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ABSTRACT

We demonstrate that poly(4-hydroxystyrene) and (5, 15, and 20) % tert-butoxycarboxy protected copolymers are
polyelectrolytes when dissolved in agueous base solutions. The polyelectrolyte effect is quantified through the
observation of a correlation peak, measured with small-angle neutron scattering. Polyelectrolyte effects are weakened
with added salts and excess base. These studies emphasize that salt additives screen the el ectrostatic interactions, while
pH leads to the ionization of the chain. Solvent quality is quantified and the chain configurations are measured in the
limit of high ionic strength. It is speculated that the developer-resist interactions will play an important role in
development-induced roughness, hence these equilibrium solution measurements can serve a predictive function for
future photoresists dissolution models incorporating solvent quality as a parameter.
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1. INTRODUCTION

This paper highlights polyelectrolyte effects induced by developer-resist interactions. It iswell known the high
pH of the aqueous base developer solution renders poly(hydroxystyrene) (PHOSt) soluble. From organic chemistry
tables, the pKa of aphenol * proton is 10. Thus, for solutions with pH greater than 10, the equilibrium conditions favor
the deprotonated state. Since, the pH of a 0.26 M tetramethyl ammonium hydroxide (TMAH) solution is 13.3,
equilibrium conditions strongly favor the conjugate base form. This chemical equilibrium state is the origin of the
intended miscibility. Bare PHOSt is not miscible in pure water.  When charged monomers are covalently connected
into a polymer, the influence of long-range correlations between monomers is important. Simple acid-base equilibrium,
based upon well-defined chemical equations, neglect these correlations. This behavior is studied within the context of
charged polymers, polyelectrolytes.

The long-ranged monomer-monomer correlations are measured with small-angle neutron scattering (SANS).
We utilize this technique to understand the roles of dissolution additives in agueous base developers. This paper
highlights differences between the ionized form of model photoresist solutions and its unionized counterpart in organic
solvents. These results may have direct implications for advancements in photoresists dissolution theory and
understanding.

One fundamental step needed in current dissolution models is the role of solvent quality at the resist-devel oper
interface. The next generation of photoresists exhibits significant swelling and new dissolution features, not observed
for the 248 nm PHOSt-PBOCSt system 2. Methodologies to reduce this swelling involve dissolution inhibitors and/or
modifying agents. However, solvent and base penetration into the resist, neglected in current models, will need to be
incorporated into models to fully understand and control the multi-step dissolution process observed for next generation
resists’. The physics of this penetration front require additional kinetic and equilibrium studies.

’ Corresponding author. vprabhu@nist.gov, Tel.: (301) 975-3657; fax (301) 975-3928.

404 Advances in Resist Technology and Processing XX, Theodore H. Fedynyshyn, Editor,
Proceedings of SPIE Vol. 5039 (2003) © 2003 SPIE - 0277-786X/03/$15.00



A recent advancement in the dissolution model framework is the incorporation of electrostatic effects at the
resist-developer interface. By modeling a uniformly charged resist interface, the consequence is the formation of an
electrostatic double layer. For the case of aweakly acidic photoresist, the double layer modeling leads to a depletion of
aqueous base ions at the similarly charged surface. This reduces the local pH at the surface, leading to a lower surface
charge density for a given base concentration. This electrical feedback loop of ionization-dissolution has improved the
quantitative agreement between experiment and simulation *.

A kinetic model for positive-tone resist dissolution and roughening utilizes the critical ionization criteria to
understand the relation of aerial image contrast (compositional deprotection gradients) on roughness and dissolution
with a series of reaction-rate kinetic steps *. This theory is extendable to include association kinetics (gelation), which
may be critical for agreement with next generation resists.

This paper identifies and initiates discussion of dissolution with respect to charged polymer physics,
polyelectrolytes, and its importance in understanding photoresist-developer solutions. We highlight the polyelectrolyte
effects in this paper and discuss the consequences within the current dissolution models. We emphasize the polymeric
phase behavior in terms of solvent quality and its relation to roughness.

