than 
or equal 34 dyn/cm. Whi le the reversible loss mechanism must be associated with 
some of the polymer being forced out of the monolayer, this layer must be available to 
be drawn back into the interface upon expansion of the Langmuir layer. For the 
a tac t ic -PMMA ( M w ~ 188,100) used in this study, these two regimes were observed 
from the pressure-area measurements. 

5 mo l% P D A was used as a probe to detect structural changes in the P M M A 
matrix. A s the pressure increases, the two dimensional surface concentration of P D A 
increases and thus the probability of intermolecular excimer formation w i l l be 
enhanced, causing Ie/Im to rise. However, once the pressure exceeds 10 dyn/cm, 
Ie/Im starts to decrease indicating that the structure of the excimer has been influenced 
by microstructural changes in the polymer matrix. The excitation spectra of P D A at 
different surface pressures indicate that the extent of the red shift (excimer vs. 
monomer), which is due to the ground state interaction of the dyes, is not influenced 
by the surface pressure in the range 0 - 17 dyn/cm. This suggests that the probe 
molecules are not unduly constricted as the inter/intra chain voids shrink in size during 
compression. In other words, as the pressure increases, the voids become smaller and 
consequently Ie/Im increases. However, despite the fact that the probes are forced to 
occupy a smaller area, they are not being constrained to the extent that they experience 
a change in ground state interaction. A s the pressure surpasses ~10 dyn/cm, the 
polymer chain may start to buckle and form loops that extend above the monolayer, 
thereby being disruptive to excimer formation in this region. N o clear picture on the 
molecular level is presently available. However, the spirit of our concept is contained 
in the highly schematic representation of F ig . 8. 

Summary 

Ultrathin L B P M M A and novolac/diazoquinone films have been demonstrated to act as 
high resolution electron beam and optical resists, respectively. Structural 
rearrangements in the L B P M M A films have been observed by using fluorescence 
spectroscopy. However, this rearrangement d id not appear to influence the 
lithographic performance when seven or more layers of L B P M M A films were used as 
the resist. A more comprehensive study of the relationship between lithographic 
performance and L B film structure is currently underway. 
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5% Pyrenedodecanoic Acid in LB PMMA Monolayer Films 

Figure 8. Schematic of P D A dyes in monolayer Langmuir P M M A film on 
the water surface before and after the film collapse. 
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Chapter 22 

Dissolution of Phenolic Resins and Their 
Blends 

J. P. Huang, Ε. M. Pearce, A. Reiser, and T. K. Kwei 

Polymer Research Institute, Polytechnic University, Brooklyn, NY 11201 

This wor
dissolution of phenolic resin/polymeric inhibitor 
(sulfone, or methacrylate polymers) systems in alkali 
solutions in order to gain some insight into the 
dissolution mechanism. The effects of alkali 
concentration, size of the cation, salt addition and 
segmental mobility of resist on dissolution were studied. 
In addition, the relation between the chemical structure 
of a polymeric inhibitor and its effectiveness in 
retarding dissolution was explored in terms of the 
hydrophobicity/hydrophilicity. Based on these results, a 
model is proposed to account for most of the salient 
features of novolac dissolution. 

Novolac resins, as the oldest synthetic polymers, have played an 
important role in microelectronic industry as positive photoresists. 
Studies of novolac dissolution have populated the l i terature; a 
recent survey shows that the rate of dissolution is influenced by the 
concentration of the a l k a l i , size of the cation, addition of sa l t , 
and the presence of dissolution inhibitors (1-6). The voluminous 
experimental results, however, have not led to a clear understanding 
of the dissolution phenomena. Arcus (3) proposed an ion-permeable 
"membrane" model while Szmanda (4) and Hanabata (6) emphasized the 
importance of secondary structures of novolac molecules, for instance, 
inter- or Intramolecular hydrogen bonding and the various isomeric 
configurations of the resins. These important contributions 
nevertheless point to a need for additional studies of the mechanism 
of dissolution. 

This paper presents new data on dissolution kinetics. The 
effects of a lkal i concentration, size of the cation, and salt addition 
were studied. The influence of segmental mobility on dissolution was 
elucidated by measuring the temperature coefficients of the 
dissolution rates. Experiments were also carried out to study the 
relation between the chemical structure of a polymeric inhibitor and 
i ts effectiveness in retarding dissolution. Based on these results, 
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a model for novolac dissolution 1s proposed to account for most of the 
salient features of novolac dissolution. 

Experimental 

Materials and Purif ications. 2-Methyl pentene-1 (Aldrich) was 
d i s t i l l e d under normal pressure at 62°C after refluxing for one hour 
1n the presence of A1L1H-. Methyl methacrylate and para-methyl 
styrene (Aldrich) were d i s t i l l e d under reduced pressure at about 60°C; 
the purified monomers were sealed and stored in refrigerator before 
use. The compressed gas, sulfur dioxide (Matheson), was led through 
a P 2 0 5 tower before introduced into reaction system. Hydroxyethyl 
acrylate (Aldrich) was used for polymerization without further 
purif icat ion. 

Po1y(1-hydroxy-2,6-methy1ene-pheny1ene) (PHMP), ortho, ortho'-
coupled linear novolac, and para-substituted PHMPs: p-F-PHMP  p - C l
PHMP, p-Br-PHMP, p-N0
synthesized according t
Varcum-2217 was supplied by BTL Specialty Resins Corp., polybisphenols 
(PBPh) through the courtesy of Mead Corp., which were fractionated by 
precipitation with a non-solvent; two PBPhs with dis t inct molecular 
weights were obtained. Poly(methyl acrylate) (PMA), poly(ethyl 
methacrylate) (ΡΕΜΑ), poly(butyl methacryalte) (PBMA) and polyihexyl 
methacryalte) (ΡΗΜΑ) from Aldrich, and poly(methyl methacrylate) 
(PMMA) from Polyscience. The number average molecular weights and 
glass transit ion temperatures of above phenolic resins were determined 
on a Model 115 Perkin-Elmer Vapor Pressure Osmometer and a DuPont 910 
Differential Scanning Calorimeter respectively. The results are 
tabulated in Table I. 

Table I. Description of the phenolic resins 

Polymer Mn Tg (°C) 

PHMP 1000 92 
p-F-PHMP 1000 113 
p-Cl-PHMP 820 84 
p-Br-PHMP 1300 108 
p-N02-PHMP 900 125 
p-0CH3-PHMP 900 67 
p-CH3-PHMP 670 99 

PBPh-1 1330 115 
PBPh-2 4570 132 

Varcum-2217 820 89 

Syntheses. The polymerization reaction of poly(2-methyl pentene-1 
sulfone) (PMPS) was carried out at -78°C. Purified 2-methyl pentene-
1 (42 grams) and condensed S0 2 (about 125 grams) at a molar ratio of 
1 to 4 were charged into the reaction system under atmospheric 
pressure, and the reaction was init iated by 2 m i l l i l i t e r s of butyl 
hydroperoxide. The white polymer mass was purified by dissolving 1n 
acetone, then precipitating into methanol (8). 

Copolymerization of MMA with hydroxyethyl acrylate (HEA) or para-
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methyl s t y r è n e (MST) was carried out in ethanol solution by free 
radical in i t ia t ion (9-11). AIBN was used as the Init iator at 0.3% by 
weight of the monomers. Each reaction was conducted at 70°C under 
nitrogen atmosphere, and terminated at a conversion about 10% to 
obtain the desired compositions. The copolymers were purified by the 
same procedure used for PMPS. The weight average molecular weights 
of MMA-HEA and MMA-MST copolymers range at 107,000 and 70,600, 
respectively, by GPC analysis with monodlspersed polystyrenes as 
standards. The feed molar fractions, copolymer compositions, which 
were determined by 1H-NMR for the MMA-HEA copolymer and UV 
spectroscopy for the MMA-MST copolymer, and reaction conversions for 
the copolymerization reactions are tabulated in Table II . 

Table II. Characterization of MMA-copolymers 

Copolymer 

PMMA-c-HEA-1 
PMMA-c-HEA-2 0.10 0.04 0.11 
PMMA-c-HEA-3 0.20 0.10 0.10 

PMMA-c-MST-1 0.05 0.11 0.13 
PMMA-c-MST-2 0.12 0.21 0.15 
PMMA-c-MST-3 0.21 0.31 0.10 

Pisso1ut1on Measurement. Resist solutions 1n mixtures of Isoamyl 
acetate/cyclohexanone/methyl isobutyl ketone (90:5:5 by volume) were 
f i l t ered through 0.45 μπι disc f i l t e r s , then spin-coated onto s i l i con 
wafers at about 2000 rpm. The coated wafers were prebaked 1n a 
convection oven at 90°C for 1 hour, then stored 1n a desiccator. The 
basic i t ies of the alkaline solutions were t i trated by a standard HC1 
solution with a Fisher Accument pH meter, Model 805 MP. The f i lm 
thickness 1s about 2 μπι. Resist dissolution was measured by a He-Ne 
laser interferometer in a thermostated bath at the desired 
temperatures (12.13). 

Water Diffusion. Water sorption of polymethacrylate/Varcum-2217 
blends was measured by immersing dried film into water for various 
time periods. The wet films were pat-dried with tissue papers, 
followed by blowing nitrogen on the surface. The films before and 
after water immersion were carefully weighed with a 4-dig1t e lec tr ic 
analytic balance (14). 

Contact Angle Measurement. Contact angles of water, or glycerol on 
films of a series of methacrylate polymers were measured using a model 
100-00 goniometer by Rame-Hart. A microslide coated with the blend 
fi lm was sealed in a plast ic box f i l l e d with a saturated atmosphere 
of the probe l iqu id . The size of the l iquid droplet was controlled 
by a microsyringe. Contact angles were recorded after 2 minutes to 
allow for stabi l izat ion of the l iquid drop. 
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Results an<ji p j $ ç M s $ i Q p 

Dependence on Base Concentration. The dissolution rates of 
substituted PHMPs at different a lkal i concentrations are displayed in 
Figure 1 for seven different novolac resins. In each case, there 
appears to be a l imiting concentration C Q below which the rate of 
dissolution is too slow to be measured in the experimental time scale. 
The ascending portion of the curve can be represented by a power law 
dependence of the rate on concentration C, eq.(1), 

R = A C n (1) 

as has been reported in the l i terature (2.5). The calculated values 
of η and A are l i s ted 1n Table III. The magnitude of η and A ranges 
from 2.6 to 3.5 and 0.65 to 13630, respectively. 

Table III

Resin η A 

p-N02-PHMP 2.6 13300 
P-CH3O-PHMP 

PHMP 
3.4 13630 P-CH3O-PHMP 

PHMP 3.4 5830 
p-Cl-PHMP 2.6 540 
p-F-PHMP 3.5 134 
p-Br-PHMP 3.1 3 
P-CH3-PHMP 2.8 0.65 

A careful examination of the data reveals that at least in some 
cases the rates deviate from the simple power law at low a lkal i 
concentrations. Such deviations are shown 1n Figure 2a for p-Cl-PHMP 
and PBPh-1. An excellent f i t of the data over the entire 
concentration range was found by using (C - C c ) = C e in eq.(2) Instead 
of C, where C Q 1s the l imiting concentration, 

R = A' C. n ' (2) 

Coincidently, the exponent of C e i s 2.1 for both resins (Figure 2b) 
(Table IV), but additional experiments are required to confirm the 
general appl icabi l i ty of eq.(2). 

When a higher molecular weight polybisphenol resin, PBPh-2, was 
used, the exponent for C e was determined to be 2.4 (Figure 2b) (Table 
IV). The change in the exponent is minor when the molecular weight 
of the resin increases by a factor of about 3. The l imiting 
concentration, however, almost doubled. We are not certain of the 
significance of the different CQ values for the two PBPh samples. 
Possible differences 1n microstructures may contribute to our 
observation. The A' values vary also with the type of resins and 
their molecular weights (Table IV). 

Effect of Added Salt , i t 1s well known that the presence of salt 
promotes dissolution (1.3). For a fixed NaOH concentration, the 
dissolution rates of both p-Cl-PHMP and PBPh-1 were found to increase 
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( Κ Ο Η ) (N) 

F i g u r e 1. D i s s o l u t i o n o f p a r a - s u b s t i t u t e d PHMPs a t d i f f e r e n t 
KOH c o n c e n t r a t i o n s . 
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Figure 2. Dissolution of p-Cl-PHMP and PBPhs i n NaOH solutions 
at 2 0 . 0 ° C . (a) log(Kate) plotted against log(NaOH), φ p-Cl-PHMP, 
Δ PBPh-1; (b) log(Rate) plotted against log(ANaOH) r 

• p-Cl-PHMPr Δ PBPh-1, APBPh-2. 
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Table IV. C G , n' and A' values of p-Cl-PHMP and PBPhs 

Resin Mn Co n' A' 

p-Cl-PHMP 820 0.020N 2.1 326 
PBPh-1 1,330 0.095N 2.1 153 
PBPh-2 4,570 0.17N 2.4 15 

at f i r s t with Increasing NaCl concentration and then reached plateau 
values at high salt concentrations (Figure 3). The rates can be 
represented by eq.(3), 

R - R_ Β (NaCl)" 
S_ = ( 3) 

R P " R o 1 + B(NaCl)" 

In eq.(3), RQ i s the rat
value. Again the values of m are identical for p-CT-PHMP and PBPh-
1, namely, 2.0. 

When the dissolution rates at fixed NaCl concentrations are 
plotted against NaOH concentration, additional information is 
obtained: 

(a) The C c value, obtained by extrapolating the rates to zero, 
decreases with increasing salt concentration (Figure 4). 

(b) The dependence of dissolution rate on a lka l i concentration 
s t i l l obeys a power law relation with C e but the exponent η decreases 
as salt concentration increases (Table V). 

Table V. NaCl effect on dissolution kinetics 

[NaCl] (N) [Na0H]o (N) n' 

0 0.02 2.1 
0.05 0.01 1.83 
0.10 0.0087 1.74 
0.15 0.0075 1.69 
0.20 0.0063 1.66 
0.25 0.0050 1.64 

>0.40 0 1.5 

Cation Size. In their early studies, Hinsberg (1) and Arcus ( â ) found 
that dissolution rates of resists decreased as the size of the cation 
of the base increased. Our results support their conclusion. In 
Figure 5, the dissolution rates of a PMPS(10%)/p-N02-PHMP film 1n 
different a lkal i solutions clearly show a decreasing trend with 
increasing cation size. In fact, the rate is inversely proportional 
to the cross-sectional area of the unhydrated cation (Figure 6). It 
is known in the diffusion of small molecules in polymers, the 
diffusion constant is inversely related to the size of the molecule 
(IS). The observed dependence of dissolution rate on cation size 1s 
therefore suggestive of cation diffusion as a crucial step. It is 
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(NaCI)/(NaOH) 

Figure 3. Effect of added sal t on dissolution of p-Cl-PHMP at 
2 0 . 0 ° C . 
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Figure 4 . Effect of added NaCl on dissolution kinetics at fixed 
NaCl concentrations. 
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Figure 5. Dissolution of PMPS(10%)/p-NO9-PHMP in different 
alkalis (0.08Nf 27.5°C). 
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Figure 6. Dissolution rates of PMPS(10%)/p-NO2-PHMP plotted as 
a function of the reciprocal of the cation cross-sectional areas. 
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conceded that a note of caution is due here 1n comparing results 
obtained at a single a lkal i concentration and a single temperature 
because we have not established that the power law parameters are the 
same for different bases. Therefore, additional experiments were 
conducted to determine the temperature coefficients of the rate 
processes from which the apparent activation energies of dissolution 
could be calculated. 

Influence of Chain Mobility. The results of such measurements are 
displayed 1n Figure 7 for p-Cl-PHMP and poly(methyl acrylate)(15%) 
/Varcum-2217 blend. For PMA(15%)/Varcum blend, activation energy 
below Tg' was unable to be calculated because of insufficient data. 
As temperature Increased from 5°C, the dissolution rate increased at 
f i r s t only slowly but then much more rapidly after a certain 
temperature was reached. The intersection (extrapolated) of the two 
sections of the curve can be interpreted as the glass transit ion 
temperature, T g ' , of the
It is necessary to distinguis
fi lm because the former reflects the segment mobility of the part ia l ly 
solvated film as seen by the cation in the dissolution process. The 
larger cation requires, for i t s diffusion, the cooperative motion of 
a larger number of segments and hence "sees" a higher T g ' . 

Both Tg' and the activation energy below Tg' increase with cation 
size (Table VI). The activation energy values for p-Cl-PHMP compare 
favorably with the results of ion conductivity measurements in 
cellulose acetate (16.18). shown 1n Figure 8. This relationship 
speaks strongly for cation diffusion as being involved in the rate 
determining step. 

Table VI. Tg' and Ea' of Dissolution in 
Different Alkal i Solutions 

Cation Ion Volume Tg' Ea' 
(A) (°C) (kJ/mole) 

1 2 1 

Na+ 3.94 11.3 40.5 45.9 
K + 9.86 17.6 44.0 57.2 
Rb+ 13.58 29.7 45.3 71.8 
Cs+ 19.51 - 50.3 88.0 

1. p-Cl-PHMP 
2. PMA(15%)/Varcum-2217; Insufficient data for 

calculating E a ' . 

