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ABSTRACT: The function of common, positive tone photoresist materials is based on radiation-induced
modulation of the dissolution rate of phenolic polymer films in aqueous base. The process through which
novolac and other low molecular weight phenolic polymers undergo dissolution is examined from a new
perspective in which the “average degree of ionization” of the polymer is regarded as the principal factor
that determines the rate of dissolution rather than a diffusive, transport process. This perspective has
been coupled with a probabilistic model that provides an explanation for the dependence of the dissolution
rate on molecular weight, base concentration, added salts, residual casting solvent, and the addition of
“dissolution inhibitors”. It predicts the observed minimum base concentration below which dissolution
is no longer observed, and it predicts a molecular weight dependence of that phenomenon. A series of
experiments was designed to test this predicted molecular weight response. The results of these
experiments are in good agreement with the predicted response.

Introduction

The continuing race to shrink the circuit elements of
microelectronic devices has captured the interest of both
the technical world and the general public. This race
to miniaturize provides both improved performance and
decreased cost. One of the key elements in this race is
the lithographic process that is used to define the
patterns of conductor, semiconductor, and insulator
materials that make up the devices. The lithographic
process, in turn, is based on radiation-induced changes
in the dissolution rate of thin photoresist films that are
formulated from phenolic polymers such as novolac or
poly(p-hydroxystyrene). It surprises many to learn that
the dissolution process upon which the multibillion
dollar microelectronics industry is based is very poorly
understood. Scientists and engineers understand Bril-
louin zones, band gaps, and signal propagation, and they
have accurate models based on fundamental under-
standing that allow them to predict accurately the
performance of devices before they are constructed.
However, there is no molecular level model with predic-
tive capability for the dissolution of phenolic polymers
in aqueous base, the process that is the key to their
fabrication.
There are actually several different regimes of poly-

mer dissolution, each of which demands a separate
model. The mechanism whereby polystyrene dissolves
in a good solvent is clearly very different than that
which controls the dissolution of poly(methyl methacry-
late), and both of these are different from the dissolution
of phenolic polymers in aqueous base. Of these pro-
cesses, only the first, dissolution of glassy polymers like
polystyrene, is reasonably well understood.
Peppas and co-workers have recently applied scaling

concepts1 to the description of the dissolution of poly-
styrene.2 Their theory proposes the initial formation
of a gel layer at the polymer-solvent interface that is
generated as the solvent diffuses into the film. Once

this gel layer is formed, it is propagated at constant
thickness through the polymer film as it dissolves. The
dissolution rate and the thickness of the gel layer are
dependent on the molecular weight of the polymer, and
the dependence can be accurately described by reptation
theory.2 Experiments in which polystyrene of high but
differing molecular weights was dissolved in methyl
ethyl ketone show excellent correlation between theory
and measurement. This description that works so well
for polystyrene fails when applied to poly(methyl meth-
acrylate). Ouano and Carothers have shown that poly-
(methyl methacrylate) dissolves without formation of a
significant gel layer except for the case of very high
molecular weight samples.3-6

It is tempting to apply the scaling approach to the
description of the dissolution of phenolic polymers in
aqueous base, but this is inappropriate for two reasons.
First, the material of greatest engineering interest,
novolac, has a degree of polymerization of about 10 and
a Mw of the order of 1000, far below the entanglement
molecular weight. Therefore, reptation models and
scaling theory do not apply to these materials.1 Sec-
ondly, and more importantly, when phenolic polymers
dissolve in aqueous base, they undergo a chemical
reaction. The substance in solution, a polyion, is very
different from the polymer in the glassy film, a polyol.
The “dissolution” of novolac films may be best described
as “etching” in the sense that this term is used to
describe the “dissolution” of copper in nitric acid or the
“dissolution” of quartz in hydrofluoric acid. In these
examples, the starting material is essentially insoluble
in the solvent (water) but is converted into a soluble
species through a chemical reaction. We believe that
the dissolution of novolac in aqueous base is more like
the dissolution of copper in nitric acid than it is like
high molecular weight polystyrene dissolving in methyl
ethyl ketone.
The dissolution of phenolic polymers in aqueous base