2. EXPERIMENTAL

The details of the polymers used in these studies, such as the weight-average relative molecular weight are
providesin Table|. The deuterated poly(4-hydroxystyrene) (ds-PHOSY), deuterated along the main chain, was custom
synthesized by Polymer Source, Inc., Dorval, Quebec®. The polymers with varying degree of tert-butoxycarboxy (t-
BOC) protection are fully protonated, and characterized by GPC. To prepare samples for the equilibrium solution
measurements, the dry powder was dissolved directly in agueous base solutions with and without added salts and
diluted to known concentrations. Tetramethyl ammonium hydroxide (TMAH) solutions were prepared by dilution of a
stock solution ( mass fraction of 10 %), purchased from Aldrich Chemicals, using deionized water with resistivity 18.0
MQ-cm purified by a Milli-Q UF Plus system®. Sodium hydroxide (NaOH) and potassium hydroxide (KOH) solutions
were prepared by quantitative addition of analytical grade salt pellets to a known volume of deionized water to achieve
the desired normality of 0.26 N. To prepare solutions with added salts, potassium chloride (KCl) and sodium chloride
(NaCl) were dissolved directly in the corresponding agueous base solutions: NaCl in NaOH and TMAH solutions and
KCl in KOH solutions. Similar methods were used to prepare solutions in propylene glycol methyl ether acetate
(PGMEA) and deuterated acetone.

Small-angle neutron scattering (SANS) was performed on the NG1 guide 8 m and NG3 30 m instruments at
the NIST Center for Neutron Research (NCNR). On both instruments the wavelength of neutron used was 6.0 A with a
spread (AA/A) of 0.12 on NG1 and 0.15 on NG 3. The scattered intensity is measured as a function of wave vector
defined by g = (4 n/A) sin(6/2), where 0 is the scattering angle. The details with regards to data collection and reduction
can be found elsewhere ®.  The uncertainties in scattered intensity are calculated as the estimated standard deviation of
the mean. In the case where the limits are smaller than the plotted symbols, the limits are left out for clarity. Fits of the
scattering data are made by a weighted |east-squares minimization and the error corresponds to one standard deviation
to thefit.

3. BACKGROUND

3.1. Dilute Neutral Polymer Solutions

We measured the scattering by model photoresist polymersin atypical casting solvent propylene glycol methyl
ether acetate (PGMEA), deuterated acetone and several aqueous base developer solutions: sodium hydroxide (NaOH),
potassium hydroxide (KOH), and tetramethyl ammonium hydroxide (TMAH), with and without added salts. The

coherent neutron scattering is feasible due to the scattering length density difference between PHOSt (bm / V., ) and the
solvent (bS / V. ). SANS experiments measure the monomer-monomer correlations denoted by the total scattering

structure factor S;(Q) . Here we present the scattering equation in which C,_ is the monomer concentration and N
the degree of polymerization,
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In the limit of dilute solutions, a classical Zimm plot provides the z-average radius of gyration (Ry), second
virial coefficient (A,) and weight-averaged relative molar mass (M;,,). Thisis achieved by plotting H C/1(g) versusk’
Cm + 0> H isaneutron optical constant [b,? N.(vi/My)? ] where b,? is the scattering length density difference between
monomer repeat unit and solvent, N, Avogadros number, v, and M, are the molar volume and molecular mass of a
monomer,7réaspectively, al provided in Table I; k' is an arbitrary scaling factor that is independent of the extrapolated
guantities °.

3.2. Polyelectrolyte Scattering

When a macromolecule contains charged monomers the scattering behavior becomes very different from that
of aneutral polymer solution, particularly at low solution ionic strength. This is true for polyelectrolyte gels®*°, charged
colloidal particles”, charged dendrimers®”, semi-flexible polyelectrolytes™®, and even linear flexible
polyelectrolytes™*®. This paper highlights the behavior as it pertains to photoresist solutions. However, several review
articles availablet* 5104718,

One feature commonly observed with small-angle neutron scattering by a low-ionic strength semidilute
polyelectrolyte solutions is a broad scattering peak at a position of g, # O indicating a length scale with correlation.
This is in contrast to observations in neutral linear homo-polymer mixtures. The scattering behavior from
polyelectrolytes to date lacks a successful theory to fit the observable scattering range leading to qualitative structural
and thermodynamic parameters. One theory to understand low-ionic strength polyelectrolyte solutions uses a random
phase approximation (RPA) that predicts the high-q scattering trend exhibited by polyelectrolytes'®?. This theory uses
the Debye-Hiickel theory to model the interaction potential between two charged statistical segments. The predicted
scattering peak position dependence on polymer concentration, salt concentration and temperature qualitatively agree
with experiment. However, the RPA prediction fails to agree with experimental data for scaling laws. Its useto extract
guantitative information such as the Flory-Huggins interaction parameter has limited success due to several deficiencies
(a) anomalous scattering observed in the low-q limit, (b) poor understanding of ionic strength contributions from
polymer counter-ions versus added salt ions, (c) effect of density and chain fluctuations, and (d) incomplete
consideration of the multi-component nature of the solution. While the molecular mechanism or actual configurational
appearance may bein dispute, what is not in dispute is that the origin of the solution structure is electrostatic. Knowing
this one can cleverly devise experiments to tune the electrostatic behavior.