If cation diffusion is indeed Involved in the rate determining 
step, the dissolution rates at temperatures above Tg' are expected to 
obey a WLF-type relationship (17). In the present context, the ratio 
of the dissolution rate at temperature Τ to that at Tg' replaces the 
shift factor, 

RT C- (T - Tg') 
l o g = (4) 

Rg C 2 + (T - Tg') 
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/ / 
• • 

Temperature ( ° C ) 

Figure 7. Dissolution of p-Cl-PHMP (0.06N) (a) and PMA(10%)/ 
Varcum-2217 (0.8N) (b) i n NaOH ( · ) , KOH (A), RbCH (φ) and CsOH 
( • ) solutions at varied temperatures. 
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201 I I I I 
0 10 20 

Cation VolumefA 3} 

F i g u r e 8. A c t i v a t i o n e n e r g i e s o f p-Cl-PHMP d i s s o l u t i o n i n 
d i f f e r e n t a l k a l i s (φ) and i o n i c c o n d u c t i v i t i e s i n c e l l u l o s e 
a c e t a t e ( A ) . 
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According to eq.(4), a plot of 1/log (R T /R g ) v .s . 1/(T - Tg') should 
yie ld a straight l ine with a slope of C 2 / C 1 and an Intercept of 1/C-. 
Our results conform to eq.(4), as can be seen in Figure 9, and i t is 
gratifying that the data for different cations f a l l on a single l ine . 
But the intercepts yield C- values of 21.7 and 4.3, respectively, 
rather than the WLF value of 17.4; the ratios of C 2 / C 1 are 23.7 and 
8.2 for the two films studied, 1n comparison with the value of 3.0 
for the WLF equation (17). We note that in ionic conductivity 
measurements (19-22). the results have also been found to f i t WLF-
type equation but with different C 1 and C 2 values. 

Polymer Inhibitors. In our study, poly(olef1n sulfone), or 
polymethacrylates as polymeric inhibitors were especially of interest 
for Investigating the nature of dissolution inhibit ion and 
establishing relationships between chemical structure and retardation 
effect. The 2-methyl pentene-1 sulfone polymers synthesized in our 
laboratory, with Intrinsi
to be compatible with th
order to understand the interaction between the two components, a 
model system consisting of para-substituted phenols and dlpropyl 
sulfone in carbon tetrachlorlde/deutero-chloroform were analyzed by 
FT-IR and *H NMR techniques. In the presence of the sulfone compound, 
an apparent sh i f t , about -170 to -180 cm"1, of the O-H vibration 
frequencies of para-substituted phenols were observed. The magnitude 
of the shift is not sensitive to the ratio of phenol to sulfone as 
long as the solution is suff ic iently di lute to minimize the self-
association of phenol. A ratio of eight was used throughout this 
series of experiments. The interactions between the two functional 
groups were also found in the measurements of phenol/PMPS mixture 
(Table VII); 

Table VII. IR and ^-NMR measurements of phenol-suIfone mixtures 

Phenol o-H (cm*1) Δδ(ρριη) 
sulfone PMPS sulfone 

p-F-phenol 180 184 - -
p-Cl-phenol 182 187 0.87 0.04 
p-Br-phenol 183 195 - -phenol 171 174 0.61 0.02 

p-CH3-phenol 175 171 0.55 0 
p-CH30-phenol 171 170 0.51 -0.26 
p-t-Bu-phenol 172 167 0.62 -0.28 

the broadened O-H bands shifted toward lower frequencies were 
attributed to hydrogen bonding between the hydroxyl and the sulfonyl 
groups. But only a very s l ight decrease in the 0=S=0 stretching 
frequencies of about -8 cm"1 was seen. The ^-NMR spectra indicated 
a chemical shift (0.5 - 0.8 ppm) of the resonance frequency of the 
hydroxyl proton toward lower f i e ld (Table VII). The data for the 
series of para-substituted phenols can be f i t ted by Hammett equation 
(eq.5) (23.24) (Figure 10): 
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F i g u r e 9. D i s s o l u t i o n o f p-Cl-PHMP (a) and PMA(10%)/Varcum-2217 
(b) a t temperatures above T g 1 f i t t e d by t h e WLF e q u a t i o n . 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



378 POLYMERS IN MICROLITHOGRAPHY 

Δ δ 
log = pa + h (5) 

where Δ δ 0-H resonance shift of substituted phenol, 1n ppm, 
Δ δ 0 : 0-H resonance shif t of unsubstituted phenol, 

ρ : reaction constant, 
σ : substituent constant, 
h : intercept. 

It has been noticed that the resonance shif t of p-CH30-phenol deviated 
from the correlation. This may be a consequence of the tendency that 
the hydroxyl groups can also form hydrogen bonding with CH30-group of 
another phenol molecule, resulting 1n a positive deviation from the 
Hammett's relat ion. 

The carbonyl grou
can be seen from the shift
frequencies (2JL2è)- Judging  magnitude  hydroxy 
frequency shi f ts , we conclude that the strength of interaction between 
phenol and carbonyl groups 1s only marginally stronger than that 
between phenol and sulfone groups. The inhibitory effects by PMMA and 
PMPS are shown in Figure 11. 

In addition to the strength of interaction, the hydrophlUc/ 
hydrophobic characteristics of an inhibitor 1s also expected to have 
a direct bearing on i t s effectiveness. This is demonstrated amply by 
the results obtained from a series of methacrylate polymers containing 
different alkyl groups in the side chain (Figure 12). The decrease 
in dissolution rate as the hydrophobic character of the alkyl group 
increases from methyl to hexyl paral le ls the decrease in the diffusion 
rate and the equilibrium sorption of water in these polymers (Figure 
13); their dissolution induction periods correlated with the surface 
wettability of the resist blends as well (Figure 14), where the 
induction period was estimated by extrapolating the steady state 
portion to intersect with the In i t ia l part of the curve. Additional 
evidence in support of this concept 1s obtained by copolymerlzing 
methyl methacrylate with hydrophilic comonomer hydroxyethyl acrylate 
or hydrophobic para-methyl styrene. The a b i l i t i e s of these copolymers 
to alter dissolution are in f u l l accord with expectations: the 
hydrophlUc hydroxyethyl acrylate segments promote dissolution, 
whereas the para-methyl styrene segments slow down dissolution by 
virtue of their hydrophobidty (Figure 15). 

Model of Dissolution. Based on the results described above, a model 
for the dissolution of phenolic resins in aqueous a lka l i solutions is 
proposed. The model is adapted from Ueberreiter's description for 
polymer dissolution 1n organic solvents (21)- In Ueberreiter's model, 
the dissolution process takes place in several steps with the 
formation of (a) a l iquid layer containing the dissolved polymer, (b) 
a gel layer, (c) a sol id swollen layer, (d) an i n f i l t r a t i o n layer, 
and (e) the unattacked polymer. The c r i t i c a l step which controls the 
dissolution process is the gel layer. In adapting his model to our 
case, we need to take into account the dependence of solvation on 
phenolate ion formation. There is a partit ion of the cation and the 
hydroxide ion between the aqueous solution and the sol id phase. The 
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Figure 10. H-NMR data of para-substituted phenol/sulfone 
mixtures fitted by Hanmett equation. 

Time (min) 

Figure 11. Dissolution of PMPS/Varcum-2217 and PMMA/Varcum-2217 
blends in 1.2N KOH solutions at 24.5°C. 

• PMPS ( 3% ) /Varcum-2217 
Ο PMMA( 3%)/Varcum-2217 

A PMPS (10%) /Varcum-2217 
Δ PMMA( 10% ) /Varcum-2217 
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Figure 12. Dissolution of Dolymethacrylate(8%)/Varcum-2217 in 
1.16N KOH solutions at 25.5°C. 

• PMMA(8%)/Varcum-2217 
Ο PEMA( 8%) /Varcum-2217 

A PBMA( 8% ) /Varcum-2217 
Δ PHMA( 8% ) /Varcum-2217 

Figure 13. 
films. 

Water uptake of polymethacrylate(20%)/Varcum-2217 
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Figure 14. Induction periods of polymethacrylate(8%)/Varcum 
blends plotted against contact angles of the polymethacrylates. 
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Figure 1 5 . Dissolution of MMA-œpolvmer(10%)/Varcum-2217 
blends in 1 . 0 N K O H solutions at 3 0 . 0 C . 
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hydroxyl 1ons, upon entering the so l id phase, react with phenol groups 
to form phenolate 1ons and the extent of reaction is governed by 
equilibrium considerations. In the meantime, the cations diffuse to 
the s i te of the phenolate ion in order to maintain electroneutrality. 
Our model rests on two assumptions, (a) Once a sufficient number of 
phenolate ions are formed, solvation and additional reaction occur 
rapidly, leading to dissolution. The crucial step in the rate process 
is the formation of a c r i t i c a l number of phenolate ions per molecule; 
molecules with phenolate 1ons less than the c r i t i c a l amount wi l l 
remain insoluble. This assumption leads naturally to the concept of 
a minimum alka l i concentration for dissolution. At solution 
concentration less than C G , the concentrations of ions in the sol id 
are so small that only a few phenolic molecules attain the required 
degree of deprotonation for dissolution. The attendant low degree of 
solvation may result in a small diffusion constant of the cation. A 
discontinuous change in ionic transport with concentration 1s 
postulated here which ha
glassy polymers. In the
of penetration (Case II) or the diffusion constant (Ficklan) exists 
at the advancing front ( £ 8 ) . We believe that the advancing front in 
our "gel" layer can be viewed in a similar way. (b) The diffusion of 
cations to form ion pairs with phenolate groups is involved in the 
rate determining step. The assumption is supported by the activation 
energies of dissolution at low temperatures and the conformity of the 
temperature dependence of the rate to a WLF-type equation above T g ' . 
The increase in the dissolution rate with a lkal i concentration then 
reflects changes in the cation diffusion constant (Huang, J . P . ; Kwe1, 
T. K . ; Reiser, A. Macromolecules. in press.) . The concentration 
dependence comes form the "opening" up of the secondary structure of 
the phenolic resin as the progressive formation of phenolate ions 
leads to higher degree of solvation and more fac i le diffusion paths. 
In this sense, the underlying reason of the dependence on a lka l i 
concentration is similar to, yet different from, the concentration 
dependence of solvent diffusion in polymers. 

The effect of added salt on dissolution rate is not completely 
understood at present. A possible explanation of the plateau value 
is that the so lubi l i ty of the salt in the sol id reaches a l imiting 
value at high concentrations. But additional studies are needed to 
arrive at a quantitative understanding of the observed decreases in 
C 0 and η when salt is present. 

The role of the dissolution inhibitor 1n our model rests on i t s 
ab i l i t y to al ter the path of water and ion transport in the so l id . 
It is well known that water absorption bears a direct relation with 
the number of polar groups in the polymer and that ionic diffusion 
occur via "hopping" along hydrophilic s ites. Therefore, the 
hydrophilic/ hydrophobic characteristics of the inhibitor exert a 
profound effect on dissolution rate. 
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A novel approach to determine the solvent concentration profile in a 
photoresist undergoing dissolution via fluorescence quenching and 
laser interferometry is introduced. Fluorescence arising from 
phenanthrene dye labels in a 1-μm-thick poly(methylmethacrylate) 
(PMMA) film is quenched by permeation of methyl ethyl ketone 
(MEK), a good solvent for PMMA. A steady-state MEK 
concentration profile has been estimated from quenching data with 
existing sorption and light scattering data. The profile contains all the 
features of Case II diffusion: the Fickian precursor, the solvent front, 
and the plateau region. However, the solvent front is not so steep as 
those observed in systems where penetrant diffusion is much slower. 
We account for these findings in detail. 

D i s s o l u t i o n o f polymers i n o r g a n i c s o l v e n t s a t t r a c t e d much 
a t t e n t i o n r e c e n t l y (1-11) due t o the importance o f the 
p h o t o r e s i s t d i s s o l u t i o n p r o c e s s i n m a n u f a c t u r i n g i n t e g r a 
t e d c i r c u i t s ( I C ' s ) . As t h e i r s o p h i s t i c a t i o n and c i r c u i t 
d e n s i t y i n c r e a s e , t h e u n d e r s t a n d i n g o f fundamental a s p e c t s 
of p h o t o r e s i s t d i s s o l u t i o n becomes more c r i t i c a l . C u r 
r e n t l y , the s t a t e - o f - t h e - a r t I C ' s have the minimum f e a t u r e 
s i z e o f l e s s t h a n 1 μ ια . On t h i s s c a l e , p h o t o r e s i s t s w e l l 
i n g , which u s u a l l y accompanies i t s d i s s o l u t i o n , i s o f t e n 
t h e l i m i t i n g f a c t o r i n o b t a i n i n g h i g h e r c i r c u i t d e n s i t y . 
T h e r e f o r e , a r e d u c t i o n of p h o t o r e s i s t s w e l l i n g upon expo
s u r e t o d e v e l o p i n g s o l v e n t i s of v i t a l i n t e r e s t t o those 
who are d e v e l o p i n g new p h o t o r e s i s t m a t e r i a l s . 

E x t e n t of polymer s w e l l i n g i s o f t e n gauged by g r a 
v i m e t r i c method - one m o n i t o r s the w e i g h t - g a i n of a p o l y -
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mer sample when i t i s immersed i n s o l v e n t . Thus , the 
s o l v e n t permeat ion r a t e (SPR) and, t h e r e f o r e , permeat ion 
mechanism can be determined from t h i s method. However, 
i t p r o v i d e s no i n f o r m a t i o n on how a polymer s w e l l s s p a t i 
a l l y . F u r t h e r m o r e , i f s o l v e n t permeat ion i s accompanied 
by polymer d i s s o l u t i o n , as i n the case o f p h o t o r e s i s t , the 
g r a v i m e t r i c method i s i n a c c u r a t e . A more u s e f u l approach 
i s t o de termine the t h i c k n e s s o f the g e l l a y e r d u r i n g the 
polymer d i s s o l u t i o n experiment s i n c e the g e l l a y e r i s 
formed due t o the s w e l l i n g o f b u l k po lymer . However, the 
d e t e r m i n a t i o n o f the g e l l a y e r t h i c k n e s s i s not t r i v i a l . 
K r a s i c k y e t a l . ( 4 ) e s t i m a t e d the t h i c k n e s s o f the t r a n 
s i t i o n l a y e r , which encompasses a l l i n t e r p h a s e s between 
the b u l k g l a s s y polymer f i l m and the b u l k polymer s o l u 
t i o n , by measur ing the change i n o p t i c a l i n t e r f e r e n c e i n 
t e n s i t y d u r i n g and a f t e r t h e polymer d i s s o l u t i o n p r o c e s s
To e s t i m a t e the t h i c k n e s
method, a s o l v e n t c o n c e n t r a t i o
t r a n s i t i o n l a y e r has t o be adopted . C o n v e r s e l y , i f t h e 
c o r r e c t SCP can be de termined by some e x p e r i m e n t a l method, 
the SCP would y i e l d not o n l y the g e l l a y e r t h i c k n e s s , 
but the manner o f s o l v e n t d i f f u s i o n i n t o t h e polymer f i l m 
as w e l l . 

T h e r e f o r e , the b e s t approach t o i n v e s t i g a t e p h o t o 
r e s i s t s w e l l i n g i s t o d e t e r m i n e , i n - s i t u , the SCP i n a 
polymer undergo ing d i s s o l u t i o n . A l t h o u g h Crank (12) p r o 
posed a d e s c r i p t i v e SCP i n 1953, f i r m e x p e r i m e n t a l d a t a 
s t a r t e d t o appear o n l y r e c e n t l y . Thomas and W i n d l e ' s 
m i c r o d e n s i t o m e t r y (13-16) and K r a m e r ' s R u t h e r f o r d b a c k -
s c a t t e r i n g (17-18) produced SCP o f s e v e r a l s o l v e n t - p o l y m e r 
c o m b i n a t i o n s . However, t h e s e e f f o r t s were l i m i t e d by t h e 
s p a t i a l r e s o l u t i o n o f t h e i r t e c h n i q u e s ( c a . 30 nm). In 
a d d i t i o n , t h e s e t e c h n i q u e s have been a p p l i e d t o systems 
where the SPR's a r e on the o r d e r o f 1 μ ι η / h o u r o r l e s s . 
The SPR 7 s a r e much g r e a t e r f o r systems where s o l v e n t p e r 
meat ion i s accompanied by polymer f i l m d i s s o l u t i o n . 
T h e r e f o r e , t h e d e t e r m i n a t i o n o f SCP i n such systems would 
r e q u i r e a t e c h n i q u e t h a t i s q u i c k e r and l e s s cumbersome 
f o r r e p e a t e d measurements. 