is obviously a fairly complex process, the rate of which
depends on a number of variables. The influence of a
number of variables on dissolution rate has been
quantified, and any really useful model of the process
must account for at least the sense or trends of the
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measured responses. For example, the dissolution rate
is inversely related to the logarithm of the molecular
weight, and the slope of this relationship is always
negative but varies from -0.3 to about -3.0, depending
on the experimental conditions and the exact nature of
the polymer.7-11 The rate is strongly dependent on the
pH of the developer, increasing nonlinearly with in-
creasing pH,12 and there is a “critical”, nonzero base
concentration (c0) below which the rate is essentially
zero.13 The effect of added salts is particularly complex;
the influence as a function of added salt concentration
can essentially be divided into two parts: a fairly linear
region in which dissolution rate increases with the
initial addition of salt and a nonlinear, decreasing
dissolution rate region at higher salt concentrations.14
The influence of residual casting solvent is to increase
markedly the dissolution rate of phenolic polymer
films,15-18 and the rate can be drastically retarded by
the addition of certain monomeric substances appropri-
ately called dissolution inhibitors.19,20 All of these
response functions must be captured by a useful model
for the dissolution process.
Several models have been proposed to describe the

dissolution of novolac in aqueous base. Hanabata and
co-workers at Sumitomo Co.21-25 have conducted de-
tailed studies on the influence of changes in novolac
structure on dissolution. On the basis of these studies,
they proposed the “stone wall model” for the function
of novolac-based photoresists.23 The photoresists stud-
ied were all formulated from novolac and a diazonaph-
thoquinone dissolution inhibitor. The model invokes the
formation of a base-catalyzed azo-coupling between the
diazoquinone and the phenolic resin which occurs in the
unexposed areas of the resist film. This coupling
reaction causes increases in molecular weight and
thereby creates a “stone wall” that is resistant to
dissolution in base. Ultraviolet radiation “destroys” the
diazoquinone and thereby prevents the coupling reac-
tion in the exposed areas of the film, which therefore
dissolve rapidly. This model describes many aspects of
photoresist dissolution response, but it has fallen from
favor because many compounds have been demon-
strated to have a powerful dissolution inhibition re-
sponse that do not undergo azo-coupling. The 1,3-
diacyl-2-diazo compounds described by Grant et al.26 are
functional examples, and the dissolution inhibition of
the naphthalene sulfonate of hydroxybenzophenone is
essentially equal to that of the corresponding diaz-
onaphthoquinone (Figure 1).
Arcus’ studies of the dissolution of phenolic polymers

in aqueous base led him to propose the “membrane

model” for positive photoresist development.10 This
model is based on data derived from the study of high
molecular weight phenolic polymers and involves the
presence of a gel layer of the sort described by Peppas.2
Arcus presents some experimental evidence for the
formation of a gel layer in his samples. Arcus’ work is
excellent, but the materials used in his study are in a
very different molecular weight regime than that of the
novolac used to formulate photoresists. They are, for
example, well above the entanglement molecular weight.
If a gel layer is formed during the dissolution of novolac,
it is very, very thin.27
The most promising current picture of novolac

dissolution is based on an adaptation of percolation
theory by Reiser and co-workers at the Polytechnic
University.28-32 Percolation theory was originally de-
veloped by the physics community to describe a number
of phenomena ranging from the spread of forest fires to
the gelation of polymers and the formation of infinite
networks.33 Reiser has adopted and adapted this theory
to the description of the dissolution of phenolic polymers
in aqueous base with considerable success. His theory
has provided good agreement with experiment for many
of the variables that influence dissolution rate. Reiser’s
work is most impressive and is continuously being
refined. However, it does not account for the effect of
some of the key variables on rate. Chief among these
is the influence of molecular weight. The existence of
a minimum base concentration below which develop-
ment does not occur is not currently explained by Dr.
Reiser’s theory, and it is not clear that the percolation
theory can account for the complex influence of added
salts and changes in ionic strength on the rate.
The common element of all these models is an

assumption that the rate-controlling step in the dis-
solution process is the diffusion of base through some
barrier to the acidic hydroxyls of the novolac. Reiser’s
model, in particular, does not deal with the question of
how the novolac, once ionized, is transported through
the “transport layer” into solution. Presumably, this
process is fast compared to the rate-controlling transport
of base to the hydroxyl groups.
Our model is very different than these and is derived

