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We demonstrate that the deprotected photoresist poly~4-hydroxy styrene! is a polyelectrolyte when
dissolved in aqueous base solutions. This polyelectrolyte effect manifests itself by the well-known
monomer–monomer correlations as measured by small-angle neutron scattering. The correlation
peak at the finite wave vector is a function of the solution ionic strength and polymer concentration.
The weakening of the polyelectrolyte effects with added salts and excess base is also demonstrated.
These studies emphasize the role of salt additives and aqueous base concentration and their
influence on equilibrium solution properties such as the second virial coefficient and single chain
radius of gyration. The fundamental role of these equilibrium properties with respect to the
dissolution process is discussed.@DOI: 10.1116/1.1591742#
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I. INTRODUCTION

The chemical amplification process has been the sub
of intense industrial research for over 20 years1 and has re-
cently been applied in semiconductor manufacturing. Dur
this time the simple idea of using the difference in miscibil
between radiation exposed and masked regions has bee
lized in different chemical forms, namely positive-tone a
negative-tone resists. While the idea has remained cons
many problems such as transparency, contamination,
strate compatibility, and performance remain to be addres
for each upcoming technological node. One apparent c
stant in the positive-tone resist technology is the utilizat
of an aqueous base developer.

For the APEX-E photoresist the poly~4-t-
butoxycarbonyloxystyrene! ~PBOCSt! is deprotected to the
form of poly~4-hydroxystyrene! ~PHOSt! after photoacid
generation from ultraviolet~UV! light exposure during the
postexposure bake~PEB! step. The PHOSt-rich regions ar
subsequently dissolved leaving the nanoscopic feature
the UV-exposed regions with an industry standard 0.26
tetramethyl ammonium hydroxide~TMAH ! solution. The
ability to dissolve selectively the PHOSt-rich domains is a
complished because TMAH is regarded as a better sol
for the PHOSt than the PBOCSt.

Recent models describe photoresist dissolution as a s
of chemical reaction-rate equilibrium steps, whereby
depletion of the soluble element follows a rate equation. T
species is subject to a solubility criterion as in the critic
ionization model.2 This approach has related dissolution ra
and surface roughness from theory to experiment. Ano
approach that also models dissolution as a sequenc
chemical reaction-rate equilibrium steps is that by Hun
and Cussler.3 In this method, the boundary conditions a
related to the phase diagram and diffusivity can be mode
explicitly into the mass transfer coefficients. Having set
the rate equations, the rate-limiting step is chosen appro
ately to simplify the theory and compare with experimen

a!Author to whom correspondence should be addressed; electr
mail: vprabhu@nist.gov
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data. One promising aspect in both models is the potentia
using equilibrium constants for predicting experimental d
solution behavior. We anticipate that for future photores
formulations an independent measurement will be requ
to select the correct physics, such as ionization or gelation
provide the input into the model. The above-cited mod
and references therein provide a successful framework
which the details of the resist–developer interactions can
incorporated.

The purpose of this article is to highlight the importan
of polyelectrolyte effects for the understanding of dep
tected model photoresist polymers in aqueous base solut
It is well known that for the case of PHOSt in an aqueo
base the highpH of the solution renders the phenol-lik
monomers to be soluble. From elementary organic chemi
tables, the pKa of a phenol proton4 is 10. Thus, forpH
greater than 10 the equilibrium favors the deprotonated st
ThepH of a 0.26 N TMAH solution is 13.31, which strongl
favors the conjugate base form.This chemical equilibrium
state is the origin of the intended miscibility. This is a fact as
the bare PHOSt is not miscible in pure water. The idea
applying chemical equilibria to low molar mass molecules
well established and works well. However, when the charg
monomer is now connected to its neighbors to make a p
mer, the influence of correlations between monomers
important.5 Simple acid-base equilibrium, based upon we
defined chemical equations, neglect all these correlation