One parameter used to quantify electrolyte solutions is the Debye screening length, k. Where «? is the
inverse-square Debye length, proportional to the solution ionic strength,

k2 = 4rgN, Zzzycy , )
Y
where the sum over all added electrolyte species y includes added salts as well as basic ions, and I is the Bjerrum
length, whichis 7 A at 25 °C in water.

The value of «* quantifies the range over which electrostatics are important from any arbitrary test ion. For
instance, a0.26 N solution of TMAH, KOH or NaOH will have x™* of 6.0 A, assuming each has the same activity at the
equivalent prepared concentrations; this length decreases further to 2.9 A at 1.1 N. The addition of salt to these basic
solutions further decreases the Debye screening length. In principle, once the Debye length is reduced to the length
scale of the persistence length, then the system is fully screened.

In the following sections, we will identify a few qualitative polyelectrolyte behaviors present in photoresist
materials and discuss them in the context of photoresistsin developer solutions.
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4. RESULTSAND DISCUSSION

4.1 Photoresist in organic solvent

Due to the low molecular mass of the d;-PHOSt and its contrast with the solvent, neutron scattering provides a
reasonable g-range and resolution for such small structures. The scattering by dilute solutions of d;-PHOSt in PGMEA
( 0.00847, 0.0167, 0.0245, 0.0324, and 0.0645 ) g cm™ reveals behavior typical of a neutral polymer in an organic
solvent, shown in Fig. 1. The scattered intensity decays monotonically with increasing wave vector and the absolute
intensity, which is proportional to concentration, increases with increasing concentration.

The results of the Zimm plot for the PHOSt in PGMEA shown in Fig. 2 and summarized in Table ll, lead to a
z-averaged radius of gyration of (30 + 1) A , aweight-average relative molar mass of (9600 + 250) g mol™* and second
virial coefficient of 1.29 x 10 cm®molg>. The second virial coefficient is positive indicating that PGMEA is a good
solvent for the d-PHOSt. We may convert A, into the Flory-Huggins interaction parameter y, where
x =1/2— Ap,’Vvy, p, is the polymer density and v, is the partial molar volume of the solvent??. This interpretation
leadsto ay of 0.122 at 25°C. Knowledge of the interaction parameters is needed to understand the effects of swelling
at interfaces and the dissolution process because the swelling is a result of the osmotic driving force of solvent into the

glassy polymer.
4.2 Photoresist in developer solutions

The ds-PHOSt in the PGMEA casting solvent represents a system with short-ranged interactions in dilute
solutions. The experimenta observations for the ds-PHOSt in aqueous developer solutions are significantly different.
The scattering contrast between the deuterated PHOSt and water allows the illustration of the polyelectrolyte effect in
Fig. 3. We show 0.0388 g cm® ds-PHOSt dissolved in 0.26 N TMAH along with the same polymer in PGMEA to
demonstrate the difference in phase behavior. The broad peak observed in TMAH is similar to that observed in
semidilute polyelectrolyte solutions 2% and demonstrates that long-ranged electrostatic interactions are present. Even
though the mass concentrations are similar, the presence of the pesk indicates a strong interaction between
polyelectrolyte segments in solution. This strong repulsive interaction leads to a chain expansion beyond its Gaussian
theta-coil dimension and has been the subject of numerous investigations®?. These experiments provide the basis of
understanding for the role of added salts on the configurational properties of charged polymers, which is directly
applicable to photoresist materials in devel oper solutions.

These observations suggest that in the presence of the agueous base solution, that is un-buffered, the chemical
equilibrium between a protonated and deprotonated state favors the deprotonated hydroxyl form, and can now be
considered a polyelectrolyte. This titration of the PHOSt monomers results in an ionic character from which the
interaction between charged monomers is electrostatic.  The remaining basic components, in excess of the titration
endpoint, contribute to the solution ionic strength quantified by the Debye screening length (k).  This is the starting
point to understand resist-developer interactions through the demonstration that the ionization process leads to phase
behavior that can not be predicted without considering the electrostatic interactions.