from careful analysis of the complex and counterintui-
tive influence of changes in developer concentration and
composition on the rate of dissolution of novolac and low
molecular weight poly(p-hydroxystyrene). It was influ-
enced by our “etching” picture of the dissolution process,
and it should be emphasized that it applies only to
phenolic polymers below the entanglement molecular
weight.
In our study of developer effects,14 novolac films were

dissolved in a series of solutions of constant hydroxide
ion strength (0.07 N) derived from different alkali metal
hydroxides (LiOH, NaOH, KOH, RbOH, CsOH), in
which their corresponding chloride salts (LiCl, NaCl,
KCl, RbCl, CsCl) were added in increasing amounts. For
all the salts studied, the dissolution rate curve can
essentially be divided into two parts: a fairly linear
region in which the dissolution rate increases with
increasing amounts of added salt at constant hydroxide
ion concentration and a nonlinear, decreasing dis-
solution rate region at higher salt concentrations (Fig-
ure 2).
We feel that an explanation for this behavior, and

novolac dissolution in general, can be realized if the
deprotonation reaction, which transforms a phenol
group from the novolac matrix into a phenolate ion pair,
is considered in greater detail. During the dissolution

Figure 1. Structures of aryl 1-Oxo-2-diazonaphthoquinone-
sulfonate (I), Medrum’s diazo compound (II), and aryl naph-
thoquinone sulfonate (III). I is the sort of structure commonly
used as a photoactive compound and dissolution inhibitor in
resist formulations. Compound I undergoes base-catalyzed azo-
coupling with activated aromatics to yield azobenzene deriva-
tives. Meldrum’s diazo compound (II) does not form azo
linkages to phenols under the conditions used in photoresist
development, but Meldrum’s diazo compound is a functional
dissolution inhibitor. Compound III, an aryl ester of R-naph-
thalenesulfonic acid, is equivalent to I as an inhibitor but lacks
the diazo functionality required for the “stone wall” model.23
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process, some fraction of the OH sites on the (insoluble)
novolac chains are converted to (soluble) phenolate sites
by means of an acid-base deprotonation reaction. We
hypothesize that the onset of dissolution occurs only
after the polymer has attained some critical fraction F
of deprotonated (phenolate) sites. In the extreme case
the polymer chain is insoluble for all the deprotonation
steps prior to this critical step; once the polymer is
soluble, subsequent deprotonation steps have no bearing
on the dissolution process. Let us first consider the
simplest case, the acid-base equilibrium reaction of a
crystalline or glassy monomeric phenol compound dis-
solving in an aqueous base solution.

One can write an equilibrium constant for such a
reaction as

where ai are the activities of the species indicated. It
should be stressed that it is very important for the
activity coefficients of the species in the solution to be
taken into consideration, especially when the concentra-
tions in the solution are high (beyond the limits of the
Debye-Hückel regime).
Substituting ai ) [i]γi in the above equation, where

the quantities in brackets are concentrations and γi is
the mean activity coefficient for species i, gives

where the activity of water and the activity coefficient
of HA have been set equal to unity. Equation 2 can be
rearranged to the form

It is this ratio, the ratio of ionized to unionized
phenolic sites, that we hypothesize is related to the
dissolution rate of this type of phenolic material into
basic solutions. It will be shown later in this paper that
there is a formal connection between this ratio and the
dissolution rate of novolac films in aqueous base. Thus
far, we have considered the simplest case of a mono-
meric species, while our real interest lies in polymer
chains of these phenolic groups. If one assumes that
the pKa of the phenolic hydroxyls is independent of the
degree of ionization, then one can assume that the same
type of expression can be used to estimate the overall
ratio of phenolic to deprotonated sites on the polymer
chain. We propose that the dissolution rate of the films
is directly and simply related to this quantity. The
following sections of this paper show how this simple
concept, coupled with a stochastic analysis, can be used
to explain the results of the added salts study14 and
provide an explanation for all of the key factors that
have been shown to influence the dissolution rate of
novolac films.