These monomer density–density correlations are m
sured in a small-angle neutron scattering~SANS! experiment
and provide insight into the essential physics that will he
understand the roles of dissolution inhibitors in photores
formulations and dissolution additives in aqueous base
velopers. The manner in which the correlations are measu
will be discussed, as well as the important physical para
eters controlling them. This article is intended to highlig
how the ionized form of model photoresist solutions beha
differently with respect to their organic solvent counterpar

We have examined the small-angle neutron scattering
deuterated model photoresist polymers in a typical cas
ic
1403
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solvent propylene glycol methyl ether acetate~PGMEA! and
several aqueous base developer solutions sodium hydro
~NaOH!, potassium hydroxide~KOH!, and tetramethyl am-
monium hydroxide~TMAH !, with and without added salts
The detailed experiment is in Sec. II, followed by scatter
preliminaries in Sec. III. In Sec. IV we present our ma
results and their discussions before concluding in Sec. V

II. EXPERIMENT

The deuterated poly~4-hydroxystyrene! (d3-PHOSt) was
custom synthesized by Polymer Source, Inc., Dorv
Quebec,6 with weight-average relative molecular weight
Mr ,n58750 g mol21 and polydispersityMr ,w /Mr ,n51.07.
This solid glassy powder was dissolved directly in aque
base solutions with and without added salts. Tetramethyl
monium hydroxide solutions were prepared by dilution o
stock solution~mass fraction of 10%!, purchased from Ald-
rich Chemicals, using deionized water with resistivity 18
MV cm purified by a Milli-Q UF Plus system. Sodium hy
droxide ~NaOH! and potassium hydroxide solutions we
prepared by quantitative addition of analytical grade salt p
lets to a known volume of deionized water to achieve
desired normality of 0.26 N. To prepare solutions with add
salts, potassium chloride~KCl!, and sodium chloride~NaCl!
were dissolved directly in the corresponding aqueous b
solutions: NaCl in NaOH and TMAH solutions and KCl i
KOH solutions.

It should be noted here that to prepare a 0.0388 g cm23

solution ofd3-PHOSt in 0.26 N TMAH we first prepared
0.0821 g cm23 solution in 0.55 N TMAH, followed by dilu-
tion with deionized water. We did this because the dir
preparation of the solution was not feasible. The polym
never became soluble in the transparent form, it was alw
cloudy with sedimenting particles. Leaving the solution w
constant stirring and heat to 50 °C did not improve the so
bility, nor did two months of storage. However, the high 0.
N TMAH solution readily dissolved, even at 0.0821 g cm23,
and upon dilution remained clear with a slightly gold
color, as is common with all the PHOSt solutions. This me
odology of dilution was observed to be unnecessary with
same KOH or NaOH solutions. This problem, whether
netic or thermodynamic, was repeatedly observed and
physical basis is of uncertain origin and must influence
dissolution process. Barring a kinetically hindered disso
tion process, we can conclude that TMAH is fundamenta
different in its association with the PHOSt monomers,
compared to NaOH and KOH at lowpH and/or the degree o
ionization required for miscibility is quantitatively differen
for dissolution. These effects may be supported by the ob
vations reported by Hondaet al.7,8 with the formation of a
stable complex, except that in our equilibrium solutions
result may be more appropriately termed a stable–misc
complex. According to Hondaet al. the complex formation
is displaced upon addition of NaOH, which appears con
tent with our observations of PHOSt solubility in NaOH
However, even with the presence of a stable–miscible c
J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul ÕAug 2003
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plex, the polyelectrolyte behavior persists, as observed
SANS.