When the electrostatic interactions are screened to short length scales, the phase behavior resembles that of a
neutral polymer solution. This was observed in the limit of high salt for flexible polyelectrolytes using SANS . We
demonstrate this behavior in Fig. 4, for the no added salt condition with ds-PHOSt concentration fixed at 0.053 g cm™in
0.26 N KOH, we observe the scattering peak position, g , to be g = (0.0849 + 0.0003) A, Fixing the d; -PHOSt
concentration, an increase in KCl salt concentration to 0.05 M decreases g, to (0.0781 + 0.0003 )A™. For the higher
salt concentrations 0.20 M and 0.5 M, a peak is no longer resolved and the scattering form at high salt is similar to that
of the neutral polymer solution, which is consistent with a screening of the electrostatic interactions. We provide an
estimate for the radius of gyration, Ry, by directly fitting the measured scattered intensity with the Debye structure
factor, for the 0.5 M KCI added salt sample, leading to an apparent Ry of (14.0+ 1.0) A, which is significantly smaller
than the R, obtained by Zimm plots in PGMEA (30 + 1) A or 1.1 N TMAH (29 + 3) A (data provided in Table II).
This suggests that upon addition of salt the solvent quality is reduced *** |eading to chain contraction, as expected from
previous experiments on model charged polymers %%,

This relationship between chain contraction and solvent quality is expected to contribute to the development
process and its impact on observed roughness at the developer-resist interface. At sufficiently high ionic strength, the
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solvent quality becomes poorer, leading to a decrease in chain dimensions. So, the poor solvent quality will contribute
to the observed increased roughness due to increased developer concentration as observed by Reynolds and Taylor®.
Thus, the method of choosing the developer could include finding an optimal condition of added salts and base
concentration.  This source of induced roughness would exacerbate material incompatibility for protected-deprotected
components®. We demonstrate that the polyelectrolyte effect are observed in copolymer solutions as well.

Polyelectrolyte effects are also observed for (5, 10 and 20) % t-BOC protected copolymer in 0.26 N KOH.
Thisis shown in Fig. 5, aong with the polymer dissolved in deuterated acetone at the same concentration. In this case
we demonstrate that the same experiments can be performed for protonated polymers in deuterated solvents. This
experiment indicates that the polyelectrolyte physics is present for copolymers as well as homopolymers. Thus, at the
dissolution front the influence of copolymer composition will remain an important variable. We have not explored the
transition in miscibility across the anticipated protection limit from which miscibility is expected to undergo a
transition, indicative of the “solubility switch.” These experiments are forthcoming, in particular for next generation
resists. In the same plot we demonstrate the polyelectrolyte peak is reduced with a constant level of 0.2 M KCl at for
each copolymer studied. However, what is not known for these polymers is the extent of association or aggregation due
to the copolymer content versus polyelectrolyte effect. The aggregation due to copolymer content needs to be studied in
the lower g limit in a more comprehensive manner. Theincrease in scattered intensity at wave vectors below 0.03 A™
isindicative of multi-chain association, typically observed in polyelectrolyte solutions.

We should note that our observations of the equilibrium polyelectrolyte behavior are weakly dependent on the
type of agueous base. For instance we examined PHOSt in three different 0.26 N aqueous base solutions, NaOH,
TMAH, and KOH, as shown in Fig. 6. All of these samples show the correlation peak for similar polymer
concentrations, denoted in the figure. The peak position is polymer concentration dependent, but a challenge remainsto
connect the equilibrium structure to observed dissolution rates. The structure is weakly dependent on the type of base
used, even though dissolution rate is dependent on base cation and added salts **. One connection is through a
systematic study of the solvent quality, as it is known that the solvent quality will be a function of added salt or basic
species. This solvent quality is then a thermodynamic parameter or driving force for the dissolution .

Solvent quality should also influence the observed dissolution rate. In particular the observations of the
decrease in dissolution rates at sufficient high salt concentrations could also be interpreted as influenced by the reduced
solvent quality of the developer solution, since the driving force for the polymer to dissolve is reduced. This is
consistent with simple models for neutral polymer dissolution reviewed by Ueberreiter *. However, current models,
based upon reaction-rate kinetics, would need to be modified to allow for solvent quality as a parameter in tuning the
rate of ionization and rate of polymer migration from the dissolution penetration front. When included, predictions of
dissolution rates using equilibrium solution parameters will be possible expanding the ability to predict based upon
chemical microstructure in addition to ionization criteria.