In our p r e v i o u s paper ( H ) , we i n t r o d u c e d a n o v e l 
e x p e r i m e n t a l method t o s tudy the m e c h a n i s t i c d e t a i l s o f 
s o l v e n t permeat ion i n t o t h i n polymer f i l m s . T h i s method 
i n c o r p o r a t e s a f l u o r e s c e n c e quenching t e c h n i q u e (19-20) 
and l a s e r i n t e r f e r o m e t r y ( £ ) . The former , i n e f f e c t , 
m o n i t o r s t h e movement o f vanguard s o l v e n t m o l e c u l e s ; t h e 
l a t t e r m o n i t o r s t h e d i s s o l u t i o n p r o c e s s . We took t h e t ime 
d i f f e r e n c e s between these two t e c h n i q u e s t o e s t i m a t e b o t h 
the nascent and t h e s t e a d y - s t a t e t r a n s i t i o n l a y e r t h i c k 
nesses o f PMMA f i l m u n d e r g o i n g d i s s o l u t i o n i n 1:1 MEK-
i s o p r o a n o l s o l u t i o n . The s t e a d y - s t a t e t h i c k n e s s was i n 
good agreement w i t h t h e e s t i m a t e o f K r a s i c k y e t a l . ( 2 - 8 ) . 

In t h i s p a p e r , t o determine the s t eady s t a t e SCP 
a c r o s s the t r a n s i t i o n l a y e r , we a n a l y z e the f l u o r e s c e n c e 
i n t e n s i t y decay o f dye mo lecu le s c o v a l e n t l y bound t o t h e 
polymer c h a i n s . The decay i s due t o the permeat ion o f 
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s o l v e n t , which quenches dye f l u o r e s c e n c e , i n t o the po lymer 
f i l m . The d i f f u s i o n c o e f f i c i e n t s o f MEK, t h e quencher , 
were a v a i l a b l e from a l i g h t s c a t t e r i n g exper iment (21) a t 
h i g h MEK c o n c e n t r a t i o n s . F o r the low c o n c e n t r a t i o n 
reg ime, i n d i r e c t e x p e r i m e n t a l d a t a were a v a i l a b l e (22) . 
Once the d i f f u s i o n c o e f f i c i e n t i s de termined a t a g i v e n 
c o n c e n t r a t i o n , the ex tent o f f l u o r e s c e n c e quenching can be 
p r e d i c t e d . T h e r e f o r e , by working backward, one can d e t e r 
mine the s o l v e n t d i f f u s i o n c o e f f i c i e n t and the s o l v e n t 
c o n c e n t r a t i o n i n a polymer f i l m from f l u o r e s c e n c e quench
i n g d a t a . Consequent ly , i f a polymer f i l m d i s s o l v e s i n a 
s o l v e n t w i t h a c o n s t a n t d i s s o l u t i o n r a t e (DR)% the s o l v e n t 
c o n c e n t r a t i o n s a t d i f f e r e n t p a r t s o f the SCP can be d e t e r 
mined. F i n a l l y , a SCP i s c o n s t r u c t e d from t h e s e d a t a . 

P o l y ( m e t h y l methacry la te ) [PMMA] i s an e x c e l l e n t 
polymer f o r s t u d y i n  p h o t o r e s i s t d i s s o l u t i o  becaus f 
i t s min imal s w e l l i n g
molecu le s were l a b e l l e
i t s f l u o r e s c e n c e i s quenched by MEK. In a d d i t i o n , t h i s 
dye has the advantage o f forming few exc imers (23-24) 
which r e s u l t s i n s e l f - q u e n c h i n g . Thus , the r e d u c t i o n i n 
f l u o r e s c e n c e i n t e n s i t y o f PMMA-Phe* i s v i r t u a l l y s o l e l y 
due t o MEK quench ing . Consequent ly , the permeat ion o f MEK 
i n t o a PMMA f i l m can be moni tored from f l u o r e s c e n c e i n t e n 
s i t y decay . 

The i n t e r f e r o m e t r y t r a c e shows the change i n t h e 
o p t i c a l t h i c k n e s s o f the polymer f i l m w i t h r e s p e c t t o 
t i m e . Both t h e c o m p l e t i o n o f the polymer f i l m d i s s o l u t i o n 
and the D R can be d e t e r m i n e d . 

E x p e r i m e n t a l 

The PMMA-Phe s y n t h e s i s , c h a r a c t e r i z a t i o n , f i l m 
p r e p a r a t i o n , apparatus and e x p e r i m e n t a l scheme a r e d e s c r i 
bed e l sewhere (11) . B r i e f l y , the PMMA c h a i n s , c o p o l y -
m e r i z e d from MMA and P h e - l a b e l l e d monomers, were c h a r a c 
t e r i z e d v i a g e l permeat ion chromatography (GPC): M 
= 411,000, M - 197,000 and M / M - 2 .08 . U V - a b s o ï f p t i o n 
measurements i n d i c a t e d t h a t c a . Ï % o f a l l monomer u n i t s 
were P h e - l a b e l l e d . The sample was d i s s o l v e d i n t o l u e n e 
and was s p i n - c o a t e d onto 1 - i n c h d i a m e t e r q u a r t z d i s k s . 
Then , t h e f i l m s ( c a . 1 μπι t h i c k ) were annea led a t 160 C 
f o r 60 minutes under vacuum. 

A PMMA-Phe f i l m was s e a t e d i n the f low c e l l and 
was c o n t i n u o u s l y exposed t o 290 nm r a d i a t i o n throughout 
the exper iment ( F i g u r e 1 ) . The Phe f l u o r e s c e n c e was mon
i t o r e d a t 3 65 nm maximum which d i d not s h i f t a p p r e c i a b l y 
w i t h a change i n MEK c o n c e n t r a t i o n i n PMMA-Phe. T h e r e 
f o r e , t h e decay i n the Phe f l u o r e s c e n c e i n t e n s i t y p r o v i d e s 
an a c c u r a t e measure o f MEK d i f f u s i o n and i t s SCP. 

The s o l v e n t pump was t u r n e d on a t t » 0 s e c . I t 
t a k e s c a . 20 sec f o r the s o l v e n t t o r e a c h the f low c e l l 
c o n t a i n i n g t h e PMMA-Phe sample . A s i g n i f i c a n t r e d u c t i o n 
i n f l u o r e s c e n c e i n t e n s i t y s i g n a l s t h e a r r i v a l o f s o l v e n t 
a t t h e PMMA-Phe s u r f a c e . 
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Solvent outlet 

U Solvent in let 

Figure 1. Flow C e l l for Monitoring Solvent Permeation 
and PMMA Film Dissolution Simultaneously. The c e l l i s 
placed in the sample chamber of a fluorescence spectro
meter. (Reproduced with permission from Ref. 11. 
Copyright 1988 Wiley & Sons.) 
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Results 

A t y p i c a l time p r o f i l e of the excited PMMA-Phe* 
fluorescence intensity decay i s shown in Figure 2. The 
MEΚ permeation commences at 24 sec. The SPR increases 
during the p l a s t i c i z a t i o n period u n t i l i t becomes con
stant, the onset of the steady state. It i s characterized 
by a linear relationship between the amount of solvent 
absorbed and time. I t was determined from a linear re
gression analysis that the PMMA-Phe fluorescence intensity 
starts to deviate from l i n e a r i t y at 197 sec. This i n d i 
cates a decrease i n the SPR and/or the unquenched PMMA-
Phe*. The decrease in SPR i s unexpected at th i s f i l m 
thickness since the SPR in thicker PMMA-Phe films show no 
anomaly at 1 μι. A more plausible explanation i s the 
reduction in available PMMA-Phe*  which i s expected when 
the front end of th

The PMMA dissolutio
terferometry. The resulting sinusoidal pattern (Figure 3) 
can be transformed to i l l u s t r a t e the loss i n PMMA f i l m 
thickness with respect to time ( ϋ ) . The dissolution com
mences at 27 sec and ends at 222 sec. By comparing the 
l a t t e r with the fluorescence deviation at 197 sec, one 
obtains the t r a n s i t i o n layer time-thickness i s 25 sec. 
Since the f i l m i s 1.0 μια thick, i t s overall DR i s ca. 5.1 
nm/sec. Then, the spatial thickness of the t r a n s i t i o n 
layer i s ca. 130 nm. Figure 3 also indicates that the DR 
changes l i t t l e during the course of dissolution. This 
contrasts with the permeation process which possesses a 
rather lengthy p l a s t i c i z a t i o n period as seen from the 
curvature i n the intensity versus time data at early times 
in Figure 2. 

Data Analysis 

We wish to use the fluorescence decay data i n F i g 
ure 2 to construct the SCP as i t propagates through the 
PMMA film, focusing on data at the f i n a l phase of the d i s 
solution process. This analysis w i l l involve the follow
ing three assumptions: 

1) the SCP advances at a constant rate 
2) the shape of the p r o f i l e does not change and 
3) the assumptions above hold even after the 

solvent molecules have reached the substrate. 
In Figure 4 we present a picture of th i s model i l l u s t r a t 
ing the propagation of the SCP through the fil m . Accord
ing to assumptions 1) and 2), the SCP maintains i t s shape 
as i t advances at a constant rate. These assumption are 
in accord both with the data (Figures 2 and 3) and with 
the current l e v e l of understanding of Case II d i f f u s i o n . 
The t h i r d assumption i s more troublesome but necessary for 
evaluation of the data. As depicted in Figures 4b and 4c, 
we ignore the fact that the f r o n t i e r solvent molecules 
accumulate as they reach the substrate, and assume that 
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Figure 2. PMMA-Phe* Fluorescence Decay i n MEK. 
I n i t i a l contact of MEK and PMMA-Phe* produces a sharp 
drop in intensity. This i s followed by the p l a s t i c i -
zation period, the steady state and the termination. 
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Figure 3 . Interferometry Trace of a PMMA Film Dissol
ving i n MEK. 
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the S C P m a i n t a i n s i t s shape. T h i s i s tantamount t o assum
i n g t h a t the number o f molecules a l r e a d y a t the s u b s t r a t e 
s u r f a c e i s s m a l l compared t o the number a r r i v i n g a t each 
increment i n t i m e . 

T h i s model a l l o w s us t o use the f l u o r e s c e n c e i n t e n 
s i t y o b t a i n e d near the end o f the d i s s o l u t i o n p r o c e s s i n 
F i g u r e 2 t o c o n s t r u c t the SCP i n the PMMA f i l m . The s t r a 
tegy i s t o measure the i n c r e m e n t a l change i n f l u o r e s c e n c e 
i n t e n s i t y , Δ Ι , o c c u r r i n g i n a one second i n t e r v a l i n t h e 
c u r v e d r e g i o n o f F i g u r e 2 and t o r e l a t e t h i s t o the amount 
o f r e s i d u a l f l u o r e s c e n c e , I , ' i n the A t s l i c e . The t ime 
p r o f i l e o f I ' c o n t a i n s i n f o r m a t i o n about t h e SCP. The 
t ime p r o f i l e can be t rans formed t o the d i s t a n c e p r o f i l e 
because the SCP propagates a t a c o n s t a n t r a t e through the 
PMMA f i l m . 

In a d d i t i o n , one needs t o know I o '  the t o t a l (un
quenched) f l u o r e s c e n c
s l i c e s from which I '
r e l a t e d t o a s p e c i f i c c o n c e n t r a t i o n o f s o l v e n t (quencher) 
through independent knowledge o f the f l u o r e s c e n c e quench
i n g p r o c e s s . 

L e t us c o n s i d e r what happens t o t h e f l u o r e s c e n c e 
i n t e n s i t y o f a t h i n PMMA-Phe f i l m a t the PMMA-quartz i n 
t e r f a c e . F o r the sake o f s i m p l i c i t y , we focus on t h e 
r e g i o n t h a t l i e s between the s u b s t r a t e and 5.1 nm away 
from i t , which we name t h e "Q-zone". 5 .1 nm i s the d i s 
tance the s t eady s t a t e SCP t r a v e l s i n one second . In F i g 
u r e 4a , i t e x p e r i e n c e s no quench ing . A f t e r one second , 
F i g u r e 4b, quenching commences. The change i n f l u o r e s c e n 
ce i n t e n s i t y i n t h a t one second i s c o m p l e t e l y due t o quen
c h i n g a t the "Q-zone", which c o n t a i n s i n f o r m a t i o n about 
the MEK c o n c e n - t r a t i o n a t the f i r s t 5.1-nm o f t h e SCP. 
A f t e r another second, we have the s i t u a t i o n i l l u s t r a t e d i n 
F i g u r e 4c . S i m i l a r l y , the Δ Ι between F i g u r e s 4b and 4c 
r e p r e s e n t s t h e amount o f quenching due t o the second 5 .1 
-nm o f the SCP. T h e r e f o r e , as the SCP propagates t h r o u g h 
t h e "Q-zone" ( F i g u r e s 4c and 4 d ) , t h e MEK c o n c e n t r a t i o n a t 
each 5.1-nm p o r t i o n o f the SCP can be d e t e r m i n e d . 

F l u o r e s c e n c e Quenching 

F l u o r e s c e n c e quenching i s d e s c r i b e d i n terms o f 
two mechanisms t h a t show d i f f e r e n t dependencies on quen
c h e r c o n c e n t r a t i o n . In dynamic quench ing , t h e quencher 
can d i f f u s e a t l e a s t a few nanometers on the t ime s c a l e o f 
t h e e x c i t e d s t a t e l i f e t i m e (nanoseconds) . In s t a t i c quen
c h i n g , mass d i f f u s i o n i s s u p p r e s s e d . O n l y those dye mo le 
c u l e s which a r e a c c i d e n t a l l y c l o s e t o a quencher w i l l be 
a f f e c t e d . Those f a r from a quencher w i l l f l u o r e s c e n o r 
m a l l y , unaware o f the presence o f quenchers i n the sys tem. 
These p r o c e s s e s a r e d e s c r i b e d below f o r t h e s p e c i f i c case 
o f PMMA-Phe* quenched by MEK. 

In low v i s c o s i t y media , the quenching o f Phe* 
f l u o r e s c e n c e by MEK i s dynamic i n n a t u r e and f o l l o w s t h e 
S t e r n - V o l m e r e q u a t i o n (25): 
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I o / I = 1 + k q r ° c (1) 

where τ° i s the unquenched lifetime of the Phe, c i s the 
molar concentration of MEK and k i s the phenomenological 
second-order rate constant for t8e quenching process: 

k 
Phe* + MEK 3 • Phe + MEK* (2) 

Studies on the quenching of photoexcited 9-phenan-
thrylmethyl pivalate by MEK, a model for-the PMMA-Phe/MEK 
system, provide a value of k = 7.3 X 10 M~ s" i n cyclo-
hexane (11). This value i s Searly one order of magnitude 
lower than the diffusion-controlled rate. For reactions 
in which a dif f u s i o n step precedes a chemical step, the 
relationship between k  and ^ d ^ f f i s given by: 

1 =

k q k d i f f kchem 
where k , i s the second-order rate constant for the 
quenching process under s t r i c t l y chemical control ( k d i f f 

oo ) . Since k,._ = 5.0 X 10%M s Ί i n cyclohexafiè" 
(11), we obtain RtZZm = 8.6 X 10* M~Xs . 

Values o f U ® J f f i n PMMA-MEK mixtures can be c a l 
culated from the Smoluchowski expression: 

k d i f f = 4 T N A R O D / 1 0 0 0 , (4) 

where N A i s Avogadro's number, R i s the capture radius 
for the quenching and D i s the dif f u s i o n c o e f f i c i e n t of 
MEK i n PMMA-MEK mixtures. Values of D over the PMMA 
weight fraction range of 0 to 0.75 are available from 
l i g h t scattering experimentation (21). No data are a v a i l 
able at higher PMMA concentrations for MEK, but D values 
i n glassy PMMA have been reported for methyl acetate 
(MeAc) (22.) which i s i s o s t e r i c with MEK. These values are 
plotted i n Figure 5 and are combined by drawing a smooth 
l i n e through both sets of data. With R * 5 A (11), we 
have a l l the data necessary to calculate k d j f f and k 
values over the entire range of PMMA-MEK compositions. 

MEK d i f f u s i o n i s too slow to make a si g n i f i c a n t 
contribution to quenching i n mixtures r i c h i n PMMA. Quen
ching occurs only i f a MEK molecule i s close enough to a 
Phe group at the moment i t absorbs l i g h t . S t a t i c quench
ing i s described by the Perrin equation (26-27): 

In (I Q/I) = 4 *NAR Q[MEK]/3000 (5) 

where R , the radius of the active sphere, i s 5 A for Phe* 
quenchea by al i p h a t i c ketones (H) . 

At an MEK concentration greater than 1 M, both the 
dynamic and the s t a t i c quenching mechanisms have to be 
taken into account. Therefore, Frank and Vavilov's model 
of combined s t a t i c and dynamic quenching model (28), 
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Distance from the Substrate 

[MEK] 

a, no quenching b, quenching commences 

[MEK] 

c, more quenching d, SPC forges ahead 

F i g u r e 4. P r o p a g a t i o n o f S o l v e n t C o n c e n t r a t i o n P r o f i l e . 