Small-angle neutron scattering was performed on
NG1 guide 8 m instrument at the National Center for Ne
tron Research~NCNR!, National Institute of Standards Tech
nology. A seven-position sample changer was used to ex
ine the small-angle scattering by dilute polymer and p
solvent solutions in which the scattering contrast w
achieved by using partially deuterated poly~4-
hydroxystyrene! (d3-PHOSt) in light water (H2O) contain-
ing various levels of basic and salt components. The r
neutron scattering count rate, normalized by the incid
flux, was measured directly with a two-dimensional area
tector using a 1.27 cm sample aperture and 4.7 cm b
stop. The wavelength of the neutrons used was 6.0 Å wit
spread~Dl/l! of 0.12. Two configurations were used with
fixed sample–detector distance of 3.8 m by changing
detector tilt angle that leads to scattering wave vector~q!
ranges of 0.01–0.1 and 0.01–0.15 Å21, for tilt angles of 1.5°
and 3.5°, respectively. The raw two-dimensional scatte
intensity was corrected for sample transmission, detector
ficiency, cadmium blocked-beam background, and scatte
by an empty quartz cell on a detector cell-by-cell basis. T
was followed by circularly averaging the two-dimension
corrected scattered intensity and by using a light water s
ondary standard the data were placed on an absolute~65%!
differential scattering cross-section scale.9 The sample cells
were stainless steel with 1 mm path length. The cells had
detachable quartz windows that are screw sealed with
rings. The uncertainties are calculated as the estimated s
dard deviation of the mean. In the case where the limits
smaller than the plotted symbols, the limits are left out
clarity. Fits of the scattering data are made by a weigh
least-squares minimization and the error corresponds to
standard deviation to the fit.

III. SCATTERING PRELIMINARIES

A. Dilute neutral polymer solutions

We have examined the scattering by deuterated mo
photoresist polymers in a typical casting solvent propyle
glycol methyl ether acetate and several aqueous base d
oper solutions: sodium hydroxide, potassium hydroxide, a
tetramethyl ammonium hydroxide, with and without add
salts. The coherent neutron scattering is feasible due to
scattering length density difference between the deuteri
labeledd3-PHOSt monomers (bm /nm) and the proton-rich
solvent (bs /ns). The SANS experiments performed he
measures the monomer density–density correlations ari
from both inter and intra-chain denoted by the total scat
ing structure factorST(q). Here we present the scatterin
equation in whichCm is the monomer concentration andN
the degree of polymerization:

I ~q!5S bm

nm
2

bs

ns
D 2

CmNST~q!. ~1!
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In the limit of dilute solutions, a Zimm plot may be pe
formed, which shows the dependence of the scattered in
sity as a function of polymer concentration by plottin
HCm /I (q) vs k8Cm1q2. H is a neutron optical constan
@bv

2Na(nm /Mm)2# wherebv
2 is the scattering length densit

difference between monomer repeat unit and solvent,Na

Avogadros number,nm and Mm are the molar volume and
molecular mass of a monomer, respectively, all provided
Table I; k8 is an arbitrary scaling factor that is independe
of the extrapolated quantities.10,11 From a double extrapola
tion in concentration and scattering wave vector,
z-average radius of gyration (Rg), second virial coefficient
(A2) and weight-averaged relative molar mass (Mr ,w) are
obtained.

This Zimm methodology applies for systems domina
by short-ranged interactions, as in neutral polymer solutio
However, for the case of strong correlations, as in aggre
ing colloid systems or electrolytic systems in which the
teractions are long-ranged, the classical Zimm plot may l
to ambiguous results.12 This is because the static structu
becomes concentration dependent, rather than having a
domized system as in dilute polymer solutions.

B. Polyelectrolyte scattering preliminaries

When a macromolecule contains charged monomers
charged segments the scattering behavior becomes very
ferent, in particular at low solution ionic strength. This is tr
for polyelectrolyte gels,13,14 charged colloidal particles,15

charged dendrimers,16 semiflexible polyelectrolytes,17–19and
even linear flexible polyelectrolytes.15,20 This class of sys-
tems remains to be understood at the level of their neu
counter parts. This article does not intend to, nor comes c
to, summarizing this field as it pertains to the problem
photoresist solutions. However, one is referred to one of s
eral review articles.12,15,20,21

One main feature regarding the small-angle scattering
a low-ionic strength semidilute polyelectrolyte solution is t
appearance of a broad scattering peak at a position ofqm

Þ0. This is in direct contrast to that observed in neut
linear polymer mixtures, in which the maximum in the sc
tered intensity is observed only atq50. One theoretical
achievement in gaining a better understanding of low-io
strength polyelectrolyte solutions is from a model calculat
for the scattering using a random phase approximation~RPA!
that predicts this high-q scattering trend exhibited b
polyelectrolytes.21–24 This theory uses the main result fro
the Debye–Hu¨ckel theory to model the interaction potenti
between two charged statistical segments. The predi