Explanation of Added Salt Effects on Novolac
Dissolution
Equation 3 provides a functional form for analyzing

the data from the salt study.14 However, in order to
use this expression to fit the dissolution rate data, a
model for the activity coefficient, γA-, is needed. A
widely used model for activity coefficients in solutions
of high ionic strengths is due to Bahe34,35 and is based
on the premise that the dielectric constant of the
surrounding medium changes when an electrolyte is
added to a solution containing that medium. The final
result of Bahe’s analysis, after some mathematical
manipulation, is

where γ( is the mean activity coefficient of an ion pair
in a solution containing an electrolyte of concentration
c. For the reaction of interest (eq 1) the concentration
of the equilibrium constituents is negligible in compari-
son to the electrolyte concentration. Thus, the concen-
tration c in eq 4 can be approximated solely by the
electrolyte concentration in the solution. For a pure
electrolyte solution in water under standard conditions,
the constant A, which follows from the structural theory
of solutions, has a universal value of 0.288 94 for 1:1
electrolytes and 0.641 00 for 2:1 electrolytes,34,35 and B
is an experimentally determined parameter specific to
the electrolyte. Since the solutions in our salt study14
contained a mixture of aqueous base, salt, and polyion,
the value for A is expected to be different from the
reported values given above for pure electrolyte solu-
tions. Therefore, we allow both A and B to be deter-
mined through fitting the experimental data. The
Madelung constants A and B are used to relate the
physical forces in the electrolyte solution to the activity

Figure 2. Fit of the model in eq 5 to experimental data for
the effect of added salt on development rate.14

K )
aA-aH2O

aHAaOH-
(1)

K )
[A-] γA-

[HA][OH-]γOH-

(2)

[A-]
[HA]

)
K[OH-]γOH-

γA-
(3)

log γ( ) -Ac1/3 + Bc (4)
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coefficients of the ionic species. The constant A is a
scaling factor for the Coulombic forces, and the constant
B is a scaling factor for the forces resulting from a
lowering of the dielectric constant in close proximity to
the ions. The constant A should depend only on the
charges of the ionic species present, whereas B should
vary directly with the size of the hydrated ions.34
Consequently, in our parametrization of the data, we
choose a single value for A, which represents all of the
data well, and allow the parameters k and B to vary.
Substituting γ( from eq 4 for γA- in eq 3 yields

where R, the dissolution rate, is taken to be proportional
to the ratio of ionized to unionized sites on the polymer
chain and the constant k is a lumped parameter that
scales with the base activity and the degree of polym-
erization. Figure 2 shows the fit of the model in eq 5 to
the rate data for a number of different added salts
presented in our earlier paper.14 The values for the
model parameters A, B, and k, which were extracted
from these data, are displayed in Table 1. Note that
the B parameter varies directly with the hydrated ionic
radii of the cations, as predicted.34 The radius of the
hydrated lithium ion is significantly larger than those
of the other hydrated alkali metal cations, which are
nearly all the same size.13 The model successfully
represents the dissolution rate data for each of the salts
with high correlation coefficients (Table 1).

Probabilistic Approach to Describing Phenolic
Polymer Dissolution
The analysis presented above suggests that the dis-

solution rate is not diffusion-limited but, rather, is
somehow dependent on the ratio of ionized to protonated
phenolic hydroxyl sites on the surface of the film. It is
therefore possible to visualize the dissolution process
as a layer-by-layer “etching” of the phenolic sites on the
surface by hydroxide ions. A cartoon comparing this
process to the percolative dissolution process is provided
in Figure 3. In the limit of a crystal of the monomer,
each molecule that is ionized is switched from the
insoluble to the soluble state and is quickly transported
into solution. The layer is thus etched away just as a
copper surface is etched by nitric acid. One does not
need to invoke a gel layer to describe either process.
When the degree of polymerization is greater than one,
some certain proportion of the phenol sites on a single
chain must be ionized in order for the chain to be
converted from the insoluble to the soluble state; i.e.,
the dissolution rate is controlled by an imposed solubil-
ity criterion and depends on the degree of ionization.
In mathematical terms, a given phenolic polymer

becomes soluble when a certain fraction F of its phenol
groups are deprotonated. First, for the sake of simplic-
ity, we will make several obviously inaccurate and
oversimplifying assumptions. We will return to the
importance of these assumptions later. For simplicity
then, we assume that all phenol groups have equal
probability of being ionized; i.e., the pKa is constant and

independent of the degree of ionization. The issue of
“solvent accessibility” is neglected, which essentially
implies that all of the monomer units of a particular
chain are in the same layer of the film. A monodisperse
polymer sample is also assumed.
The model system under consideration can then be

