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Synopsis

The effects of solvent size, temperature, and polymer molecular weight on the swelling of
poly(methyl methacrylate} (PMMA) thin films in low molecular weight alcohols were investigated
using an in situ ellipsometer. Apparent activation energies were indicative of non-Fickian
diffusion, although optical data showed substantial Fickian character for swelling in methanol
and moderate Fickian character in ethanol. Penetration rates were strongly dependent on the
solvent molar volume for methanol, ethanol, and isopropanol, but 1-butanol and 2-pentanol had
rates similar to isopropanol. The effective cross sections of these longer molecules are similar to
isopropanol, and this apparently explains the similar penetration rates. The effect of polymer
molecular weight (MW) on methanol penetration rates (21-27°C) was investigated with monodis-
perse PMMA (M, = 6.4-40.0 X 10* g/mol). A minimum at intermediate MW was observed.
Isopropanol swelling rates (45-52°C) were insensitive to MW. The swelling data were also used to
determine parameters for transport models that describe the swelling of thin polymer films.

INTRODUCTION

Thin polymer films (~ 1000 nm) are used as resists for lithographic image
transfer in the fabrication of microelectronic devices. The resolution and
sensitivity of a resist/developer—solvent system are strongly influenced by
solvent transport in the polymer. A parametric study of resist swelling can
provide a better understanding of solvent transport processes. By using
solvents which swell but do not dissolve the films, solvent transport can be
isolated from polymer dissolution effects. The insight gained from swelling
studies could be useful for improving resolution.

Swelling results from the penetration of solvent into the polymer. Solvent
penetration consists of two processes-—diffusion of solvent molecules into the
polymer matrix and local relaxation of polymer segments. The characteristic
times for diffusion and relaxation (and the changes in these characteristic
times as the film swells) determine whether normal Fickian transport is
observed.! Often with glassy polymers, a sharp front between unpenetrated
and swollen polymer propagates into the film at a constant rate. This type of
non-Fickian transport is referred to as Case II diffusion.?

With Case II transport, solvent transport in the swollen region still pro-
ceeds by Fickian diffusion.?® In thinner films, the diffusional resistance of the
swollen polymer (gel) is negligible, and swelling is always limited by solvent
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penetration at the front. In thicker films, the diffusional resistance of the
swollen region increases as the film swells, and Fickian diffusion of solvent
between the polymer-solvent interface and the penetrating front may eventu-
ally control the swelling kinetics. Consequently, an apparent shift to Fickian
transport can occur with thicker films.?

A similar shift in the apparent transport mechanism can result from an
increase in temperature (for sufficiently thick films).? If the temperature is
raised, both the penetration rate of the front and the diffusivity of solvent in
the swollen region increase. However, the increase in the front penetration
rate is more significant than the increase in solvent diffusivity because the
apparent activation energy for front penetration is higher than that for
solvent diffusion.* Thus, the effective diffusional resistance of the swollen
region is increased.

Poly(methyl methacrylate) (PMMA) is used as a positive-tone electron-beam
resist and is typically developed in a ketone/alcohol solvent mixture. In the
absence of ketones, alcohols slowly swell the polymer, but, in ketone/alcohol
mixtures, alcohols act as nonsolvents and moderate the dissolution rate of
unexposed regions. This moderation improves process control and enhances
contrast between the exposed and unexposed regions. Several studies of
PMMA thin films dissolving in ketones®® and ketone/alcohol mixtures’ '
have been reported, but few!? results have been published for swelling in pure
alcohols.

Swelling of sheet PMMA in lower molecular weight (MW) alcohols has been
reported, however. The transport of methanol (MeOH) in 1 and 3 mm thick
PMMA at 23-63°C showed Case II behavior for thinner samples and lower
temperatures.® Fickian behavior was observed at elevated temperatures and
also at long times for thicker samples. These observations can be explained in
terms of activation energies and diffusional resistances as discussed above.
Swelling data'' for sheet PMMA in MeOH, ethanol (EtOH), isopropanol
(IpOH), and n-propanol (POH) at 20 and 45°C have been analyzed'? and
found to correspond to Case II uptake. Similarly, 2 mm thick PMMA sheets
swelling in EtOH, POH, and 1-butanol between 50 and 95°C showed Case 11
diffusion near 50°C, but at higher temperatures the penetration had Fickian
character.*