TABLE I. Experimental quantities.

d3-PHOSt PGMEA H20

Mr ,w ~g mol21! 8750 ¯ ¯

PDI (Mr ,w /Mr ,n) 1.07 ¯ ¯

Mi ~g mol21! 123.0~monomer! 132.16 18.0
v i ~cm3 mol21! 84.0 136.53 18.063
bi ~cm! 60.281310213 12.42310213 21.675310213
JVST B - Microelectronics and Nanometer Structures
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scattering peak position dependence on polymer concen
tion, salt concentration, and temperature qualitatively ag
with experiment. However, the RPA prediction fails to r
cover the correct scaling laws for the peak maximum. Its
to understand quantitative information such as the Flor
Huggins interaction parameter has limited success due
several deficiencies~a! anomalous scattering observed in t
low-q limit, ~b! poor understanding of ionic strength contr
butions from polymer counterions versus added salt ions,~c!
effect of density and chain fluctuations, and~d! incomplete
consideration of the true multicomponent nature of the so
tion. In any event, the RPA calculation does highlight tw
important trends observed that will be demonstrated in
article, namely, the dependence of peak position on poly
concentration and ionic strength and thus presents itself
very simple theory to gain insight.

The dependence of the peak position (qm) is the follow-
ing:

qm>F S 6wcfN

Rg
2 D 1/2

2k2G1/2

, ~2!

wherek2 is the inverse-square Debye length, proportiona
the solution ionic strength,wc represents the strength of th
screened Coulombic interaction and is a function of the
gree of ionization of the polymer,f is the polymer volume
fraction, andN the degree of polymerization. The invers
square Debye length is given by the following formula:

k254p l BNAS (
g

Zg
2CgD , ~3!

where the sum over all added electrolyte speciesg includes
added salts as well as basic ions, andl B is the Bjerrum
length, which is 7 Å at 25 °C inwater. The value ofk21

represents the Debye screening length, the range over w
electrostatics are important. For instance a 0.26 N solutio
either TMAH, KOH, or NaOH will havek21 of 6.0 Å, as-
suming each has the same activity at the equivalent prep
concentrations; this length decreases further to 2.9 Å at
N. The addition of salt to these basic solutions decreases
Debye screening length even further. In principle, once
Debye length is reduced to the length scale of the persiste
length, then the system is fully screened. One will also no
that the valence of the ion is squared, leading to the fact
multivalence salts can be more effective at lower concen
tions in screening.

According to Eq.~2! increased ionic strength leads to
shift in the peak wave vector to lowerq values. Similarly,
with increased polymer concentration the peak shifts
higher values. These trends are both observed experim
tally. The theoretical origin of this peak according to the R
can be explained as follows: the presence of the bare re
sive screened Coulombic potential with strengthwc leads to
a repulsion between monomers and is wave vector dep
dent. This repulsion between monomers suppresses l
length scale fluctuations, thus leading to the lowered s
tered intensity in the low-q limit. This wave vector
dependent interaction is now coupled to the usual monom
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monomer correlations, exemplified by the Debye struct
factor, which has enhanced fluctuations in the low-q region
due to chain statistics, along with a limiting decay of 1/q2 in
the high-q limit. The competition between the suppression
fluctuations in the low-q region by electrostatics and decay
fluctuations according to chain statistics leads to the pea
the total scattering structure factor and is tuned by vary
the aforementioned variables. By increasing the io
strength, the compressibility at larger length scales increa
leading to an increase in the observed intensity at low-q re-
gion. By increasing the polymer concentration, the typi
correlation length decreases, thus leading to the shift of
peak position to higherq at fixed ionic strength, similar in
effect to that of neutral polymer solutions. The basis for
ing the RPA theory is to understand salient features of po
electrolyte scattering. In the following sections, we will ide
tify a few qualitative polyelectrolyte behaviors present in t
photoresist solutions.