-6 

log D 

-12 

Do (MEK) = S.11 E-5 cm2/sec 

Hwang & Cohen, Macromol. 17, 2890 (1984) 

Wang & Kwei, Macromol. β, 919 (1973) 

10 

[MEK] 

F i g u r e 5. MEK D i f f u s i o n C o e f f i c i e n t as a F u n c t i o n o f 
MEK C o n c e n t r a t i o n . 
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V 1 = ( V ^ S T A T I C ^ V ^ D Y N A M I C <6> 
= βχρ ( 4 π NARQ[MEK]/3000) · (1 + k g r°[MEK]/1000) 

i s used to calculate the solvent concentration. At an MEK 
concentration greater than 7 M, quenching i s too extensive 
to determine the residual fluorescence intensity. 

Solvent Concentration P r o f i l e 

The most complete model to date for describing 
Case II diffusion i s that of Thomas and Windle (13-16). 
They envision the process as a coupled swelling-diffusion 
problem in which the swelling rate i s treated as a linear 
v i s c o e l a s t i c deformation driven by osmotic pressure. This 
model leads to the idea of a precursor phase propagating 
ahead of a moving boundary
4 . While Thomas an
examine in d e t a i l the predictions of th e i r model, t h i s 
model i s d i f f i c u l t to test with the data obtained here. 

Consequently, we w i l l follow the example of M i l l s 
et a l . (29) who recently presented the f i r s t measurements 
of l o c a l solvent concentration using the Rutherford back-
scattering technique. They analyzed the case of 1,1,1-
trichloroethane (TCE) diffu s i n g into PMMA films in terms 
of a simpler model developed by Peterlin (30-31), in which 
the propagating solvent front i s preceded by a Fickian 
precursor. The Peterlin model describes the front end of 
the steady state SCP as: 

c(x) = c Q exp (-vx/D) (7) 

where c Q i s the l i m i t i n g concentration of Fickian d i f f u 
sion, ν i s the front velocity, χ i s the distance ahead of 
the moving front and D i s the dif f u s i o n c o e f f i c i e n t of 
penetrant. 

We determine the SCP as i t i s terminated at the 
substrate i n the following manner. F i r s t , we calculate 
I ' = dl/dt for the linear portion of the intensity decay. 
A lin e a r least squares f i t to the data in the time i n t e r 
val 170 - 190 sec produces a value of dl/dt = 1150 
counts/sec. This represents the steady state quenching 
rate which i s intimately related to the steady state SPR. 
Secondly, we calculate I ' = dl/dt at one-second intervals 
as the steady state ends with the a r r i v a l of the SCP at 
the substrate. For example, for the data i n Figure 2, 
I. 's have been calculated commencing at 197 sec. F i n a l l y , 
we use these values of i1,-//!*.') i n conjunction with eq. 
(6) to calculate the concentration of MEK, c(x), at each 
interval by a numerical method and, thereby, construct a 
histogram of the SCP (Figure 6). 

Figure 7 i l l u s t r a t e s the front end of the SCP as a 
semilogarithmic plot with respect to time. The plot i s 
linear, i n accord with eq. (7). Each second corresponds 
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Figure 6. Calculated PMMA-Phe* Fluorescence Intensity 
from Static and Dynamic Quenching Theory as a Function 
of MEK Concentration. 
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Figure 7 . Fickian Precursor i n the MEK Solvent Concen
trat i o n P r o f i l e . 
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to a distance of 5.1 nm. The span of the plot in Figure 7 
covers ca. 16 seconds corresponding to a permeation depth 
of at least 80 nm for the Fickian precursor ahead of the 
moving front. I t i s interesting to compare thi s value 
with that of the t r a n s i t i o n layer which we determined to 
be ca. 130 nm thick. This indicates that the Fickian pre
cursor takes up the major portion of the t r a n s i t i o n layer 
for the PMMA-MEK system. 

The reptation model for polymer dif f u s i o n would 
predict that the thickness of the gel phase r e f l e c t s the 
dynamics of disentanglement. The important factors here 
are chain length, solvent quality and temperature since 
they affect the dimensions of the polymer c o i l s i n the gel 
phase. The precursor phase, on the other hand, depends 
upon solvency and temperature only through the osmotic 
force i t can generate i n the system and the v i s c o e l a s t i c 
response of the syste
factors should be independen
weight. 

From the slope 2of the plot i n Figure 7, we c a l c u l 
ate D = 1.3 X 10 cm /sec and c = 1.3 M, which i s ca. 
0.11 in MEK mole fraction*^ By 2comparison, Wang and Kwei 
(22) reported D = 5 X 10 cm /sec for MeAc vapor at 
30 C. In addition, M i l l s et a l . (29)-reported, for TCE 
diffusin g into PMMA film, D = 3 X 10 cm /sec and c 
= 0.09 in TCE mole fraction from t h e i r Rutherford bacK-
scattering experiment. Therefore, our findings are i n 
good agreement with other investigators' results. 

In the high concentration regime, our SCP i s d i f 
ferent from a ty p i c a l SCP observed i n Case II d i f f u s i o n . 
S p e c i f i c a l l y , our SCP lacks the sharp solvent front (£jLg.8). 
The abrupt increase i n solvent concentration normally ob
served i s due to the long relaxation time of the polymer 
chain i n response to solvent p l a s t i c i z a t i o n . Then, the 
absence of this feature points to a very rapid relaxa
tion of PMMA chains by MEK. This i s probably due to a 
good match i n the s o l u b i l i t y parameters of PMMA and MEK 
( =9.3 for both). 

Tne molar concentration of pure MEK i s ca. 11.2 M. 
One might question why the concentration of MEK does not 
reach 11.2 M on the SCP. This i s mostly due to the slow 
process of untangling PMMA chains. For the concentration 
of MEK to reach 11.2 M, the swollen polymer gel phase has 
to be untangled and removed from the v i c i n i t y of the 
quartz substrate. This i s driven by the entropie force 
which works rather slowly i n the absence of high solvent 
flow. For example, M i l l s et a l . (29) report, for TCE 
diff u s i n g into PMMA film, that the SCP of TCE s t a b i l i z e s 
at a mole fraction of less than 0.2. By comparison, our 
results of [MEK] = 3.2 M corresponds to a mole fr a c t i o n of 
ca. 0.3. This, again, r e f l e c t s the better s o l u b i l i t y of 
MEK in PMMA re l a t i v e to TCE ( δ « 9.6). 
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Figure 8. Estimation of the MEK Solvent Concentration 
P r o f i l e i n a PMMA Film. 
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Summary 
Experiments are reported on the dissolution rate 

and permeation rate for thin (1 μια) PMMA films exposed to 
l i q u i d MEK. The films contain ca. 1 % of covalently-bound 
Phe, a fluorescent dye. By monitoring the dissolution 
rate by laser interferometry and the fluorescence quench
ing of Phe* by MEK, we can determine: 

1) the thickness of the gel layer 
2) the shape and the thickness of the Fickian pre

cursor and 
3) the diffusion c o e f f i c i e n t of MEK i n the glassy 

PMMA matrix. 
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Chapter 24 

Molecular Studies on Laser Ablation Processes 
of Polymeric Materials by Time-Resolved 

Luminescence Spectroscopy 

Hiroshi Masuhara1, Akira Itaya, and Hiroshi Fukumura 

Department of Polymer Science and Engineering, Kyoto Institute 
of Technology, Matsugasaki, Kyoto 606, Japan 

By fluorescence analyse  jus  upo
of ablated surface, molecular aspects of ablation 
mechanism were elucidated and a characterization of 
ablated materials was performed. Laser fluence 
dependence of poly(N-vinylcarbazole) fluorescence 
indicates the inportance of mutual interactions between 
excited singlet states. As the fluence was increased, 
a plasma-like emission was also observed, and then 
fluorescence due to diatomic radicals was superimposed. 
While the polymer fluorescence disappeared mostly 
during the pulse width, the radicals attained the 
maximum intensity at 100 ns after irradiation. 
Fluorescence spectra and their rise as well as decay 
curves of ablated surface and its nearby area were 
affected to a great extent by ablation. This 
phenomenon was clarified by probing fluorescence under 
a microscope. 

There are a number of reports concerning laser ablation of 
polymeric materials i n relati o n to microelectronics technology (1-8). 
Most of the polymers studied were polyimide, poly(methyl 
methacrylate), poly(ethylene terephthalate) and some photoresists. 
They have carbonyl as well as amino groups and hetero-atoms. In view 
of photophysics and photochemistry, th i s means that fluorescence 
lifetime i s very short, intersystem crossing occurs with high quantum 
y i e l d , and they are photochemically reactive (9). 

On the other hand, there are other series of polymers having 
π-electronic chromophore such as N-carbazolyl and 1-pyrenyl groups, 
whose photophysical properties are quite different from the above 
polymers and whose laser chemistry i s studied i n d e t a i l . A relation 
among interchromophoric interaction, spectral shape and geometrical 
structure in the excited singlet, t r i p l e t , cationic and anionic 
1Current address: ERATO, JRDC (1988-1993), 15 Morimoto-cho, Shimogamo, Sakyo-ku, 
Kyoto 606, Japan 
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states of these compounds has been elucidated in most d e t a i l by using 
fluorescence and transient absorption spectroscopic methods (10, 11). 
It i s also confirmed that an incree.se of excitation intensity of 
laser pulse inevitably results i n an e f f i c i e n t interaction between 
excited singlet states even i n d i l u t e solution. This process i s one 
of the main factors leading to non-linear effects i n fluorescence 
r i s e and decay curves, fluorescence y i e l d , intersystem crossing 
y i e l d , ionization, photochemical reactions, etc. (12) Therefore, 
laser ablation study on these polymers i s expected to be very 
f r u i t f u l from mechanistic viewpoint, however, such a report i s quite 
scarce (13-16). 

Another advantage to examine these polymers i s that 
characterizations of ablated materials can be made possible by 
fluorescence spectroscopy. Fluorescence i s very sensitive, and such 
surrounding microenvironmental conditions around the κ-chromophore a« 
polarity and viscosity and chromophor  aggregatio  b  probed
This indicates that a ne
achieved by ESCA and FTI

In the present work, we have examined poly(N-vinylcarbazole) 
(abbreviated hereafter as PVCz) and pyrene-doped poly(methyl 
methacrylate) (PMMA) films by using a time-resolved fluorescence 
spectroscopic method. Fluorescence spectra and their dynamic behavior 
of the former f i l m were elucidated with a high intensity laser pulse 
and a streak camera, which makes i t possible to measure dynamics just 
upon laser ablation. This method reveals molecular and electronic 
aspects of laser ablation phenomena (17). For the l a t t e r f i l m a 
laser pulse with weak intensity was used for characterizing the 
ablated and masked areas. On the basis of these results, we 
demonstrate a high potential of fluorescence spectroscopy in 
molecular studies on laser ablation and consider i t s mechanism. 
Experimental 

Materials. PVCz (Takasago International Co. Ltd.) was purified by 
several reprecipitations from benzene-methanol solution. 1-
Ethylpyrene (EPy) was r e c r y s t a l l i z e d and sublimed i n vacuo before 
use. PMMA was reprecipitated twice from tetrahydrofuran solution 
with methanol. PVCz films were prepared by spin-coating a 10 wt% 
anisole solution of the polymer on a quartz plate. PMMA and EPy were 
dissolved in chlorobenzene and cast on quartz or sapphire plates. 
Each fil m was dried under vacuum in several hours. Film thickness 
before and after ablation was measured with a Dektak 3030 or a Tencor 
Alpha 2000. 
Instruments. A schematic diagram of the microcomputer-controlled 
system for the fluorescence measurement just upon ablation i s shown 
in Figure 1. The excitation l i g h t source was a 351 nm laser (Lumonies 
He-400, 15 ns) and fresh surface of PVCz f i l m was examined i n a i r . 
The laser beam was focused onto a 2 χ 1 mm2 spot by using a quartz 
lens with a 250 mm focal length and an aperture. A copper mesh mask 
made photo-lithographically was used in a contact mode. The laser 
fluence was measured with a Gentec ED-200 power meter. The 
fluorescence just from the ablated area was led to a polychromator 
(Jobin-Yvon HR-320). Time-resolved fluorescence was measured by 
using a streak camera system (Hamamatsn C2830, M2493). The spectra), 
data were averaged over 30 measurements. 
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Figure 1. A schematic diagram of the streak casera system for 
laser ablation. 
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For EPy-doped PMMA f i l m , a 308 nm excimer laser (Lumonics TE 
430T-2, 6ns) was used as as exposure source. We used a time-
correlated single photon counting system (18) for measuring 
fluorescence spectra and r i s e as well as decay curves of a small 
ablated area. The excitation was a frequency-doubled laser pulse (295 
nm, lOps) generated from a synchronously pumped cavity-dumped dye 
laser (Spectra Physics 375B) and a CW mode-locked YAG laser (Spectra 
Physics 3000). Decay curves under a fluorescence microscope were 
measured by the same system as used before (19). 

Laser Ablation Dynamics of PVCz Film 

Fluence-Dependent Luminescence Spectra. The surface of the present 
f i l m was homogeneous and very smooth, while laser i r r a d i a t i o n 
resulted in morphological changes. The irradiated volume was removed 
to some extent and a hole was l e f t  showing lase  ablation behavior
An etched depth brought
against the logarithm o
penetrates into the f i l m according to the Lambert-Beer equation, 
log ( I o/I) = ε cd, and the depth region where I i s larger than the 
threshold i s ablated, the etched depth should be proportional to the 
logarithm of the fluence. However, no linear relation was obtained. 
This i s reasonable, since the energy of the 351 nm photon i s lower 
than any bond energy of the polymer and a p l u r a l i t y of excited states 
and/or multi-photon absorption processes should be involved in bond 
cleavage. The ablation threshold was estimated to be a few tens of 
mJ/cm2. 

The fluorescence spectra measured just upon ablation are given 
in Figure 2A as a function of laser fluence. The contribution below 
370 nm was suppressed, as a Hoya L37 f i l t e r was used in order to cut 
off the laser pulse. Fluorescence spectra of t h i s polymer fi l m 
consist of sandwich (max. 420 nm, lifetime 35 ns) and p a r t i a l overlap 
(max. 370 nm, lifetime 16 ns) excimers (20). The l a t t e r excimer i s 
produced from the i n i t i a l l y excited monomer state, while the sandwich 
excimer from the p a r t i a l overlap excimer and the monomer excited 
states. Since these processes compete with e f f i c i e n t interactions 
between identical and different excimers (Si - Si annihilation) (12), 
the sandwich excimer i s quenched to a greater extent compared to the 
p a r t i a l overlap one under a high excitation. Actually the fluence-
dependent spectral change around the threshold can be interpreted in 
terms of Si - Si annihilation. 

With increasing laser fluence, an additional t a i l in the long 
wavelength region was detected. Further increases above 1 J/cm2 

resulted in the structured bands superimposed on the broad spectra. 
The new t a i l might be a plasma-like emission and suggests that a new 
ablation process i s involved. This type of emission has been 
confirmed also for polyimides, PMMA, graphite, and bi o l o g i c a l tissues 
(2, 21, 22). The Bremsstrahlung and recombination processes may 
respond to the continuum in problem. The structured bands at high 
fluence can be assigned to C2 (Swan band) and CN radicals, indicating 
fragmentation of the polymer. 
Temporal Characteristics of Luminescence. In order to reveal 
dynamics of these emissions, we adjusted the gate width of the streak 
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Figure 2. (A) Luminescence spectra of PVCz film just upon laser 
ablation. (B) Fluorescence rise and decay curves of C2 radical 
(a) and part ia l overlap excimer of PVCz film (b). 
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camera to -15 ~~ 72 ns, where the o r i g i n of the time axis was set to 
the maximum of the laser pulse. We were unable to detect any emission 
other than the two kinds of excimer, independent of laser intensity. 
Only the re l a t i v e intensity of two excimer fluorescence was confirmed 
to change in the region of 3 mJ/cm2 ^ 1.55 J/cm2. The new emission 
in the long wavelength region and the structured bands became 
d i s t i n c t at late stages after excitation. One of the t y p i c a l 
examples i s also given i n Figure 2B. Compared to the p a r t i a l overlap 
excimer, the maximum intensity of the radical emission was observed 
at 100 ns after i r r a d i a t i o n . 

Temporal characteristics at early stages were elucidated by 
measuring fluorescence intensity with the gate time of 1.74 ns as a 
function of the delay time. Compared to the laser pulse, the time 
where the maximum intensity i s attained s h i f t s to the early stage as 
the laser fluence becomes high. Of course, we could not find out any 
decay component with i n t r i n s i
I t i s concluded that an
during the pulse width. 
Si - Si Annihilation and Ablation Mechanism. The Si - Si 
annihilation process i s responsible to laser ablation, which was 
supported by the following experiment. Total fluorescence intensity 
and the relative intensity of excimer emissions (-15 *** 72 ns gate 
width) were plotted against the fluence in Figure 3. I t i s 
interesting that the r e l a t i v e contribution of excimers showed a 
similar change to that of t o t a l fluorescence intensity. This 
indicates that the Si - Si annihilation has an important role in the 
primary processes of laser ablation phenomena, since the re l a t i v e 
contribution of excimers i s determined by the degree of Si -Si 
annihilation, and the suppressed fluorescence intensity corresponds 
to the enhanced ablation. 