imagined as composed of a thin, solid layer ofm phenolic
polymer chains, each having n phenol groups or sites,
immersed in a bath of aqueous base. If we assume that
the acid-base equilibria are fast relative to the dissolu-
tion rate and that the ratio [A-]/[HA] is the same on
the surface as in the equilibrium boundary layer that
is in contact with the surface, then the deprotonated
fraction φ of all nm phenol groups on the surface and
in the boundary layer may be assumed to be constant.
Define x1, x2, ..., xm for each of them chains such that xi
may have one of two values: 1 (soluble) if at least Fn of
the sites on chain i are ionized and 0 (insoluble)
otherwise. The fraction y of polymer chains that meet
the solubility criterion is then given by

where E(z) is the expectation value for z. Because of
the identical nature of the polymer chains, E(xi) should
be the same for all the chains, so the product mE(x1)
may be substituted for the sum in eq 6, leaving the
following result:

where P(z) is the probability of z. Thus, for our
simplified boundary conditions, the fraction of polymer
chains that are soluble is merely the probability that
the first chain is soluble.

Table 1. Fit Parameters for Data Presented in Figure 2
Using the Model in Eq 5

salt added k A B correl coeff

LiCl 0.5628 3.869 1.703 0.99
NaCl 0.3236 3.869 1.470 0.98
KCl 0.2359 3.869 1.483 0.97
RbCl 0.0904 3.869 1.474 0.96

R ) k‚10Ac
1/3-Bc (5) Figure 3. Schematic comparison of (a) the stochastic “surface-

etching” model and (b) the percolation model. In both models,
the cubes represent ionizable sites on the phenolic polymers,
and the top surface of the solid is in contact with the developer.
In the stochastic model for the case of tetramers (a), those
chains that include at least two ionized sites (filled cubes) go
rapidly into solution. The etching rate is determined by the
length of the polymer and the fraction of the surface that is
ionized. In the percolation model (b), the rate of dissolution
depends upon the formation of an interconnected, percolative
pathway from the developer surface through the penetration
zone and the transport of ionic species along that pathway.

y ) E(∑
i)1

m

xi)/m )
1

m
∑
i)1

m

E(xi) (6)

y ) E(x1) ) P(x1)1) (7)
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If, in the first chain, k of the n phenol groups are
ionized, then the number of ways of distributing these
ionized sites independently from the other polymer
chains in the system is given by the combinatorial
expression n!/[k!(n - k)!]. In the remaining m - 1
chains, which have a total of n(m - 1) sites, there are
φnm - k ionized phenol groups and (1 - φ)nm - (n -
k) unionized sites. The number of ways that it is
possible to arrange the m polymer chains for any given
value of k is thus

The number of ways that it is possible to arrange the
m polymer chains with k unspecified is

Therefore, the fraction of chains which meet the solubil-
ity criterion is

with C and T defined by eqs 8 and 9.
Systems of interest in this work have an extremely

large number of polymer chains on the surface that are
in contact with the developer. Consequently, a more
useful quantity is the limit of y asm approaches infinity,
which we shall designate Y, which in the limit simplifies
to

This expression is the well-known binomial distribution
function. The dissolution rate of a phenolic polymer film
is proportional to Y. In addition, φ scales with the
difference between the pH of the developer and the pKa
of the phenolic polymer. Consequently, we can refer to
Y as the dimensionless dissolution rate and relate φ to
the base strength at constant polymer pKa.
Figures 4 and 5 show how the dimensionless dissolu-

tion rate (Y) of phenolic oligomers of varying degrees of
polymerization (n) varies as a function of base strength
(φ). For Figure 4, the imposed solubility criterion is that
at least half of the sites per chain must be ionized for

the polymer to be soluble (i.e., F ) 0.5 in eq 6), whereas
for Figure 5 a more relaxed solubility criterion (F ) 0.25)
is assumed. One may easily and correctly deduce from
these graphs that higher molecular weight polymers
display nearly a step-function dependence of dissolution
rate on base strength, but the oligomeric novolac
polymers, which are crucial to lithographic applications,
have a steep dependence of dissolution rate on the
degree of polymerization for base strengths below the
condition at which, on average, a fraction F of the
phenolic sites are ionized. The curves in these figures
demonstrate that φ ) F represents a base strength
corresponding to a turning point in solubility. From this
point on, we will use a solubility criterion of F ) 0.5 for
convenience.
The dissolution rate decreases rapidly with molecular