IV. RESULTS AND DISCUSSIONS

A. Concentration dependence of pH

We have measured thepH, when possible, for solution
of pure aqueous base and the change upon addition
PHOSt, as shown in Fig. 1. We have found that thepH is
systematically lowered upon adding PHOSt, which is con
tent with the titration of the hydroxyl proton. This is ob
served for the three bases studied and also with and wit
added salts. Thus, in the following discussions regarding
phase behavior of these solutions, thepH is a function of
polymer concentration. The contribution of free ions fro
the base developer to the screening is also variable an
principle must be known before calculating the Deb
screening length. While this complicates any analysis, it
lustrates that a depletion of base at an interface may dev
during the dissolution process and far from the interface
expect strong screening due to the presence of base. At

FIG. 1. pH dependence on polymer concentration measured for sev
aqueous base and added salt concentrations indicated in the legend
experimental standard uncertainty in the measuredpH is 60.01 units, less
than the size of the symbols used.
J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul ÕAug 2003
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interface the polymer concentration will be high and requ
an equivalent amount of base to titrate each available
droxyl proton.

B. Scattering by d 3-PHOSt in PGMEA

Due to the low molecular mass of thed3-PHOSt and its
contrast with the solvent, neutron scattering provides a r
sonableq-range and resolution for such small structures.
our case thed3-PHOSt is only deuterated along the ma
chain. A significant improvement in scattering contrast co
be achieved with higher levels of deuteration, even for dil
solutions, above the relatively high scattering solvent. T
scattering by dilute solutions ofd3-PHOSt in PGMEA
~0.00847, 0.0167, 0.0245, 0.0324, and 0.0645! g cm23 re-
veals scattering behavior typical of a neutral polymer in
organic solvent. As shown in Fig. 2, the scattered intens
decays monotonically with increasing wave vector and
absolute intensity, which is proportional to concentration,
creases with decreasing concentration. The results of
Zimm plot shown in Fig. 3 lead to az-averaged radius o
gyration of (3061) Å, a weight-average relative mola
mass of (96006250) g mol21 and second virial coefficien
of 1.2931023 cm3 mol22 g22. The fact that the second
virial coefficient is positive indicates that PGMEA is a goo
solvent for PHOSt. We may convertA2 into the more famil-
iar Flory–Huggins interaction parameterx, where x51/2
2A2r2

2v1 , r2 is the polymer density andv1 is the partial
molar volume of the solvent.25 This interpretation leads to a
x of 0.122 at 25 °C. Knowledge of the fundamental intera
tion parameters can help understand the effects of swellin
interfaces and the dissolution process, since the swelling
result of the osmotic driving force of solvent into the glas
polymer.

al
The

FIG. 2. Small-angle neutron scattering byd-PHOSt in PGMEA. Concentra-
tions are provided in the legend. The scattering behavior is typical of neu
polymer solutions. The uncertainties shown are calculated as the estim
standard deviation of the mean.
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C. Scattering by d 3-PHOSt in aqueous base with and
without added salt

The PHOSt in casting solvent represents the esse
physics of a system with short-ranged interactions in dil
solutions. The experimental observations for the PHOS
aqueous developer solutions are significantly different.
show the scattering behavior difference for 0.0374 g cm23

d3-PHOSt dissolved in PGMEA and 0.0388 g cm23

d3-PHOSt dissolved in 0.26 N TMAH in Fig. 4. Th
d3-PHOSt in PGMEA behaves as a typical neutral polym
solution as described earlier, while a broad peak is obse
for the d3-PHOSt in 0.26 N TMAH. This scattering peak
similar to that observed in semidilute polyelectroly
solutions.26–28It suggests that long-ranged electrostatic int

FIG. 3. Zimm plot analysis for the scattering byd-PHOSt in PGMEA. The
results are a radius of gyration of 3061 Å, weight-average relative mola
mass of 96006250 g mol21 and second virial coefficient of 1.29
31023 cm3 mol22 g22. Fits to the data are shown as solid lines which we
obtained by a weighted least-squares minimization and the uncertain
one standard deviation to the fit.