Fluorescence intensity increases with the laser fluence, while 
i t s change was quite smooth even around the threshold. If a new 
process leading to ablation was involved in addition to the Si - Si 
annihilation, the r e l a t i v e fluorescence intensity of two excimers 
would not change furthermore above the threshold. Although the 
de t a i l s are beyond our current knowledge, we conclude that the Si -
Si annihilation i s the o r i g i n of laser ablation i n t h i s fluence 
range· 

The t o t a l fluorescence intensity saturated around a few hundreds 
of mJ/cm2 which corresponds to the i r r a d i a t i o n condition where the 
new plasma-like emission was observed. Above t h i s value fluorescence 
intensity decreased, which i s accompanied with the recovery of the 
re l a t i v e intensity of excimer emissions. This means that a quite 
e f f i c i e n t deactivation channel of excitation intensity opens i n t h i s 
energy range, and the contribution of Si -Si annihilation i s 
depressed. This suggests that fragmentation reactions to diatomic 
radicals are not induced by the annihilation process. Multi-photon 
absorption processes v i a the Si states and chemical intermediates 
should be involved, although no direct experimental result has as 
yet been obtained. 
Characterization of Ablated PMMA Film with EPy 
Fluorescence Spectra. Fluorescence spectra of PMMA films doped with 
a high concentration of EPy are composed of a structured monomer and 
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a red-shifted broad excimer bands, and their r e l a t i v e contribution 
i s modified by laser ablation. Figure 4 shows normalized 
fluorescence spectra of the ablated area of EPy-doped PMMA films 
irradiated with single and t r i p l e laser shots with the fluence of 4.3 
J/cm2. For comparison, the spectrum of the unirradiated f i l m i s also 
shown. An intensity r a t i o of the excimer fluorescence to the monomer 
one ( I E / I M ) decreased with the number of laser shots. I t was also 
confirmed that t h i s value of I E / I M decreases with increase of the 
laser fluence. This indicates that the high fluence leads to the 
larger change as compared with the low fluence, which i s quite 
reasonable. 

An effective thickness of the layer where the fluorescence i s 
observed i s assumed to be the depth where the excitation l i g h t 
intensity i s 1/e of the i n i t i a l value. The thickness was calculated 
to be 1.4 μ m from an absorption coefficient of the f i l m at 295 nm 
(excitation wavelength)  Therefore  the observed fluorescence 
spectral change i s due
depth region of 1.4 jum
well known in a PMMA matrix that the excimer band i s due to the 
ground state dimer of the dopant (23). 

Fluorescence Rise and Decay Curves. Both monomer and excimer 
fluorescence decay curves of the unirradiated f i l m are non-
exponential and the excimer fluorescence shows a slow r i s e component. 
This behavior i s quite similar to the result reported for the PMMA 
fil m doped with pyrene. (23) A delay in the excimer formation 
process was interpreted as the time taken for the two molecules in 
the ground state dimer to form the excimer geometry. Dynamic data of 
the ablated area observed at 375 nm (monomer fluorescence) and 500 nm 
(excimer fluorescence) are shown in Figure 5. When the laser fluence 
increased, the monomer fluorescence decay became slower. The slow 
ri s e of the excimer fluorescence disappeared and the decay became 
faster. 

One explanation i s due to a change of EPy aggregation in the 
area l e f t upon the laser ablation. Some of EPy dimers constitute the 
non-fluorescent quenching s i t e , and others form the dimer which are 
converted to excimer more easily compared to before i r r a d i a t i o n . In 
the fluorescence studies on vacuum-deposited films of ω-(1-
pyrenyl)alkanoic acid, we reported an important role of aggregation 
of pyrenyl chromophores (24). During laser annealing of these films, 
their fluorescence spectral shape changed and f i n a l l y i t s intensity 
decreased. This characteristic behavior was interpreted by 
introducing a non-fluorescent aggregate in the mechanism. We 
consider that the similar quenching site s are responsible for the 
present result. Another possible explanation i s that some of EPy 
molecules in the l e f t area are evaporated by the laser ablation, 
which seems to be consistent with the prolonged decay time of the 
monomer fluorescence. However, accelerated excimer formation process 
can not yet be explained. 

Fluorescence Characterization of Ablated Polymeric Materials. In 
order to produce sharply etched patterns, the f i l m was ablated with a 
photo-lithographically prepared mesh mask in the contact mode. The 
ablation was conducted with two laser shots with the laser fluence of 
0.2 J/cm2. The decay curves of the ablated fi l m was measured by a 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



24. MÀSUHARA ET AL. Molecular Studies on Laser Ablation Processes 407 

Number of laser pulse 

ι ι ι 

4 0 0 5 0 0 

W A V E L E N G T H / n m 

Figure 4. Fluorescence spectral change of EPy in PMMA induced 
by laser ablations. 
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dynamic fluorescence microprobe apparatus with a two-dimensional 
resolution of 5 /im, which was constructed by us (19). The 
fluorescence behavior of the masked area was different from that of 
the ablated one. Furthermore, i t is worth noting that the decay 
curve of the former area is not identical with that of the untreated 
f i lm. We measured excimer fluorescence dynamics as a function of the 
horizontal position of the fluorescence microscope. The time when 
the intensity became one-twentieth of the i n i t i a l one was used as a 
measure, because the decay curves were non-exponential. The values 
below 80 ns and around 100 ns correspond to the masked and the 
ablated areas, respectively. From these data, i t was concluded that 
the width of the masked area was 37 jum, which is in agreement with 
the mesh dimension. 

These results indicate that aggregation states of EPy in the 
region of about 20 μ m around the ablated area were affected by the 
laser ablation with low fluence of 0.2 J /cm 2  Since the excitation 
energy cannot migrate u
change of EPy aggregatio
from the ablated area. When materials are ablated by the laser, a 
fast thermal elevation and a volume expansion occur simultaneously 
with the explosive desorption of the ablated materials. These 
expansions are transmitted through the PMMA matrix to unirradiated 
and unablated areas, and lead to different distributions of the 
dopant and to changes in the physico-chemical properties of the PMMA. 
These morphological changes have been probed here for the f i r s t time 
by the fluorescence characteristics of EPy aggregation. 

Conclusion 

The time-resolved fluorescence spectroscopic approach is very 
f r u i t f u l in elucidating electronic and molecular aspects of laser 
ablation of fluorescent polymers. While a plasma-like emission and 
fluorescence behavior of ablated radicals have been reported (21, 
22), fluorescence dynamics of the polymer i t s e l f has been considered 
for the f i r s t time in the present work. A typical temporal 
characteristic of PVCz film at 1.3 J/cm 2 fluence was as follows. 
Only excimer emissions were observed during laser pulse, a broad 
plasma-like emission was detected later , and fragmented radicals 
became dis t inct . Ablation behavior can be interpreted in terms of 
photophysical and photochemical processes, including Si - Si 
annihilation. 

It i s confirmed that the polymer matrix around ablated area was 
also affected strongly by laser ablation. The change of the matrix 
properties are brought about over a few tens of μ*. This type of 
information is basically important and indispensable for practical 
applications such as excimer laser lithography. The time-resolved 
fluorescence spectroscopy is one of the powerful characterization 
methods for ablated polymer matrix. 
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The amount of polymer ablated by absorption of the high intensity 
radiation of the excimer laser (ArF, KrF, XeF) was measured precisely 
with the aid of a quartz crystal microbalance, as a function of the laser 
intensity. From the work of Srinivasan and Dyer, it is known that 
ablation occurs in the time-scale of the laser pulse. Therefore with the 
aid of a new model of the "Moving Interface", we assumed that 1- the 
laser intensity (Io) has to cross the plume of ablating products and is 
consequently attenuated by absorption (screening effect) and 2- the 
irradiated interface moves back only when I>It and at a rate which is 
proportional to I-It (v=k(I-It)). A fit of the experimental etch curve 
provides for each polymer a unique couple of k and β, respectively 
ablation rate constant and screening coefficient, which characterize 
respectively the response of each polymer under the ablative conditions 
and the mean absorptivity of the ablation products. This is the first 
model attempting to evaluate the extent of the screening effect of the 
radiation and permitting to compare the ablation rates of different 
polymers. 
The quartz crystal of the microbalance, placed at some distance of the 
ablating target polymer, is used to probe the rate of product deposition. 
The spatial distribution of the ablating products and deposition yields 
were determined as a function of polymer structure and experimental 
conditions. A high degree of aromaticity of the polymer facilitates the 
deposition whereas a highly oxygenated structure gives a low deposition 
yield. 

The irradiation of a polymer surface with the high intensity, pulsed, far-UV radiation of the 
excimer laser causes spontaneous vaporization of the excited volume. This phenomenon was 
first described by Srinivasan (1) and called ablative photodecomposition. The attention of 
many researchers was drawn to the exceptional capabilities of photoablation (2). Etching is 
confined to the irradiated volume, which can be microscopic or even of submicron dimensions, 
on heat-sensitive substrates like polymers. In most experimental conditions, there is no 
macroscopic evidence of thermal damage, even when small volumes are excited with pulses of 
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fluences as large as 20 J/cm . The best resolution is in general achieved at the shortest 
wavelength (193 nm). This is an appealing feature for many applications that require the 
careful etching of heat sensitive materials like organic polymers, VLSI electronic devices 
and living tissues. 

The present challenge is to find the detailed mechanism of photoablation which has 
been the subject of many speculations in the past few years. There is no doubt that the 
polymer chains are degraded by absorption of the incident radiation, but the challenge is 
really to determine the extent of photochemical versus thermal character of the forces 
that produce decomposition and expellaticn of the products . No clear experimental 
evidence has been brought yet, but one may reasonably think of a mixture of both. The 
problem was addressed by various experimental approaches. One may mention in 
historical order of appearance, the determination of some stable ablation products (2), 
the spectroscopic recording of flame luminescence (4), the evaluation of the etch depth 
as a function of intensity (5), the laser induced fluorescence of C2 in the plume (£), the 
surface modification after ablation (2), the thermal loading after ablation (£), the mass 
spectroscopic detection of some products (°.)  the fast recording of the transient pressure 
developed on the ablating substrat
etc.. Most of the work has bee
excimer laser, but more recently laser systems delivering femtosecond pulses have been 
built in several laboratories. A few reports (12) show that femtosecond ablation exhibits 
new attractive features due to the six order of magnitude greater intensity which allows 
coherent two photon absorption. This results in an easy ablation of materials at the 
wavelengths that are normally not absorbed when delivered at low intensity. Doping non 
absorbing polymers with absorbing molecules was shown (12) to improve ablation by ns 
pulses. 

In this work, we have tried to relate the amount of polymer vaporized, to the 
instantaneous intensity of the laser pulse. Early measurements made by Srinivasan and 
Braren (£), showed that the amount of ablated material was a linear function of the 
logarithm of the total pulse energy. This was rationalized by a theory based on the static 
Beer's law (14). Recent and more extensive investigations (15-17) revealed new features 
of the etch curves that were not suspected before. This is mainly an important curvature 
which appears markedly for some polymers or wavelengths, as will be discussed below. 
This was accounted for by a dynamic theory (18) and we recently proposed an empirical 
model (19) which allows to extract from the experimental data, two parameters k and β, 
featuring the behaviour of the polymer at a given wavelength, k is the ablation rate 
constant and β is the screening coefficient that accounts for the attenuation of the laser 
beam from the gas ablation products. The latter is known as the screening effect, a 
phenomenon which was rather neglected in the past. Only one attempt from Koren (2Q), 
to evaluate the extend of a 248 nm beam attenuation by polyimide is recorded, but no 
data featuring each polymer was routinely measured, as with our model. 

From couples of values k and β, we can easily compare the different polymers and an 
attempt can be made to understand the influence of their chemical structure on their 
photoablative behaviour. Although the fitting of the experimental etch curves could not 
be approached perfectly at high fluence because of a presumed drastic change of 
mechanism, the ability to simulate these curves over a wide domain of fluence, is 
consistent with our dynamic model of the so-called "Moving Interface". With this model, 
photoablation appears more like a surface vaporization rather than an explosion. 
Furthermore ablation is the result of the competition between two conflicting sets of 
reactions, one being the photochemical or thermal dissociations of bonds and the other 
being recombinations of radical pairs or reformation of bonds. Most probably, these two 
types of events occur in the condensed phase as well as in the gas phase after ablation. 
During absorption, dissociation is predominant as long as the absorbed laser intensity is 
sufficient, but recombination becomes important as soon as the absorbed laser intensity 
falls under some threshold. After irradiation has ceased, heat relaxation occurs. It is 
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clear that the temperature plays an important role by favouring the formation and 
diffusion of radicals issued from bond breaking. As long as the incident laser beam is 
absorbed either by the plume of ablation products or by the surface, a fraction of energy 
is converted into heat and the temperature increases. At the end of the irradiation phase 
which lasts only about 20 ns, the dissociation reactions are only activated by the thermal 
energy, which is diffusing to the bulk of the polymer (a process which takes a few 
microseconds for a polymer). For this reason ablation stops but further chemical 
reactions take place in the plume of ablation products (dissociation, oxidation, radical 
coupling and polymerization). When these products are brought into contact with a 
surface a new polymer film can deposit, with a rate that we have probed, in vacuum, with 
the quartz crystal microbalance. The space distribution and the yield of deposition are 
studied as a function of polymer structure and experimental conditions. It is shown that 
the tendency to form a film is favoured by low fluences, by an increase of the background 
pressure and by cooling the deposit substrate. All this information is useful in 
understanding the mechanism of ablation as well as in the development of its 
applications. 

ETCH ANP DEPOSITION RAT

We first experimented with the Quartz Crystal Microbalance (QCM) in order to measure 
the ablation rate in 1987 (17). The only technique used before was the stylus profilometer 
which revealed enough accuracy for etch rate of the order of 0.1 μπι, but was unable to 
probe the region of the ablation threshold where the etch rate is expressed in a few 
Â/pulse. Polymer surfaces are easily damaged by the probe tip and the meaning of these 
measurements are often questionable. Scanning electron microscopy (21) and more 
recently interferometry (22) were also used. The principle of the QCM was demonstrated 
in 1957 by Sauerbrey (23) and the technique was developed in thin film chemistry, 
analytical and physical chemistry (24). The equipment used in this work is described in 
previous publications (25). When connected to an appropriate oscillating circuit, the 
basic vibration frequency (FQ) of the crystal is 5 MHz. When a film covers one of the 
electrodes, a negative shift OF, proportional to its mass, is induced: 

<5F = -2.3 xlO 6 F Q

2 (Om/A) with OF in Hz, F Q in MHz and <3m/A in g/cm 2 

If the mass load on the electrode is not uniform, a calibration is then necessary to account 
for the radial sensitivity of the vibrating device (Lazare, S.; Granier, V., unpublished 
results). The maximum of sensitivity is obtained at the centre of the electrode. This 
allows, for instance, etching over surface areas as small as a 2 mm diameter disc, with a 
minimum detectable mass of one nanogram. The calibration is performed in this case by 
using a fluence at which the ablation rate is known, in order to determine the sensitivity 
factor. 

Although quartz crystals are used in liquid media (2£) the limitations with solid films 
are twofold. This is on one hand the maximum thickness of the film and on the other hand 
the elastic modulus of the material. Both limits are related so that polymers having a low 
elastic modulus are accepted only in small thicknesses. A larger thickness dampens the 
acoustic vibration to such an extent that resonance is no longer possible. In good cases, 
thicknesses up to 10 μπι are measurable. Etching results in positive shifts (OF>0) 
whereas deposition gives negative shifts (<5F<0). 

AT quartz crystals, as those used in this work, are designed to display the smallest 
temperature dependence at room temperature, but frequency shifts due to temperature 
variation must be eliminated in order to get only the mass variation contribution. 
Although this is not a major problem, low laser repetition rates are systematically used, 
therefore avoiding any possible heat accumulation. 
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The excimer laser was a Lambda Physik EMG 200E, equipped with a stable resonator 
and for the ArF, KrF and XeF radiations respectively at 193,248 and 351 nm. The fluence 
is varied either by lens focusing or by attenuation with silica plates. The central part of 
the beam is usually used. For a given fluence, a record of frequency versus number of 
pulses is achieved and the average etch rate (etch depth per pulse) is obtained by linear 
regression. As previously reported (25), for low fluence it is commonplace that the etch 
rate varies by an incubation process. The initial etch depth is characteristic of the virgin 
polymer. A precise determination of the ablation threshold can be achieved by using the 
linear variation of etch depth with low fluence values. Fig. 1 shows etch curves in the 
above threshold region for several polymers. The various intercepts give a convenient 
and precise way of measuring threshold f luences. 

The plot of etch depth versus logarithm of fluence or etch curves for different 
polymers and wavelengths are displayed in Fig.2. A quasilinear variation with fluence is 
denoted by a gradual curvature on the log plot, for fluences immediately above the 
threshold. As seen below, this is due to a moderate screening effect. Most of the incident 
radiation goes to the solid polymer to perform ablation. As the fluence increases  a 
portion of straight line is reache
those having low screening th
polymers, environmental effects on etch rate have been seen. One is due to the presence 
of oxygen which can modify the etch rate by attacking the excited surface. This was 
observed for polycarbonate and polystyrene at 248 nm (25). The second is due to the 
background pressure which can favour the products redepositing on the ablated surface. 
Then a difference between vacuum and atmospheric pressure etching is observed (27). 
This was strongly visible for polystyrene and poly (α-methyl styrene). 