weight for φ < F. For φ > F, the analysis predicts a
counterintuitive reversal in molecular weight depen-
dence. This reversal is one artifact of our simplifying
assumptions. The higher the molecular weight, the
worse is the assumption that the process is two-
dimensional. As the degree of polymerization increases,
we expect the process to change until, at high molecular
weight, it approaches the situation studied and de-
scribed by Arcus.10 Note that in the limit where the
entire surface is occupied by a single chain, there is a
phase-transition-like behavior at φ ) F.
Examination of Figure 4 provides insight into another

important variable, the critical base strength below
which dissolution stops. In the probabilistic model, we
may refer to a critical value of φ, which we designate
φ0, for which Y ≈ 0. Recalling that φ scales with the
pH of the solution, we recognize that φ0 is directly
related to the critical base concentration, c0, and rep-
resents a critical fraction of surface phenolic sites which
must be ionized in order for dissolution to occur at an
observable rate. For practical purposes, we will define
φ0 as the base strength for which Y ) 0.0004. Figure 6
is a magnification of Figure 4 in the region of low
dissolution rates. In Figure 6, the horizontal dotted line
represents the low dissolution rate (Y ) 0.0004) we have
somewhat arbitrarily selected as the point at which “no
observable” dissolution occurs, and thus the intersection
of each n-curve with this line yields the critical base
strength φ0 for a given n-length polymer chain. In
Figure 7, φ0 is plotted versus the degree of polymeriza-
tion, n. The critical base strength rises sharply with n
for low molecular weight polymers, but the slope of the

Figure 4. Plot of the dimensionless dissolution rate for a
number of phenolic oligomers of varying length as a function
of base strength for a solubility criterion F ) 0.5.

C ) n!
k!(n - k)!

(nm - n)!
(φnm - k)![(1- φ)nm - (n - k)]!

(8)

T )
(nm)!

[(1 - φ)nm]!(φnm)!
(9)

y )
1

T
∑
k)Fn

n

C (10)

Y ) ∑
k)Fn

n n!

k!(n - k)!
φ
k(1 - φ)n-k (11)

Figure 5. Plot of the dimensionless dissolution rate for a
number of phenolic oligomers of varying length as a function
of base strength for a solubility criterion F ) 0.25.
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curve decreases for higher degrees of polymerization.
From Figure 4, it may be predicted that φ0 should
approach an asymptotic value of 0.5 for very high
molecular weight polymers. We have conducted a series
of experiments designed to test these predictions.

Experimental Procedure
A series of low-polydispersity poly(hydroxystyrene) (PHS)

fractions of varying molecular weights were used for investi-
gating the molecular weight dependence of the critical base
concentration. These PHS fractions were supplied by Hoechst
Celanese and Nippon Soda for the purpose of this study. Table
2 lists the molecular weights and polydispersities of the
samples, as determined by SEC relative to polystyrene stan-
dards. Solutions of these resins (approximately 20 wt % in
PGMEA) were spin-coated (2500 rpm for 30 s) on 4 in. silicon
wafers using a Headway Research PM101DT spinner. The
resulting films were then soft-baked for 2 min at 90 °C on a
temperature-controlled Thermolyne HP1151B hot plate fitted
with a vacuum chuck. Film thicknesses for these samples
ranged from about 1 to 1.8 µm, as measured on a SC
Technologies INS800 multiwavelength interferometry instru-
ment. Developer solutions were prepared using Shipley MF-
501, a 0.262 N (nominal) tetramethylammonium hydroxide
(TMAH) solution, which was diluted to provide a range of
concentrations. The hydroxide ion concentration was deter-
mined by titration against an acid standard. Dissolution rates
were measured at room temperature using the SC Technolo-
gies INS800 multiwavelength interferometry instrument op-

erating in Dissolution Rate Monitor (DRM) mode. Dissolution
of the PHS films was carried out in puddle mode, and rate
data used for comparisons were measured at the film half-
thickness.

Experimental Results: Poly(hydroxystyrene)
Dissolution Rates
The measured dissolution rates of the poly(hydroxy-

styrene) samples are shown as a function of base
concentration in Figures 8 and 9 and, in the customary
fashion, as a function of the number-average molecular
weight in Figures 10 and 11. Dissolution rates obtained
in this study are shown in Tables 3 and 4 for the PHS
fractions from Hoechst Celanese and Nippon Soda,
respectively. Critical base concentration data extracted
from this study are shown in Table 5. As can be seen
from the semilog plots of Figures 8 and 9, the base
concentration dependence of the dissolution rate is, as
predicted, very accurately represented by an exponential
form. Extrapolation of these expressions to a rate of 1
Å/s yields a critical base concentration, c0, the molecular

Figure 6. Magnification of Figure 4 in the region of low
dimensionless dissolution rates. The dotted line through Y )
0.0004 represents the defined basis for the critical base
strength, φ0.