FIG. 4. Small-angle neutron scattering by 0.0374 g cm23 d-PHOSt in
PGMEA and 0.0388 g cm23 d-PHOSt in 0.26 N TMAH, the, and ^

symbols, respectively. The uncertainties shown are calculated as the
mated standard deviation of the mean.
JVST B - Microelectronics and Nanometer Structures
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actions are present, leading to a suppression of fluctuat
in the low-q region that gives rise to the broad peak. Ev
though the mass concentrations are equal, the presence o
peak indicates a strong interaction between polyelectro
segments in solution. This strong repulsive interaction le
to a chain expansion beyond its Gaussian theta-coil dim
sion and has been the subject of numero
investigations.29–31 What is not observed, due to the lowq
resolution, is that the intensity increases strongly forq less
than 0.01 Å21. This low-q upturn is ubiquitous in low-ionic
strength polyelectrolyte solutions and is attributed to an
gregation or multi-chain clustering in solution. The influen
of this unresolved problem on photoresists is tempting
infer.

These observations suggest that in the presence of
aqueous base solution, that is un-buffered, the chemical e
librium between a protonated and deprotonated state fa
the deprotonated hydroxyl form of PHOSt, which can no
be considered a polyelectrolyte. This titration of the PHO
monomers results in an ionic character from which the b
interaction between charged monomers is Coulombic in
ture. This leads to a monomer–monomer repulsion tha
now coupled to the monomer connectivity resulting in t
scattering peak atqÞ0 as described previously. The remai
ing basic components can be considered to contribute to
total solution ionic strength and the range of the electrost
interaction calculated from the Debye screening length.
present the inverse scattering peak position as a functio
polymer concentration in Fig. 5. Typically, for low-ioni
strength semidilute polyelectrolyte solutions, the inve
peak position scales with polymer concentration asq21

;Cp
21/2. From a fit to the entire data set we find the exp

nent of the concentration to be20.6860.03, rather than
20.5, which is anticipated due to the fact that these soluti
are not under the class of ‘‘salt-free’’ polyelectrolyte sol
tions. Any added electrolytes, due to the un-buffered so

is

sti-

FIG. 5. Variation of inverse polyelectrolyte peak withd3-PHOSt concentra-
tion for several different aqueous base solutions given in the legend.
experimental standard uncertainty is smaller than the symbols and lef
for clarity. The main text references the data with the relative uncertain
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tions, will lead to screening which tends to change the s
ing behavior. In addition, the system is not in the semidil
solution region, as the estimated overlap concentration fo
extended chain is 0.03 g cm23, while that for the correspond
ing theta-coil dimensions is 0.084 g cm23.

Again, it can be shown that the polyelectrolyte effects c
be tuned by several measures, such as by changing the
tion dielectric constant,32 adding salt,21,33 or copolymer
content.34 In this case we examine, in particular, the infl
ence of added salt. The scattering behavior of 0.053 g c23

d3-PHOSt in 0.26N KOH with varying added KCl salt from
~0 to 0.5!M is shown in Fig. 6.

In principle, if the electrostatic interaction becom
screened then the collective and configurational propertie
a polyelectrolyte solution should resemble that of a neu
polymer solution.35,36This was observed in the limit of high
salt for intrinsically flexible polyelectrolytes as shown prev
ously by SANS.34,37 For the no added salt condition wit
d-PHOSt concentration fixed at 0.053 g cm23 in 0.26N KOH,
we observe the scattering peak position,qm , to be qm

5(0.084960.0003) Å21. Maintaining thed-PHOSt concen-
tration fixed, an increase in salt concentration to 0.05
decreasesqm to (0.078160.0003) Å21, consistent with the
trends predicted from the RPA theory. For the higher s
concentrations 0.20 and 0.5 M a peak is no longer resolve
and the scattering form at high salt is similar to that of t
neutral polymer solution, which is consistent with a scre
ing of the electrostatic interactions. We did attempt to p
form a Zimm plot in this case, but, the statistics were so p
that we could not place confidence in the final extrapola
quantities. However, we can provide an estimate for the
dius of gyration,Rg , by directly fitting the measured sca
tered intensity with the Debye structure factor, as shown
Fig. 7, leading to an apparentRg of (14.061.0) Å, which is
significantly smaller than theRg obtained in PGMEA, which