The deposition rate measurements were done in a vacuum chamber (10"̂  torr). The 
polymer was irradiated through a silica window and the products deposition rates were 
probed by a series of 6 quartz crystals placed on a quarter of a circle (radius 4 cm) 
centred on the target. The fluence was varied with the aid of a spherical lens placed 
outside the chamber. In this configuration, each mass sensor gives one experimental 
point of the curve giving the deposition thickness as a function of ejection angle. The 
integration of this curve over the half space faced by the irradiated polymer surface leads 
to the total amount of material deposited. Knowing the etched volume, the yield of 
deposition can be inferred precisely (results are given below). 

SCREENING EFFECT AND ABLATION RATE CONSTANT 

The screening effect by the gaseous ablation products is a consequence of the high rate of 
ablation which takes place within the irradiation of the laser pulse (20 ns), and tends to 
reduce the ablation depth. With our "Moving Interface" model the absorption of the 
products is characterized by a coefficient β, assumed constant. The optical thickness of 
the plume of products is equal to βχ, χ being the etch depth at time t. The attenuation of 
the incident intensity is therefore IQ(t)e"^x , The fitting of the experimental etch depth 
versus fluence Q2), by integration of the kinetic law of the "Moving Interface" (2b) 
v = k(I0(t)e""x(tMt) over the period of time during which the intensity is greater that I t, 
provides the two parameters k and β. k is the ablation rate constant and represents the 
speed of the interface ablating under an intensity equal to lMW/cm^ +It. k may also 
represent the mass of ablated polymer per unit of time. These two definitions are 
proportional and the linear speed (12) is obtained by dividing the mass rate (ng.ns" 

. M W . c m 2 ) by the density of the polymer when available. 
The theoretical curves are the solid lines displayed in Fig.2 and it can be seen that the 

agreement with the experimental data is good over a large range of fluence from the 
threshold region up to a fluence of several joules per cm2. At high fluence a sharp 
increase of the experimental etch depth is not reproduced by the model. This point is 
discussed in the next paragraph. The screening coefficients β and ablation rate constants 
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Figure 1. Etch rate showing the linear dependence on fluence at low intensity. Key: +, PS, 
polystyrene at 193 nm; o, PC, polycarbonate at 193 nm; · , PC at 248 nm; and • , NC, 
dinitrocellulose at 193 nm. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



416 POLYMERS IN MICROLITHOGRAPHY 

0.5 r 

«Λ 0.4-
8. 
i 0.3. 

X Ι  0.2. 
Ο. UJ Û 

0.1 -
X 

0.1 -
μ 1-UJ OL 

a) POLYSTYRENE 

193 nm 

-CH—ÇH— ), 

6 " ^ 

101 102 103 104 105 

FLUENCE ( m J / c m 2 ) 

DINITROCELLULOSE 

ΟΝΟ OH 

FLUENCE < m J / c r r / ) 

FLUENCE ( m J / c m 2 ) 

Figure 2. Etch depth vs fluence: a, PS, 193 nm; b, dinitrocellulose, 193 nm; c, 
polycarbonate, 193 nm; and d, polycarbonate, 248 nm. 

In Polymers in Microlithography; Reichmanis, E., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



25. L A Z A R E & G R A N I E R Mechanism oj Polymer Photoablation 417 

k for a selected set of polymers are given in Table I. Accuracy of the fit (better than 1%) 
and uncertainty on etch depth have been reported elsewhere (19). The ablation 
parameters β and k show a strong dependence on both wavelength and polymer structure 
(discussed below). In general, the shortening of the wavelength gives higher k and B. For 
instance, this is particularly obvious for polyphenylquinoxaline (12) which has been 
studied at several wavelengths (see Table I). B, the mean high intensity absorption 
coefficient of the products, is consistently higher at shorter wavelength. For the same 
polymer, variation of k with wavelength denotes a change of the efficiency of the 
corresponding photon (quantum yield). It is generally found that a shorter wavelength 
has a better ablation efficiency. This is in agreement with the idea that the corresponding 
high energy photon has more power to directly break a bond. Here a more detailed 
modelling will be developed to fully explore the significance of this strong wavelength 
dependence of k. 

Table I. Ablation parameters of various polymers 

193 nm 248 nm 

POL. a 

i t b ac fid k e ac fid k e 

PET 1.4 3.0 1.16 303 1.96 1.60 0.46 348 
PBT 1.61 2.80 1.04 313 3.92 1.70 0.38 540 
PPfO 1.26 0.65 2.4 152 2.24 0.37 0.54 166 
PI f 1.12 4.2 1.86 254 3.78 2.2 0.51 264 
BPPC 1.33 5.5 1.42 216 2.73 0.1 0.36 164 
PS 0.77 8.0 1.69 155 2.8 0.06 0.31 136 
P4tBS 1.0 8.4 2.84 338 
PaMS 1.05 8.0 1.21 245 
NC 1.75 1.8 0.38 1137 
PES 3.4 0.14 0.0 2348 

PPQ at 351 nm > i t b = 3.4, ac = 0.27, B d = 0.17, k e = 113 

PIf at 308 nm, it b= 3.5, a c = 1.0, B( d= 0.105, k e = 130 

a PET = poly(ethylene terephthalate), PBT = poly(butylene terephthalate), PPQ = 
polyphenylquinoxaline, PI = polyimide, BPPC = polycarbonate, PS = polystyrene, P4tBS 
= poly(4-tert-butylstyrene), PaMS = poly(a-methylstyrene), NC = dinitrocellulose, PES 
= poly(ethylene succinate) 

b Threshold intensity (MW/cm2) 
c Low intensity absorption coefficient (10̂  cm"*) 
d Ablation products attenuation coefficient (10̂  cm"*) 
e Ablation rate constant (ng.ns"*.MW"*.cm2) 
* Experimental data taken from ref 16 
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HIGH FLUENCE MECHANISM 

At very high fluence (>3-5 J/cm2), some polymers display a sharp increase of the etch 
depth which is not predicted by the model that describes the low fluence behaviour. This 
is clearly demonstrated by the 193 nm etch curves of polycarbonate and polystyrene 
(Fig.2). This phenomenon was already observed with the ablation of polyimide (28) and 
was attributed to the appearance of a dominant thermal mechanism. This is not so clear 
to us, since a plasma assisted etching may also operate, like in the case of metals or 
semiconductors (29). It has been observed in these conditions of high fluence, that 
polymers that strongly deviate from the model, exhibit constantly a large β coefficient. 
Conversely, polymers with negligible β like dinitrocellulose do not deviate from the 
theoretical curve of our model. Large β coefficients give rise to a strong attenuation of 
the incident laser beam and therefore to a large deposition of energy (2fc) in the gas 
phase products. A plasma regime may ensue, giving rise to a new interaction mechanism 
with the polymer surface. In order to develop this point of view more experimental work 
has to be performed. 

ROLE OF POLYMER STRUCTUR

From the work of Srinivasan and Braren (5) we know that the kinetics of organic 
materials ablation depends on their chemical structure. This dependence should not be 
confused with the absorptivity of the polymer, difficult to evaluate at laser intensity 
because it is the combination of several non-linear effects. In principle, two polymers of 
different chemical structures having similar laser beam absorptivities are not expected to 
have identical ablation kinetics parameters. Polystyrenelike polymers (PS, PaMS, 
P4tBS), whose repeat unit bears the same chromophore display quite different ablation 
rate constants (Table I), revealing that the degradation pathways are strongly influenced 
by a slight change of structure. 

The definition of the ablation rate constant k allows an easy comparison of the 
different polymer structures, since it represents the amount of material vaporized, by the 
same quantity of energy above the threshold (lMW/cm 2). In order to go into a more 
detailed analysis, several working hypotheses are being examined, like for instance: bond 
energies, aromatic contents, oxygen content, thermal stability of the polymer. For 
aromatic polymers, the results (β and k) are plotted in Fig.3 as a function of aromatic 
content (mass % of aromatic carbon atoms). A nearly linear correlation is found and 
shows that the ablation rate constant k (Fig.3a) decreases linearly with the aromaticity. 
The presence of aromatic bonds, having larger energy than single bonds, tends to 
decrease k probably because they must absorb several photons to break up. This 
multiphoton process takes a longer time than the one photon breaking of a single bond. 
As the solid becomes richer in aromatic bonds, its ablation is then made more difficult 
and this results in smaller values of k. As a result, single bonds are first and preferentially 
broken and most of the aromatic moieties must desorb probably untouched. This effect is 
revealed by the coefficient β which increases linearly as in Fig.3b as the polymer becomes 
richer in aromatic rings. The exception of poly-t-butylstyrene is however to be noted and 
has not received any explanation yet. 

Conversely, it is believed that non aromatic polymers NC and PES, ablate much faster 
than aromatic ones, as shown by the k values of Table I, because single bonds are 
statistically broken with one photon only. Besides, the higher ablation speed cannot be 
accounted for by a presumed higher absorptivity, since it is suggested to be lower by low 
intensity absorption coefficients displayed in Table I. 

The thermal stability of the polymer is an interesting criterion for one to develop because 
several authors have considered photoablation as proceeding through a purely thermal 
degradation. Polyimide and polyphenylquinoxaline, two polymers of the thermostable family, 
are stable up to a temperature of approximately 500e. As seen in Figure 3a, they display quite 
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Figure 3. Ablation parameters at 193 nm for various polymers: a, rate constant k\ and b, 
screening coefficient β. See Table I for acronyms. 
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different ablation rate constants. Polyphenylquinoxaline is the slowest polymer to ablate 
and this indeed is in good agreement with the concept of thermal ablation. But polyimide 
is much faster to ablate although having a similar thermal stability. It is even much faster 
than polystyrene which is known to be very thermolabile. This shows that the concept of 
thermal degradation mechanism of ablation cannot alone account for these ablation data. 

As mentioned above the presence of oxygen in the molecular structure of the polymer 
is thought to facilitate ablation, since it should readily give very stable products like H 2 0 , 
C 0 2 and CO (2),(2). This only led to a poor correlation between k and the oxygen 
content of the polymer. Poly(ethylene succinate) whose repeat unit ( - C H 2 - O 2 C - C H 2 -
CH 2 -C07-CH 2 -) is highly oxygenated and contains two potential C 0 2 , displays the 
highest aolation rate constant known today (k = 2350 ng.ns"l.MW"*.cm2). Surprisingly, 
dinitrocellulose that contains more oxygen (57%), has a lower rate constant (1137 ng.ns" 
l.MW'l.cm 2), probably this is because some of these oxygen are linked to nitrogen 
rather than carbon as in poly (ethylene succinate). Much effort has to be focussed on the 
understanding of these intriguing differences. 

P R O D U C T S P E P Q S I T Q N R A T

The deposition reaction of the ablation products when they hit a surface, was early 
recognized (2Q) to be one of the obstacles to the development of photoablation for 
microlithographic purpose. However some new horizons in thin film synthesis by pulsed 
laser evaporation, pushed many groups (21) to investigate the features of these new 
reactions. This may in fact give information on the ablation mechanism. Fig.4 shows the 
spatial distribution probed with the microbalance of the deposition obtained for the 
ablation of polyphenylquinoxaline at 248 nm. The curve gives the mass of material 
(accumulation of 600 pulses) deposited as a function of the angle θ between the normal 
to quartz surface and the normal to the ablated polymer surface. It can be fitted with a 
mathematical expression like t = tQcos ne where tQ is the thickness at θ = 0 and it was 
shown that η is a parameter that describes the directivity of the distribution and it is 
dependent on fluence, background pressure, polymer structure and wavelength. By 
integration of t(G) over the half space into which the ablation products are desorbed one 
may know the total amount of products deposited and this can be compared to the mass 
of ablated polymer, known from the ablation curves, to give the yield of the deposition 
reaction. A few examples of yields (193 nm) are displayed in Fig.5 as a function of 
ablation depth. Fig.5 really shows that the polymer structure strongly influences the yield 
of deposition. Aromatic polymers tends to deposit more easily than others like 
poly(ethylene succinate) which are more likely to give non reactive products like C O 2 . 
For all polymers the yield decreases by increasing the ablation rate. Higher ablation rates 
are necessarily accompanied by an increase of the kinetic energy of the products and a 
more intense attenuation of the laser radiation, which leads to smaller fragments, 
unfavorable to an efficient deposition. An increase of the background pressure results 
also in better yields. 

The variations of yield with the experimental conditions provide a rapid information 
on the reactivity and nature of the ablation products, which are difficult to study by 
others means. Products are formed in a large distribution. They are expelled from the 
surface with a very high kinetic energy, they absorb many photons and are fragmented 
into smaller ones during their flight in the laser beam. It is clear that stable molecules 
eventually formed during ablation like H 2 O , C O 2 , CO, H 2 etc.. account for the amount 
of the material that does not deposit. Therefore the structures of ablated and deposited 
polymers are in general different. However, aromatic moieties are commonly found in 
the deposited material, showing that they easily survive to the laser photolysis. 
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ANGLE ( β ) 

Figure 4. Deposited thickness measured with the microbalance as a function of ejection 
angle. Polyphenylquinoxaline at 248 nm, 200 mJ/cm2, 600 pulses, pressure ='10~5 torr. 
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Figure 5. Yield of deposition as a function of ablation depth for various polymers. See 
Table I for acronyms. 
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CONCLUSIONS 

The photoablation behaviour of a number of polymers has been described with the aid of 
the moving interface model. The kinetics of ablation is characterized by the rate constant 
k and a laser beam attenuation by the desorbing products is quantified by the screening 
coefficient B. The polymer structure strongly influences the ablation parameters and 
some general trends are inferred. The deposition rates and yields of the ablation 
products can also be precisely measured with the quartz crystal microbalance. The yields 
usually depend on fluence, wavelength, polymer structure and background pressure. 
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Chapter 26 

Mechanism of UV- and VUV-Induced Etching 
of Poly(methyl methacrylate) 

Evidence for an Energy-Dependent Reaction 

Nobuo Ueno1, Tsuneo Mitsuhata1, Kazuyuki Sugita1, and Kenichiro Tanaka2 

1Department of Image Science and Technology, Faculty of Engineering, 
Chiba University, Yayoicho, Chiba 260, Japan 

2Photon Factory, National Laboratory for High-Energy Physics, Tsukuba, 

We performed a mass spectroscopic study of the 
vaporized species generated during ultraviolet (UV) and 
vacuum ultraviolet (VUV) irradiation of poly(methyl 
methacrylate) (PMMA), and found a remarkable difference 
between the spectra measured during UV and VUV 
irradiation. In the case of VUV irradiation, mass 
peaks were observed, which can be ascribed to products 
of the direct main-chain scission of PMMA. The results 
are explained by an energy-dependent and site-selective 
photochemical reactions in PMMA. The present finding 
indicates that the use of energy dependent 
photochemical reactions is potentially useful in the 
photoetching of polymer resists. The effects of 
temperature and oxygen gas on the photoetching of PMMA 
are also described in this article. 

Among a variety of etching techniques in microlithography, photo-
induced etching is becoming important as a non-destructive method. 
High energy photons, i.e. synchrotron radiation including soft X-ray, 
were used for the etching of various materials, and found to be 
useful in microlithography (1-3). 

In general, the absorption coefficients of solids consisting of 
light elements tend to increase with photon energy and reach a 
maximum in the photon energy range of about 10 - 30 eV [vacuum 
ultraviolet (VUV) region]. For photo-induced etching, large 
penetration depth of the incident light into materials is not 
required. Hence, we can realize more rapid etching by an effective 
use of VUV light which is absorbed at the surface region. Further, 
we expect a different photochemical reaction by VUV irradiation, 
since VUV can excite solids to higher energy states. In fact, Ueno 
et a l . (4) showed the efficacy of VUV in photoetching of Si (100) and 
PMMA [poly(methyl methacrylate)] using a conventional light source. 

In the case of PMMA, for example, VUV excites electrons 
localized along the polymer backbone as well as those in the side 
chain, while UV excites only the π electrons in the side chain. The 
absorption coefficient in the VUV region is more than several 
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hundreds times larger than that in the UV region (see Figure 1) (5.) . 
Thus, we can expect more effective reactions which produce volatile 
species by VUV-induced main-chain scission. The use of such energy-
selective or site-selective reactions (6) would become more important 
not only for the photoetching applied in the fabrication of 
semiconductor substrate but also for resist technology (7,8) in 
microlithography. 

We present here the results of a mass spectroscopic study of the 
vaporized species produced during UV and VUV irradiation of PMMA. A 
difference was observed between the mass spectra of the vaporized 
species produced by the two methods of irradiation, indicating direct 
main-chain scission induced by VUV absorption of PMMA. Further, the 
effects of heating and introduction of oxygen on UV etching w i l l be 
described. 