Figure 7. Critical base strength (φ0) from Figure 4 plotted
as a function of the polymer chain length (n).

Table 2. Molecular Weights and Polydispersities for PHS
Fractions Used in Determining the Molecular Weight

Dependence of the Critical Base Concentration

Hoechst Celanese PHS fractions Nippon Soda PHS fractions

fraction Mn Mw PD fraction Mn Mw PD

7E01 3 230 6 700 2.074 VP3000 3 600 4 170 1.158
8E01 5 920 11 100 1.875 VP5000 5 160 5 780 1.120
15E01 8 450 16 700 1.976 VP8000 8 770 9 740 1.111
20E01 9 250 18 400 1.989 VP15000 14 500 17 100 1.179
30E01 13 000 29 300 2.254 VP30000 29 700 33 100 1.114

Figure 8. Dissolution rates of the poly(hydroxystyrene)
samples from Hoechst Celanese shown as a function of base
concentration.

Figure 9. Dissolution rates of the poly(hydroxystyrene)
samples from Nippon Soda shown as a function of base
concentration.
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weight dependence of which may be compared to that
of the critical base strength, φ0, described earlier. In
Figure 12, c0 for the poly(hydroxystyrene) samples is
plotted versus the number-average molecular weight.
The critical base strength is seen to increase with

molecular weight, and the rise in c0 is steeper for
samples having a molecular weight less than 10 000
than the rise in c0 for higher molecular weight samples.
In addition, if these data points are extrapolated to even
lower molecular weights than those measured, the
extrapolation intersects the concentration axis very
close to the origin.
Thus, the probabilistic model for φ0 exhibits qualita-

tively all of the trends observed experimentally. No
other model for phenolic polymer dissolution predicts
all of these behaviors. This leads us to conclude that
this primitive probabilistic model captures the impor-
tant physical elements affecting the dissolution process
that are absent from models based solely on diffusion
or percolation theory. While the probabilistic model is
successful at capturing the qualitative behavior of the
molecular weight effect on the critical base concentra-
tion, some of the crude assumptions employed in the
model must be modified in order to produce quantitative
agreement with the experimental data. We are now
exploring the details of the relationship between φ, the

Figure 10. Dissolution rates of the poly(hydroxystyrene)
samples from Hoechst Celanese shown as a function of the
number-average molecular weight. Note that these data are
shown on a customary log-log plot.

Figure 11. Dissolution rates of the poly(hydroxystyrene)
samples from Nippon Soda shown as a function of the number-
average molecular weight.

Figure 12. Experimental results for the critical base concen-
tration vs number-average molecular weight for both samples.
The plot follows the general form predicted from the proba-
bilistic theory (Figure 7).

Table 3. Dissolution Rate Data at Varying Base
Concentrations for Nippon Soda PHS Fractions

rate (Å/s)

sample Mn 0.109 N 0.122 N 0.134 N 0.161 N

VP3000 3 600 112 318 572
VP5000 5 160 37 107 212
VP8000 8 770 11 31 74 435
VP15000 14 500 5 15 24 119
VP30000 29 700 1 5 12 50

Table 4. Dissolution Rate Data at Varying Base
Concentrations for Hoechst Celanese PHS Fractions

rate (Å/s)

sample Mn 0.108 N 0.122 N 0.131 N 0.156 N

7E01 3 230 107 260 440
8E01 5 920 37 75 120 532
15E01 8 450 11 29 47 200
20E01 9 250 11 21 42 174
30E01 13 000 2 10 17 77

Table 5. Critical Base Concentration Data for the PHS
Fractions

sample Mn

c0 for Hoechst
Celanese PHS (N)

c0 for Nippon
Soda PHS (N)

7E01 3 230 0.032
8E01 5 920 0.043
15E01 8 450 0.066
20E01 9 250 0.069
30E01 13 000 0.094
VP3000 3 600 0.037
VP5000 5 160 0.056
VP8000 8 770 0.075
VP15000 14 500 0.085
VP30000 29 700 0.101
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pH, and the ion concentration of the developer and the
pKa of the phenolic polymers. It is clear that the first
and second ionization constants for a phenolic dimer are
not identical. The dependence of the ionization constant
on the degree of ionization must be taken into account
in order to describe accurately the dependence of φ on
pH. We are also working on approaches that allow
inclusion of the third dimension into the dissolution
analysis, which serve to increase the order of the rate
dependence on molecular weight and may provide some
insight into the edge roughness phenomenon.