5. CONCLUSIONS

This paper demonstrates that PHOSt and copolymers with (5, 15, and 20) % t-BOC protection are polyel ectrolytes.
Polyelectrolyte effects are induced by the ionization process and quantified by small-angle neutron scattering. The
polyelectrolyte effects are absent in organic solvents such as PGMEA and acetone and are observed in aqueous base
solutions of 0.26 N TMAH, KOH, and NaOH. The phase behavior and solvent quality are controlled by the solution
ionic strength, contributed by the basic ions and added salts. In the case of an excess amount of added salt and/or base
the configurational properties of the polymer return to neutral-like behavior and the solvent quality is reduced. In the
limit of high ionic strength, we analyze the data using a Zimm plot extracting the second virial coefficient and
converting to the Flory-Huggins interaction parameter for PHOSt in PGMEA and 1.1 N TMAH. The radius of
gyration of PHOSt in 0.26 N KOH with 0.5 M KCl is reduced to (14.0 + 1.0 ) A indicating a reduction in size when
compared to solutions in base developer solutions without added salts and organic solvents. The influence of solvent
quality at the resist-developer interface is in agreement with current experimental data. Increased roughness is observed
with increased developer concentration and decreased dissolution rate with high added salt content (related to solvent
quality). However these fundamental polyelectrolyte effects will play a more important role, for next generation
photoresists that exhibit solvent penetration, swelling, and surface layers. This behavior is minimal for the current 248
nm photoresist investigated as experiments demonstrate surface layer and solvent penetration is lacking or too thin to
detect (lessthat 5 nm).
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8. FIGURES AND TABLES

Tablel. Experimental Quantities

ds-PHOSt  h-PHOSt h-PHOSt h-PHOSt PGMEA d-Acetone H,0
5% tBOC 15%tBOC 20% tBOC
Mrw [gmol™] 8750 10610 10860 10790 - - -
M/ M; ] 1.07 11 1.09 1.09 - - -
M; [g mol™] 123.0 - - - 132.16 64.13 18.0
vi [em®mol?]  84.0 136.53 73.54 18.063
bi [cm]x10 13 60.281 - - - 12.42 65.77 -1.675
Tablell. SANS Zimm Plot Results
PGMEA 1.IN TMAH
Mrw [O mol™] 9600 + 250 9648 + 2000
Yo 30+1 29+3
2
(Rg), A
A, [cm®mol?g?] 1.29x 107 2.7x10°
¥ (25°C) 0.122 0.40
0.30
] m 0.0645 gcm”
0.25 ] B 0.0324gcm’®
] ® 0.0245gcm”
— A 0.0167gem”
g 0207 0.00847gcm™
L,
50.15
0.10
0.05
0.00

0.02 0.04 0.06 -1, 0.08
q[A™]

0.10 0.12

Figure 1. Small-angle neutron scattering by d-PHOSt in PGMEA. Concentrations are provided in the legend. The scattering

behavior istypical of neutral polymer solutions.
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Figure 2. Zimm plot analysis for the scattering by d-PHOSt in PGMEA. The results are a radius of gyration of 30 + 1 A, weight-
average relative molar mass of 9600 + 250 g mol™ and second virial coefficient of 1.29 x 10° cm® mol2 g2 Fits to the data are
shown as solid lines which were obtained by a weighted |east-squares minimization and the uncertainty is one standard deviation to
thefit.
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Figure 3. Small-angle neutron scattering by 0.0374 g cm™ d-PHOSt in PGMEA and 0.0388 g cm™ dy-PHOSt in 0.26 N TMAH, the
V and ® symbols, respectively.
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Figure 4. Small-angle neutron scattering by a 0.053 g cm™ d-PHOSt in 0.26 M KOH with varying added KCI salt from (0 to 0.5) M,
as indicated in the legend, solvent scattering is subtracted. The broadening and elimination of the polyelectrolyte peak is observed,

consistent with the screening of the electrostatic interaction.
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Figure 5. Small-angle neutron scattering by a series of protonated copolymers at a fixed polymer concentration of 0.05 g cm3. The
concentrations of developer and added salts are provided in the legend.
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Figure 6. Polyelectrolyte peak for three different aqueous base buffer solutions 0.26 N TMAH, 0.26 N KOH, and 0.26 N NaOH,
with (0.0388, 0.0521 and 0.053) g cm™® ds-PHOSt concentration, respectively.
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