Experimental 
We used two experimenta
of species resulting from
(Figure 2a), including the studies on the effects of heating and 
introduction of oxygen on the etching reaction. The inner surface of 
an etch tube was coated with PMMA (thickness < 0.1 mm) and irradiated 
with the UV light of a commercial D 2 lamp (Original Hanau D200F) 
after f i l t e r i n g by a quartz window. Thus the film was exposed to UV 
light (hv < 6.8 eV) in high vacuum. The vaporized species produced 
by this exposure were introduced into the main vacuum chamber of a 
mass spectrometer and analyzed by a QP mass f i l t e r (ULVAC MSQ-150A) 
after ionization by 70 eV e~ bombardment. A light shutter was placed 
between the light source and the window. The film could be heated 
and i t s temperature was measured with a thermocouple attached to the 
etch tube. For the etching experiment under oxygen, we introduced 
oxygen gas (>99.99%) into the etch tube at a pressure of 10~2 Torr. 
Method Β (Figure 2b) was used for VUV etching of PMMA. The light 
source for this setup was a capillary-gas-discharge lamp (9). The 
lamp was mounted on the main chamber with a differential pumping unit 
and a light shutter. In this experiment, hydrogen gas was used for 
the discharge, since i t can emit intense VUV light in the wavelength 
region of 85 - 167 nm (7.4-14.5 eV) (10). The light emitted from 
the discharge lamp was collimated by two glass tubings of an inner 
diameter of 1 mm, and irradiated the surface area of a specimen of 
about 4 mm in diameter. As shown in Figure 1, these photons can 
excite the main chain of PMMA. A PMMA film (thickness< 1 μπι) spin-
coated on a Si wafer was placed on the rotatable sample holder. Both 
heater and thermocouple were mounted on the sample holder. For a 
direct comparison of etching products produced by UV and VUV 
irradiation, we also used this setup for UV irradiation by simply 
exchanging the capillary-discharge lamp for the D2 lamp. The light 
power density at the sample position was measured with a thermopile 
to be 33 mW/cm2 for UV and less than 0.02 mW/cm2 for VUV. The 
temperature rises of the PMMA films resulting from the absorption of 
photons were negligible. Although the intensity of VUV was much 
weaker than that of UV, the vaporized species by VUV irradiation to 
PMMA were detected. This can be ascribed to the large absorption 
coefficient of PMMA in the VUV region (see Figure 1). For example, 
the penetration of VUV (Lyman α, λ=121.6 nm) into a PMMA film is 
compared in Figure 3 with that of UV ( λ=213 nm) . 
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Figure 1. Absorption coefficient of PMMA. The energy regions 
are illustrated for main-chain and side-chain excitations. 
(Reproduced with permission from ref. 5. Copyright 1978 
American Institute of Physics.) 
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Figure 2. Experimental setups for the mass analysis of vapor 
products a, with etch tube. Continued on next page. 
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( b ) METHOD Β 
Figure 2. Continued, b, With rotatable sample holder. 
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Figure 3. Attenuation of UV and VUV light in PMMA film. 
: UV (λ =213 nm). — : VUV (λ =121.6 nm) . The intensity of 

light before and after absorption is I 0 and I, respectively. 
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Results and Discussion 

UV Etching. A typical mass spectrum of the vaporized UV etching 
products is shown in Figure 4, together with a background spectrum 
obtained without UV irradiation. The comparison clearly shows that 
UV irradiation causes an increase in intensity for various mass 
peaks. For example, the intensity of the peaks of m/e=15, 31, 59 and 
m/e=41, 69 increased drastically by UV irradiation. The former three 
are due to side-chain scission caused by UV absorption at the C=0 
unit, while the latter two are due to main-chain scission initiated 
by side-chain scission (11). The structure and mass numbers of 
typical vaporized species are shown in Table I. From here on, we use 
the spectral intensity after the background is subtracted. 

Figure 5 shows the time dependence of the spectral intensity for 
m/e=31, 41, 69 and 100
species of larger mass number
that for the smaller species. This means that the species of m/e=41 
and 69 are not dominated by the fragments of MMA monomer (m/e=100) 
due to the e" bombardment in the ionization chamber but by the 
etching products vaporized from the PMMA film, since the fragments 
produced by the e~ bombardment of MMA should show similar time 
dependence to that of MMA+. The difference in the time dependence of 
the spectral intensity for the species with different mass numbers 
tended to be smaller when PMMA was irradiated at higher temperature. 
The tendency can be ascribed to the more rapid increase of the 
diffusion constants for species of larger mass number in PMMA with 
increase in temperature. Such a consideration is supported by 
experimental results that the etch rate increased with the film 
thickness and with temperature in the photoetching of the positive-
working resist (12-15), where the diffusion of decomposed species in 
the film plays an important role. In passing, we note that the 
intensity of MMA monomer ion was about 10^ times larger at 90°C 
than at 50°C, while the intensity of peaks of lower mass numbers due 
to side-chain scission did not show a comparable increase. In Figure 
6, the drastic increase of the species due to main-chain scission as 
a result of heating is shown; the increase of the species generated 
by side-chain scission i s also shown for comparison. We consider 
that the drastic increase in intensity of MMA+ is a result of 
effective unzipping reaction in vacuum occurring even at 90°C which 
is sufficiently lower than the ceiling temperature Tc=164°C at 1 atm 
(16), since the vaporization of MMA reduces the concentration of MMA 
in the film followed by a reduction of Tc. 

Generally, the dominant mechanism of the UV etching of 
degradable polymer resist in the presence of oxygen is believed to 
be a reaction of polymer molecule with oxygen atoms produced by 
photodissociation of molecular oxygen (17). Therefore, i t is 
interesting to compare the mass spectra of the etching products by 
UV-irradiation to PMMA in vacuum and in oxygen gas. The results are 
shown in Figure 7, where the intensity variations of the mass peaks 
for m/e=44 (C0 2

+) and m/e=41 (ΟβΗβ*) are compared. A remarkable 
increase in intensity of mass peak of m/e=44 (C0 2

+) was observed upon 
UV irradiation in oxygen, while other species did not show comparable 
increases. That i s , the integrated carbon number in a l l of the 
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m/e 
Figure 4. Typical mass spectra before (lower) and during (upper) 
UV irradiation of PMMA at 50°C without 02 gas. 

Table I. Molecular structure and mass numbers of selected 
products by photoetching of PMMA 
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100 

EXPOSURE TIME (MIN) 

Figure 5. Intensity variations of mass peaks of m/e=31(ο), 41 (ο ) , 
69(D), and 100 (Δ) as a function of UV-exposure time of PMMA at 
50°C without 0 2. 

5 
to 
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Figure 6. Temperature dependence of sum of peak intensity for 
m/e=41, 69, 100 (products by main-chain scission + unzipping ) 
(•;50°C, β;90°Ο and for m/e=15, 28, 29, 31, 44, 59 (products 
by side-chain scission) (o;50°C, #;90°C). 
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Figure 7. Intensity variations of mass peaks of m/e=44 (CC>2+) (a) 
and m/e=41 (C3H5+) (b) as a function of UV-exposure time for PMMA 
with and without Ο2 gas . · , A :With 0 2 gas . ο , Δ -.Without 0 2 

gas. Temperature of the sample was 50°C. 
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vaporized species did not increase appreciably by introducing oxygen 
gas during UV irradiation to PMMA. We conclude that reactions of 
PMMA with oxygen during UV irradiation do not play major role in the 
etching reaction under the pressure range used in our study. 

From the above results, the main UV-etching reactions of PMMA 
are considered as follows, 

CH CH CH 

-CH -C- + C=0 2 * 
Ο 
I 

-CH -C- + CH =C-
2 ι 
C=0 

CH 

(1) 

CH CH 

-CH -C- + Ο 
2 , 

C=0 CH 

with Ο, Ο 

-CH -C- + CH =C 

C=0 
I 
Ο 
I 
CH 

CH 

C=0 

-CH -C-
2 , 

CH 

-CH -C- + C=0 2 · 
C=0 
I 

ο 

(2) 

(3) 

VUV Etching. As in the case of UV etching, we found that the mass 
spectral pattern changed with VUV-irradiation time. The results are 
shown in Figure 8, where the contribution of the background i s 
subtracted. Further, the comparison of mass spectra during VUV and 
UV irradiation without oxygen gas is shown in Figure 9. A clear 
difference was observed between the mass spectra observed for UV and 
VUV irradiation. The main difference is that the species of m/e=55 
and 83 were clearly observed for VUV irradiation. Such intense peaks 
of m/e=55 and 83 were never observed in the decomposition of PMMA by 
UV irradiation and heating. The structure of these species is shown 
in Table I. We ascribe the appearance of these species to the 
results of direct main-chain scission by the electronic excitation of 
the main chain by VUV absorption in the following ways, 
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Figure 8. Time dependence of mass spectra of vaporized products 
during VUV irradiation to PMMA at 30°C. The time after the 
switch-on of the irradiation is indicated in the figure. The 
intensity is 10 times enlarged above m/e=60. 
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Figure 9. Comparison of mass spectra of vaporized products by VUV 
(lower) and UV (upper) irradiation of PMMA. The intensity is 10 
times enlarged above m/e=60. 
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Anthracenes 
photobleaching chemistry of polymers, 

332-346 
rate equation, 339 

Antireflective coatings, description, 13 

Β 

Benzylic ethers and polyethers, thermolytic 
cleavage, 103,104,105/ 

Bilevel processing, description, 18 
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photopolymerization, 308,312f 
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wavelength dependence of 

photopolymerization, 308,31Qf 
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definition, 334 
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Block copolymers 
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mechanism, 7 
Circuit densities, increase via improvements 

in technologies, 27 
Contact printing, use for device 

production, l,3i 
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Contrast-enhanced lithography 
categories of photobleachable dyes, 

319-320 
description, 319 

Contrast enhancement materials, 13,15/ 
Contrast for resist, determination, 4,5/ 
Conventional photolithography, technological 

alternatives, 3 
Conventional positive photoresist, 9,lQf 
Copolymer approach to sensitive deep-UV 

resist system design 
CF 4 etching of copolymers and reference 

polymers, 68,72f 
cross section of negative images, 68,6Sjf 
cross section of positive and negative 

images, 68,71/ 
deep-UV contrast curves, 65,69f 
differential scanning calorimetry
dry etch resistance, 68,72/" 
experimental materials, 58,60 
experimental measurements, 58-59 
GC-MS, 59,63/ 
IR spectra, 65,67/ 
lithographic evaluation, 59 
resist imaging, 65 
scanning electron micrographs of negative 

images, 68,71/ 
scanning electron micrographs of positive 

and negative images, 68,70/* 
structure of two-component copolymer 

resist, 68,72f,73 
thermal gravimetric analysis, 

59,61/65,66/" 
UV spectra, 65,67/ 

0-Cresol—novolac, evaulation as planarizing 
layers, 260-262*,263 

D 

Deep-mid-UV systems, 3-4 
Deep-UV photolithography, 27-28 
Deep-UV resist 

performance criteria, 40* 
properties, 58 
system design, 58-72 

Deep-UV sensitive dissolution inhibitors, 
examples, 9 

Developer, selection, 6 
Diazonaphthoquinone-novolac resists, 58 
Diazonium salts 

application to photoacid generators, 
327,329330/ 

application to two-layer resist 
system, 322327,328/" 

chemical structures, 320,323* 
contrast-enhanced lithographic dye, 

320-321 

Diazonium salts—Continued 
exposure curves of positive photoresist 

with and without diazonium 
salt-contrast-enhanced lithography, 
322,326/" 

IR spectrum of photoproduct, 322,324/ 
lithographic evaluation, 320-321 
negative two-layer resist formation, 321 
NMR spectrum of photoproduct, 322,324/ 
photoacid generator formation, 321 
photobleaching curve, 322-325/ 
scanning electron microscopic photographs 

of resist patterns, 322,326/" 
synthesis, 320-322 
thermal stability, 322,323/ 
use as photosensitive material in 

photobleachable two-layer resist 

Dissolution inhibition resists, 8—10 
Dissolution of novolac resins 

activation energies, 373*,375/ 
characterization of copolymers, 366* 
contact angle measurement, 366 
dependence on base concentration, 

367*368-369/370* 
description of resins, 365* 
dissolution measurement, 366 
effect of added salt, 367,370*371/ 
effect of cation size, 370,372/373 
effect of chain mobility, 373-377 
effect of polymer inhibitors, 376-382 
effect of temperature, 373,374/ 
experimental materials, 365 
fitting by WLF equation, 373,376,377/ 
induction periods of blends vs. contact 

angles, 378,381/ 
IR and 1H-NMR measurements, 376* 
model, 378,383 
purification of materials, 365 
synthesis of resins, 365-366 
water diffusion, 366 
water uptake of polymer films, 378,38Qf 

Dynamic random access memory device, 
circuit density vs. size, 1 

Ε 

Electron-beam lithography 
limitations, 349 
use in device production, 3* 

Etching resistance of resist, definition, 4 

F 

Film acid analysis, experimental 
procedure, 36 
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Fluorescence spectroscopy, examination of 
laser-ablated polymers, 401 

G 

Gas-phase functionalization 
description, 189-190 
influencing factors, 190 
scheme for single-layer resists, 190,191/ 

Gas-phase functionalized resist schemes 
absorption spectrum, 205,207/ 
effect of polymer structure on TiCl4 

incorporation, 198 
lithographic sensitivity vs. amount and 

position of chlorine in polymers, 205* 
0 2 reactive-ion etching behavior

vs. Ti on film surface, 195,197
photooxidative imaging scheme, 202,204/* 
Rutherford backscattering spectra, 

200,201/202,203/ 
scanning electron micrograph, 205,206/* 
sensitivity curves, 202,205,206-207/ 
structures and functionalization nature of 

polymers, 202,203/ 
Ti concentrations vs. mole percent acetyl 

groups, 198,200* 
Ti incorporation vs. background pressure, 

195* 
Ti layer thickness vs. TiCl4 treatment 

time, 195,196*" 
GC-MS, chemically amplified resists, 42-43 
Gel permeation chromatography, chemically 

amplified resists, 43 

H 

High-molecular-weight polysilanes, 
lithographic potential, 123-130 

High-resolution, dual-tone resist materials, 
use of chemical amplification principle, 
ll,12f 

High-resolution lithography, exposure 
systems, 349 

Hydroxy-3-(aminoethanethiosulfuric acid) 
propyl phenyl ether 

concentration vs. photolysis time, 
296,298/" 

photolysis, 296,298/",299* 
quantum yields for disappearance, 

296,299* 
synthetic scheme, 283,286 

5-Hydroxy-l,133-tetramethylindan, 
formation, 46,49-50 

Imaging via thermolytic main-chain cleavage 
mechanism of cleavage of polyesters and 

polycarbonates, 101-103 
polycarbonates, polyesters, and 

polyethers, 101 
preparation of active polyformals under 

phase-transfer catalysis, 
104,106*,107-108/-

procedure for polycondensation under 
phase-transfer conditions, 109 

testing of polyformal as dry-developing 
imaging system, 106,10̂ r,109,llQf 

thermolytic cleavage of allylic and 
benzylic ethers and polyethers, 
103,104,105/ 

Kinetics, polymer etching in oxygen glow 
discharge, 210-231 

KrF excimer laser lithography 
development of negative deep-UV resist, 

270-278 
lack of high-resolution resist, 269-270 

Langmuir-Blodgett polymer films, See 
Ultrathin Langmuir-Blodgett polymer films 

Langmuir-Blodgett technique, preparation of 
ultrathin polymer films, 350 

Laser ablation of polymeric materials 
ablation mechanism, 405 
experimental materials, 401 
fluence dependence of relative intensity 

of excimer emissions, 405,407/ 
fluence-dependent luminescence spectra, 

403,404/ 
fluorescence characterization, 406,409 
fluorescence rise and decay curves, 

406,408/" 
fluorescence spectra, 405-406,407/ 
instrumentation, 401,402/",403 
polymers studied, 400-401 
Si-Si annihilation, 405 
temporal characteristics of luminescence, 

403,405 
Laser interferometry, 234-250 
Liquid monomer films, evaluation as 

planarizing layers, 256-257 
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Lithographie characterization of chemically 
amplified resists 

absorbance, 53* 
contrast, 53*,54/ 
differential solubility, 52 
performance, 51,52* 
scanning electron micrographs, 53,54/ 
sensitivity, 53* 

Lithographic evaluation 
chemically amplified resists, 43 
novolac-dimethyl siloxane block copolymers 

Auger depth profiles, 165,168/",169 
effect of block lengths on resolution 

capabilities, 170* 
effect of phenolic component's chemical 

structure on lithographic 
properties, 163 

experimental procedures, 159-16
materials characterization, 160 
molecular weight determination, 162*,163 
0 2 reactive-ion etching, 169*,170 
quantitative nature of silylamine-phenol 

reaction, 160,162 
SEM photographs, 170-173 
structure of copolymers, 160,161/ 
TEM, 165,166-168/ 
thermal characterization of copolymers, 