FIG. 6. Small-angle neutron scattering by a 0.053 g cm23 d-PHOSt in 0.26
N KOH with varying added KCl salt from~0 to 0.5! M, as indicated in the
legend, solvent scattering is subtracted. The broadening and eliminatio
the polyelectrolyte peak is observed, consistent with the screening o
electrostatic interaction. The uncertainties shown are calculated as the
mated standard deviation of the mean.
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was (30.061.0) Å. This does suggest that upon addition
excess salt the solvent quality is sufficiently poor to lead
chain collapse.

The scattering behavior of PHOSt in aqueous develope
a general phenomenon and is not dependent on the typ
base. For instance, we examined PHOSt in three diffe
aqueous buffers, NaOH, TMAH, and KOH, as shown in F
8. All of these samples show the same essential feat
namely a correlation peak, which is a function of polym
concentration and added salt.

D. PHOSt in 1.1 N TMAH aqueous base

We also examined the scattering behavior of PHOSt in
presence of excess base, 1.1 N TMAH. Under this condit

of
he
sti-

FIG. 7. High salt SANS scattering from 0.053 g cm23 d-PHOSt in 0.26 N
KOH with 0.5 M KCl. The scattered intensity could be adequately fit, so
line, with the Debye structure factor, providing an apparent radius of gy
tion of (14.061.0) Å. The uncertainties shown are calculated as the e
mated standard deviation of the mean.

FIG. 8. Polyelectrolyte peak for three different aqueous base buffer solut
0.26 N TMAH, 0.26 N KOH, and 0.26 N NaOH, with~0.0388, 0.0521, and
0.053! g cm23 d3-PHOSt concentration, respectively. The uncertainties
calculated as the estimated standard deviation of the mean, in this cas
limits are smaller than the plotted symbols and are left out for clarity.
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all electrostatic interactions should be screened due to
high concentration of basic components, similar to the in
ence of added salt, leading to a vanishing Debye scree
length. We were able to obtain a Zimm plot as shown in F
9 and recovered the molecular weight of 9600 g mol21 and a
radius of gyration of (2963) Å ~see, also, Table II!. The
second virial coefficientA2 is 2.731023 cm3 mol2 g22. The
chain dimension is slightly larger than that of bulk polyst
rene in the melt which is 23.5 Å, for an equivalent degree
polymerization. However, experiments for PHOSt in the m
in which the excluded volume would be screened, are n
essary for a quantitative comparison, since the poly~4-
hydroxystyrene! persistence length may differ from polysty
rene. There appears to be an excluded volume presen
measured from the positive second virial coefficient. We
tain an effectivex of 0.40 at 25 °C. This estimate forx can
be used to predict the phase behavior of this system. H
ever, it is likely that this value ofx would be ionic strength
dependent. Future experiments such as a series of light
tering experiments at high ionic strengths and varied te
perature would explore new areas in the phase behavior
phase separation of model photoresist systems. The influ
of copolymer composition tunes the charge density of
chain and is an important parameter to investigate, sinc
critical fraction or range of copolymer composition is r
quired to observe miscibility.

FIG. 9. Zimm plot for 1.1 N TMAH withd-PHOSt. The results are a radiu
of gyration of (2963) Å, a weight-average relative molecular weight
9600 g mol21 and a second virial coefficient (A2) of 2.7
31023 cm3 mol2 g22. Fits of the data are shown in the solid lines are o
tained from a weighted least-squares minimization and the error is one
dard deviation to the fit.

TABLE II. Zimm plot results.