Residual Casting Solvent Effects
The effect of residual solvent on the dissolution rate

of phenolic films has been studied by several laborato-
ries. Researchers have employed a variety of experi-
mental methods to quantify the amount of residual
solvent present in phenolic films after the so-called soft-
bake step. These methods range from basic mass
balance17 to FT-IR36 to quartz crystal microbalance37 to
radiolabeling.16,38 All of the studies report that the bulk
dissolution rate is substantially increased with increas-
ing amount of residual solvent. Our model described
above can account for this observation by noting that
the incorporation of casting solvent in the polymer film
displaces ionizable sites on the surface with intrinsically
soluble sites, since the solvent has finite solubility in
water without ionization. By extending the definition
of φ to incorporate all sites within the matrix, including
residual solvent, the presence of residual solvent amounts
to an increase in φ, which results in accelerated dis-
solution.
Figure 13 provides a pictorial representation of this

concept. Since the solvent molecules are already soluble
in the developer and do not require the phenolic depro-
tonation reaction, their addition to the phenolic matrix
amounts to the removal of one cell from the surface
without the need for ionization and thereby increases
the dissolution rate.

Novolac/Inhibitor Interactions
The function of photoresists depends on the dissolu-

tion inhibition phenomenon and the ability to modulate
this effect through photochemical transformations. Re-
iser’s percolation model for novolac dissolution describes
base transport as a percolation process in which ions of
the base migrate through a thin penetration zone by
stepping from one hydrophilic site (phenol or phenolate)
to the next.28-32 Reiser’s model deals with the issue of
inhibition in a very insightful way. In Reiser’s model,
dissolution inhibitors function by forming novolac “clus-
ters” that concentrate the hydrophilic sites, effectively
preventing access to these sites by the attacking base
and thereby inhibiting the dissolution rate.29,30 Reiser
presents data that show that up to 16 such ionizable
sites can be clustered per inhibitor molecule by an

efficient photoactive dissolution inhibitor such as an aryl
diazonaphthoquinone sulfonate29 (Figure 1). Our model
does not contradict this basic thesis. Percolation pic-
tures a field that traverses through the thickness (or
along the z-axis) of the film, and movement of the hy-
droxide ions along this axis is the rate-controlling step
in the dissolution process. Our model proposes that the
rate is simply proportional to the fraction of chains on
the surface that have a number of ionized sites (Y) that
meets or exceeds that fraction (F) required to render
them soluble in the developer solution. When the solu-
bility criterion F has been reached, dissolution of the
chain occurs, and by this process the surface layer is
successively etched away. This process is repeated for
all the subsequent layers until the full thickness of the
film is dissolved away. In our model, dissolution inhibi-
tors function by simply reducing the probability of
deprotonation at those sites that are proximate to the
inhibitor molecule. The effect of the hydrogen bonding
interaction between the dissolution inhibitor and the
phenolic polymer that has been described by Reiser’s
group29,30 and by ours19 serves to stabilize the acid
form of the phenol and thereby effectively to increase
the pKa of the sites affected. Hence, our view of the
interaction is much like that of Reiser’s except that it
is acting in a plane that is rotated 90° with respect to
Reiser’s (Figure 3).

Conclusions

A new probabilistic model for novolac dissolution
based on the phenolic deprotonation reaction has been
developed. Even though the model is simplistic in
nature, and primitive in its current state, it provides
for the first time an explanation for all of the critical
and complex dependencies of the dissolution rate of
novolac on material and process variables. In particu-
lar, it provides an explanation for the critical base
concentration phenomenon and for the dependence of
rate on molecular weight, phenomena that are not
readily explained by other models. The model is in
agreement with experimental results for the dependence
of critical base concentration on molecular weight. It
has thereby demonstrated the most important charac-
teristic of any useful model, a predictive capability.
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