163,164-165* 

M 

Mass spectroscopy of UV- and vacuum 
UV-irradiated poly(methyl methacrylate) 

attenuation of UV and VUV light in film, 
425,427/ 

comparison of mass spectra of vaporized 
products, 432,434/ 

experimental procedure, 425,427/ 
experimental setups, 425,42̂ ,428*" 
intensity variations of mass peaks, 
428,43Qf,431/,432 

mass spectra of vaporized UV etching 
products, 428,42Sjf" 

molecular structure and mass numbers of 
photobleaching products, 428,429* 

temperature dependence of sum of peak 
intensity, 428,43Q/" 

time dependence of mass spectra of 
VUV-irradiated products, 422,433/ 

Merocyanine dye 
absorption spectra, 3031/ 
effect of bleaching on addition of 

fractional equivalents of TFA, 30,33/ 
Methylated melamine, structure, 89 
Microelectronics technology 

evolution, 1 
power delay product vs. year and cost per 

bit vs. year, 1,2*" 

Microlithography 
developments in technology, 3 
evolution, 1 
photolithographic trends, 1,3* 
size vs. year of commercialization for 

devices, l,2f 
Monomers, evaluation as planarizing layers, 

262-263*,264 
Multilayer lithography, role of polymer 

etching kinetics, 210-211 
Multilevel resist chemistry 

discussion, 13-19 
process sequences involving planarization 

techniques, 16,17/ 
Multilevel resist technology, description, 6 

Near-surface imaging, introduction, 189 
Negative deep-UV resist for KrF excimer 

laser lithography 
chemical structures, 270,272*" 
development, 270 
dissolution characteristics, 273,277/ 
dissolution kinetics, 273,276,277/ 
effect of alkaline concentration on 

contrast and sensitivity, 276,277/ 
effect of concentration on contrast, 

271,274f 
effect of concentration on exposure 

characteristics, 271,272** 
Fourier-transform IR spectra, 273,274/" 
lithographic evaluation, 271,276,278/" 
optimization of composition, 

271,272/",274/ 
preparation, 270 
scanning electron microscopic photography, 

276,278/* 
spectroscopic characterization, 

273,274-275/ 
UV spectra, 273,275/ 

Negative resists 
chemistry, 6 
classes of inherently cross-linking 

polymers, 7,lQf 
cyclized poly(ar-l,4-isoprene) 

resist, 6-7 
developer selection, 6 

Negative tone resists, three-component 
systems, 87 

Nonionic acid precursors based on 
nitrobenzyl ester photochemistry, 11,14/ 

Novolac resins 
dissolution model, 378383 
factors influencing dissolution, 364-382 
properties, 134 
role in microelectronic industry as 

positive photoresists, 364 
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Novolac-based negative resists 
acid concentration for cross-linking, 

96*,97 
acid concentration for cross-linking of 

resist films, 89-92 
Arrhenius plots, 93,94/ 
cross-linking activation energy 

determination, 90,93,94/95* 
cross-linking kinetics, 93,95 
effect of acid on lithographically useful 

cross-linking, 96i,97 
experimental procedures, 89 
lithographic characteristics, 95-96,97/ 
lithographic potential curve, 90,91/ 
scanning electron micrographs, 96,97/ 

Novolac-based resist, characteristics, 177i 
Novolac—dimethyl siloxane block copolymers, 

lithographic evaluation, 159-17
Numerical aperture steppers, improvement

size, 3 

Ο 

Oligosilane derivatives, absorption in UV 
spectral region, 116 

Optical lithography 
advantages as patterning method, 332 
limitations, 349 
pattern transfer processes, 333 
photochemical image enhancement, 333-346 
resolution aspects, 332-333 

Organic materials as planarizing layers 
comparison of planarization of films of 

positive photoresist, 
0-cresol—novolac, and 
poly(a-methylstyrene), 259,260f,261 

drawing of film profile over hole, 
254,255/ 

experimental procedures, 
254,25(̂ ,257̂ ,258 

factors influencing planarization, 257 
film shrinkage, 263i,264 
Τ measurement, 257 
r of films, 263i,264 
0 2 reactive-ion etching rate 

measurement, 257 
planarization achieved by thick films, 

261ί,262ί 
planarization achieved by unbaked and 

baked films, 257,258,259* 
planarization determination, 254,256 
property requirements, 254 
resin information, 256r 
schematic drawing of topographic 

substrate, 254,255/ 
Organic polymers 
bombardment-induced yields in pattern 

transfer regime, 218-219,22qf,221 

Organic polymers—Continued 
carbon atom yield vs. etching rate at 

constant plasma density, 
219,22(̂ ,221 

chemical etching regime, 212 
etching rate vs. bombardment energy flux, 

216,217/ 
ion beam studies, 212-214 
0 2 reactive-ion etching rate vs. pressure, 

216,217/218 
0 2 reactive-ion etching rate vs. self-bias 

voltage, 218,22Qf 
role of bombardment in pattern transfer 

regime, 215-218,220 
role of Ο atoms in pattern transfer 

regime, 214 
Organosilicon moieties, use in defining 

Organosilico  polymer
anomalous transport regime, 229-230 
diffusion-controlled regime, 224-225 
etching rates in steady-state regime, 

225-226,227/ 
etching regimes, 221-222 
kinetics of oxide growth, 222-223 
selectivity for etching organic vs. silyl 

novolac vs. bombardment energy, 
226,227/ 

silicon atom yield of novolac vs. 
bombardment energy, 226,227/ 

steady-state oxide thickness, 226,228-229 
transient regime, 223-224 
use as imaging layers in bilayer resist 

processes, 133 
Organosilicon resists, examples, 18,lSjf 
Oxygen reactive-ion etching of thin polymer 

films, quantitative analysis of laser 
interferometer wave form, 234-250 

Photoablation 
ablation parameters for polymers, 

417i,418,41Sy,420 
ablation rate constant, 414,417* 
amount of polymer vaporized vs. 

instantaneous intensity of laser 
pulse, 412 

capabilities, 411-412 
deposited thickness vs. ejection angle, 

420,421/ 
determination of extent of photochemical 

vs. thermal character of forces, 412 
effect of oxygen in molecular structure of 

polymer, 420 
effect of polymer chemical structure on 

photoablative behavior, 412-413 
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Photoablation—Continued 
effect of thermal stability, 418,420 
etch and deposition rate measurements by 

quartz crystal microbalance, 
413-414,415-416/" 

high fluence mechanism, 418 
product deposition rate measurements, 

420,421/ 
role of polymer structure, 418,41Sif,420 
screening effect by gaseous ablation 

products, 414,417 
yield of deposition vs. ablation 

depth, 418 
See also Ablative photodecomposition 

Photoacid generators 
application of diazonium salts, 

327,329-33Qf 
exposure curve, 327,329/* 
scanning electron microscopic photograph

327,33Qf 
Photobleachable resist system 

application of diazonium salts, 
322,327,328/" 

exposure curve, 322 
scanning electron microscopic photograph, 

327,328/" 
Photobleaching chemistry of polymers 

containing anthracenes 
bleaching kinetics, 334-341 
deep-UV exposure, 343-344,345-346/ 
experimental materials, 334 
experimental procedures, 334,336-338/ 
kinetic behavior of copolymers, 

336-337/340-341 
percent thickness remaining vs. incident 

energy, 334,337/ 
photoreactions under inert gas, 341-342 
second-order system as linear image 

transfer agent, 336/~,340 
sensitivity, 343 
sensitizer concentration effects, 

343,345/ 
transmittance vs. incident energy, 

334-338,345-346 
Photochemical image enhancement, 333 
Photochemically initiated depolymerization 

chemically amplified resists, 44-50 
gel permeation chromatograms, 46,47/ 

Photochemistry of polysilanes 
electron spin resonance spectra, 

121-122,124/" 
1,1-elimination, 122 
formation of silyl radicals, 121 
mechanism, 119 
quantum yields for polymer scission and 

cross-linking, 122-123,124/ 
source of hydrogen atoms in abstraction 

reaction, 121 
trapping products from irradiation, 

118-119,120* 

Photochemistry of polysilanes—Continued 
wavelength-dependence model, 121 
yield of adduct vs. irradiation 

wavelength, 119,12Qf,121 
Photoinduced etching, advantages, 424 
Photolithography, improvements, 39—40 
Photooxidation of polymers 

analytical methods, 194 
exposures, 193 
0 2 reactive-ion etching conditions, 194 
schematic of gas—solid reaction cell, 

194,196/· 
TiCl4 treatment procedure, 194 

Photoresist dissolution, importance in 
integrated circuit manufacture, 385 

Photoresist films, acid generation, 
30,32,33/34* 

influencing factors, 257 
unbaked and baked films, 258,259* 
unbaked films, 257,258* 

Planarization processes, schematic drawing, 
252,253/254 

Planarization techniques for multilevel 
resist schemes 

approaches to good local and global 
planarization, 16 

process sequences, 16,17/ 
transferring of defined image through 

planarizing layer to substrate, 16,18 
Plasma processes, effect on etching 

kinetics, 211 
Polyamide(s), resolution patterns, 314,317/ 
Polyamide isomers containing thymine 

photodimer 
photoreversal, 308,311,312/ 
structure, 306,307/ 

Poly[7-(amino-0-sulfonic acid) ether]— 
Continued 

concentration dependence on apparent 
viscosity, 285,287/ 

Fourier-transform IR spectra film, 
292,296,297/ 

isothermal weight loss of film, 290,293/ 
kinematic viscosity vs. time, 285,288/ 
percent transmission vs. time, 285,28Sî/ 
photolysis of films, 292,296,297/ 
synthetic scheme, 283-284 
thermal polymerization of films, 

290,291/293/ 
Poly[7-(amino-)0-thiosulfate) ether] 

decomposition and cross-linking of 
thiosulfate moiety, 292,294 

elemental analysis, 281 
experimental materials, 281 
Fourier-transform IR spectra of film, 

290-293,295 
images produced, 300-301/ 
instrumentation, 281-282 
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Poly[7-(amino-0-thiosulfate) ether]— 
Continued 

photolysis of films, 283,292-295 
preliminary examination of imaging 

characteristics, 296,300-301/ 
preparative photolysis, 282 
properties, 280-281 
quantitative photolysis, 282-283 
Theological behavior, 285,287-289/" 
synthetic procedures, 282 
synthetic scheme, 283-284 
titration, 285,286/" 
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thermally initiated depolymerization, 44 
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UV monitoring of acidolysis of polyether, 

109,111 
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photolysis, 304 
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discharge 
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models, 230-231 
bombardment-induced process, 211-212 
organic polymers, 212-221 
organosilicon polymers, 221—230 
problems with plasmas, 211 
role in pattern transfer step in 

multilayer lithography, 210-211 
Polymer(s) in microlithography 

multilevel resist chemistry, 13-19 

Polymer(s) in microlithography—Continued 
resist properties, 4 
single-level resist chemistry, 6-14 

Polymer refractive index, determination, 
235-240 

Polymer structure, role in photoablation, 
418,41̂ ,420 

Polymer swelling 
determination by solvent concentration 

profile, 385 
measurement, 385-386 

Polymethacrylates, thermal and 
acid-catalyzed deesterification, 59-60 
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resolution pattern, 314,316f 
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bases 
quantum yields, 306,308/ 
structure, 304,305/ 
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derivatives 
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photosensitivity spectra, 313-314,315/ 
structure, 306,30SJf 
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absorption coefficient, 424-425,426/" 
acid-catalyzed deprotection, 57-58 
high-resolution characteristics, 8 
mechanism of UV- and VUV-induced etching, 

424-425 
positive resist, 8 
preparation, 193 
sensitivity enhancement, 57 
solvent concentration profile, 387-397 
UV-etching reactions, 432 
VUV-etching reactions, 432,435 

Poly(a-methylstyrene) 
chain scission and depolymerization, 46 
evaluation as planarizing layers, 

261/,262 
Poly(olefin sulfones), chain scission 

positive resists, 8 
Poly(phthalaldehyde), preparation and 
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potential reactions, 134,135/ 
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structure of stable polysilane, 136,139/" 
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thermal stability, 147,149/" 
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s t n , c , u r e , m i 3 5 / A m e r i c a n Chemical 
Library 

1155 16th St., N.W. 
Washington, D.C. 20038 

Polysiloxanes with phenolic group bonded 
to Si—Continued 
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Poly(styrene-sulfone), chain scission and 
depolymerization, 46 
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definition, 8 
dissolution inhibition resists, 8-9 
mechanism of action, 8 
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influencing factors, 50-51 
postexposure thermal treatment process 
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temperature of postexposure bake, 51 
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Pyrimidine-containing polymers, reversible 

photoreaction, 304 
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materials 
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instrumentation, 306 
lithographic sensitivity, 
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photodimerization, 306-308 
photoreversal of photodimers, 308-312 
resolution evaluation, 314,316-317/ 

Pyrimidine photodimers, photoreversal, 
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interferometer wave form 
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amplitude reduction factor and 0 2 

reactive-ion etching rate, 245,246* 
amplitude reduction factor and self-bias 

potential vs. power density, 243,244/ 
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basic film model, 235,236/ 
calculation of polymer refractive index, 
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Quantitative analysis of laser 
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experimental procedure, 240,241/,242 
influencing factors, 250 
0 2 reactive-ion etching interferogram, 

237,241/ 
polymer refractive index determination, 

235-240 
reactive-ion etching—laser interferometer, 

240,241/242 
scanning electron micrographs of etched 

films, 246,247,248/ 
surface roughness of etched films, 

243,245* 
wave form dependence on concentration, 

235,236/" 
Quantum yield, determination for acid 

generation, 32,34 
Quartz crystal microbalance 
etch depth vs. fluence, 414,416/" 
limitations with solid films, 413 
linear dependence on fluence at low 

intensity, 414,415/ 
measurement of ablation rate, 413—414 
theory, 413-414 
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Reflectance 
definition, 235,237 
shape of R vs. time curve, 235,236/ 

Resins, evaluation as planarizing layers, 
257-262 

Resist 
contrast curves, 4,5/ 
etching resistance, 4,6 
resolution and sensitivity, 4 

Resolution of resist, definition, 4 

Screening effect 
description, 412 
gaseous ablation products, 414-417 

Sensitivity for negative and positive 
resists, defined, 4 
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absorption intensity relationship, 

182,184/185 
application to near-UV lithography, 177 
characteristics, 177* 
electron beam lithography, 177,179 
excimer laser lithography, 179,183/ 
experimental materials, 185,187 
image reversal chemistry, 182-186 
IR absorption changes of diazo groups, 

182,183/ 

Silicon-based positive photoresist—Continued 
IR absorption changes with monofunctional 

sensitizer, 185,18φ" 
lithographic procedure, 187 
measurements, 187 
preparation, 177 
scanning electron micrographs, 177-181 
sensitivity curves, 171,179,180-181/ 
UV absorption changes, 182,184/ 
X-ray lithography, 179,181/ 

Silicon-containing resists, 175 
Single-layer resist(s), gas-phase 

functionalization scheme, 190,191/ 
Single-level resist chemistry, 6-14 
Solution quantum yield 

determination for acid generation, 32,34 
experimental procedure, 36 

estimation of gel layer thickness, 386 
Solvent concentration profile of poly(methyl 

methacrylate) 
data analysis, 389,391,393/ 
estimation of methyl ethyl ketone solvent 

concentration profile in film, 
396,397/ 

experimental procedure, 387,388/" 
Fickian precursor in methyl ethyl ketone 

solvent concentration profile, 
394,395/396 

flow cell, 387,388/ 
fluorescence intensity vs. methyl ethyl 

ketone concentration, 394,395/ 
fluorescence quenching, 391-392,393/394 
interferometric trace, 389,39Qf 
methyl ethyl ketone diffusion coefficient 

vs. concentration, 392,393/394 
model, 394,395/396,397/ 
propagation, 389,391,393/ 
time profile, 389,390/" 

Submicrometer features in bilevel resist 
structures, definition, 158 

Substrate planarization 
need in etchback processing, 252 
schematic drawing, 252,253/254 

Τ 

Thermally initiated depolymerization, 
chemically amplified resists, 44,45* 

Thiosulfate-functionalized polymer, 
characterization, 280-301 

Three-component, aqueous-base developable, 
positive-tone resists, use of chemical 
amplification principle, 11,13,14/" 
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effect on etching selectivities, 190 
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use in organic-on-organic bilayer resist 

scheme, 190,192/" 
Time-resolved luminescence spectroscopy, 

molecular studies on laser ablation 
processes of polymeric materials, 
401-409 

Trilevel processing, description, 16,18 
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Ultrathin Langmuir-Blodgett polymer films 
electron beam exposure, 352 
electron beam lithography, 352,353/,354 
emission spectrum, 354,357/ 
excitation spectra, 354,358/~,359r 
experimental materials, 351 
film preparation, 351-352 
fluorescence measurements, 352-362 
optical exposure, 352 
optical lithography, 352,354,355-356/* 
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schematic representation, 354,36Q/*,361 
schematic representation of dyes, 

361,362/" 
substrate preparation, 351 

Ultrathin polymer films 
Langmuir-Blodgett preparation 

technique, 350 

Ultrathin polymer films—Continued 
obstacles in investigation, 350-351 
preparation on wafer surface, 350 

Ultrathin resists, technological advantages, 
349-350 

UV-induced etching of poly(methyl 
methacrylate), mechanism, 424-435 
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Vacuum UV (VUV)-induced etching of 
poly(methyl methacrylate), mechanism, 
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X-ray lithography, use in device 
production, 3t 
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Zwitterionic water-soluble thiosulfate 
polymer, synthesis and characterization, 
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