PGMEA 1.1N TMAH

Mr ,w ~g mol21! 96006250 964862000
^Rg

2&Z
1/2 ~Å! 3061 2963

A2 ~cm3 mol2 g22! 1.2931023 2.731023

x ~25 °C! 0.122 0.40
JVST B - Microelectronics and Nanometer Structures
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V. CONCLUDING REMARKS

Early experiments on dilute solutions of polyelectrolyt
with added salts demonstrate that the second virial coe
cient, determined by static light scattering, is a strong fu
tion of the ionic strength.38,39In these studies it was observe
that the second virial coefficient decreases with increas
salt concentration. Thus, the solvent quality is lowered w
the addition of salt, by reducing the tendency for repuls
between chains. In the limit of excess salt, barring precip
tion of the polymer, the electrostatic influence will b
screened. We have presented the case of the second
coefficient at both high salt and high base concentrati
eliminating the polyelectrolyte correlations. While we we
not able to demonstrate the experiments as functions of
concentration, this work can easily be extended to the c
that uses the more conventional static light scattering w
higher molecular weights and much more dilute solutio
The behavior is universal with regards to the effect of add
salt. Thus, we now understand an important contribution
the driving force for dissolution, solvent quality, is a functio
of any added electrolytes as well as the finalpH of the so-
lution.

Recent experiments demonstrate a salt-concentration
pendent dissolution rate. However, at salt concentrations
proaching molar, the dissolution rate depends in a nonlin
fashion on the concentration of added salts,40 from which
nonlinear activity coefficients and miscibility of salts ca
inherently complicate the physics. In the critical ionizatio
model of Willsonet al.40 the result of Bahe is used to mod
the activity coefficient.41,42 Our results demonstrate that i
order to fully screen the electrostatics and eliminate the c
relation peak, the salt concentration is between 0.2 and 0.
corresponding to a bare Debye length between 6.8 and 4.
Now, if the solvent quality tends to become poorer in t
limit of very high salt concentrations, then one contributi
to the overall dissolution rate decrease with excess salt c
be the lower solvent quality. Of course, the diffusion coe
cient is a strong function of ionic strength. At the lowe
added salt concentrations an increase in the dissolution
is captured with the nonlinear activity coefficient, but m
also be related to an increased osmotic driving force for m
ing ions at the dissolution front, while maintaining goo
polymer solvent quality. At higher ionic strengths, the poo
solvent quality dominates leading to a peak in the dissolut
rate dependence. The observation that the dissolution
peak position is independent of the 1:1 electrolyte sugg
that such a simple crossover to poor solvent behavior m
be independent of the solvent quality between the polym
and electrolyte solution. If each salt had a specific effect w
the polymer, then the dependence on solvent quality wo
lead to a variation in the observed dissolution rate peak
sition.

This article highlights the manner in which all futur
developer–photoresist solutions will behave in the limit
low ionic strength. Their behavior is that of a polyelectroly
which should have consequences during the time-depen
dissolution process. At the interface of the dissolution fro

n-
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the monomers that come into the range of the titrating ba
ions will tend to shift their equilibrium to that of the charge
state. Once this occurs, the configurational properties cha
dramatically leading to chain expansion. The consequen
of this on the stability of the dissolving interface are u
known. Depending on the depth at which the solvent and
added ions can penetrate the dissolution front, the collec
behavior of charged polymers must differ from that of t
neutral polymer counterparts, which has been well studie
date. Thus, in the spirit of this work, many experiments
necessary to understand the inter-phase properties durin
kinetics of dissolution. Since this dissolution front is r
vealed to be a steady-state front, after an initial induct
period, experiments with nanometer resolution are neces
to explore this poorly understood problem of dissolution.
particular, at the penetration front, since the local concen
tion of polyelectrolyte is high and represents either a se
dilute or concentrated solution, experiments in this regi
would highlight any new physics of dense polyelectroly
solutions. The collective diffusion of charged polymers, a
hence, all transport related properties, are strongly depen
on controllable experimental variables such as ionic stren
solvent mixtures, molecular weight, chain branching, te
perature, salt mixtures, and valence. Thus, knowledge of
controlling parameters in polyelectrolytes will help to e
pand the understanding of next-generation developer s
tions and/or resist formulations.
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