No studies have been reported on the effect of polymer MW on PMMA
swelling rates. It would be useful to understand how MW affects penetration
rate since it has been found that the dissolution rate of PMMA films in
methyl isobutyl ketone decreases with increasing polymer MW and that the
dissolution rate is controlled by solvent penetration.® One problem with
studying the effect of MW is the difficulty in isolating any inherent depen-
dence of penetration rate on polymer MW from sample preparation effects.
For example, if films are annealed during preparation, the response time
during subsequent quenching will depend on polymer MW. Differences in free
volume and consequently the penetration rate could result. Such problems
have led to contradictory results for studies with polystyrene.!3 4

The primary objectives of this paper were to identify the mechanisms and
quantify the penetration kinetics of low MW alcohols in thin PMMA films.
In situ ellipsometry was used to monitor swelling. The effects of solvent size,
temperature, and polymer MW on swelling were investigated. Also, parame-
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ters for Fickian and Case II transport models were determined from the
ellipsometry data. These models describe the swelling of thin polymer films
and are reported elsewhere.!®

EXPERIMENTAL

Materials and Sample Preparation

Both monodisperse and polydisperse PMMA were used in our studies. The
polydisperse material was KTI Chemicals 950K e-beam resist, a 6 wt %
solution of PMMA in chlorobenzene (M, = 180,000 g/mol and M, /M, = 2.8
from GPC analysis). Monodisperse PMMA solutions were prepared by dissolv-
ing MW standards (Polysciences, Scientific Polymer Products, Pressure Chem-
ical, and Polymer Laboratories) in chlorobenzene to yield solutions of 5-15 wt
to vol % polymer. The polymer solutions were spin-coated at 500-2000 rpm
onto Si wafers (cleaned in 5:1 by volume H,S0O,: H,0, and dipped in 10: 1
H,0:49% HF). After spinning, the samples were baked at 160°C for 1 hin a
convection oven and then ambient quenched at 19-22°C. Film thickness
ranged from 300 to 2000 nm, although most films were approximately 1000 nm
thick. Reagent grade MeOH, EtOH, IpOH, 1-butanol, and 2-propanol were
used for the swelling studies.

Ellipsometer

Ellipsometry measures the relative change in polarization state of a light
beam as it reflects from a bare or film-covered substrate. The electric fields of
the incident and reflected beams are described, respectively, by the complex
amplitudes E, and E,.' Each complex amplitude can be resolved into
components parallel ( p) and perpendicular (s) to the plane of incidence, the
reference plane defined by the incident and reflected beams. The fundamental
equation of ellipsometry is!®

E _/E,

_ r, p Lp o _ .
*=F JE. tan(y Jexp(id) (1)

where p is the overall reflection coefficient and the parameters A (—180° < A
< 180°) and ¢ (0° < ¢ < 90°) relate, respectively, to the relative phase and
amplitude changes upon reflection. For a thin polymer film cast on a substrate
and immersed in a solvent, A and ¢ will be functions of the refractive indices
of the polymer, solvent, and substrate, the thickness of the film, the solvent
concentration profile within the film, the wavelength of the light source, and
the angle of incidence (measured with respect to a perpendicular to the plane
of the film).

For the studies reported here, a rotating-analyzer ellipsometer!” was used to
measure values of A and ¢ (typically at intervals of 5-60 s). This instrument
is described in detail elsewhere.!® Briefly, the sample is placed in a thermally
regulated (+0.2°C) optical cell which permits immersion in solvent and
passage of the incident and reflected light beams via quartz windows. The
aluminum cell is wrapped with heating tape and insulated. A heating element
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cannot be used directly in the cell since the resulting convective currents cause
intolerable signal fluctuations. The solvent is either stagnant or circulated at
up to 30 mL/min with a magnetic pump. Studies above room temperature
were typically performed with stagnant solvent to allow for more rapid
temperature equilibration. For runs near or below room temperature, the
solvent was pumped from a reservoir through heat exchange baths and into
the bottom of the cell.

DATA ANALYSIS

Data Interpretation

The average penetration rate was calculated by dividing the initial film
thickness by the time required for the film to swell completely (reach equilib-
rium). Complete swelling was marked by values of A and ¢ that were
time-invariant. Some second-order swelling was often evident, as indicated by
slight changes in A and ¢ after equilibrium (primary) had been reached. This
solvent uptake was insignificant, however, relative to the overall mass uptake,
and was most likely due to secondary relaxations of polymer segments. In
most cases, only the average penetration rate was desired. For more detailed
analysis, swelling data were interpreted by the use of transport!® and
optical'®?° models which generate predicted values of A and ¢ vs. time.

The transport models describe the swelling of thin polymer films by provid-
ing concentration profiles and boundary locations as functions of time. Two
separate transport models were developed,'® one for Fickian diffusion and one
for Case II penetration. The Fickian model has a continuous concentration
(solvent volume fraction ¢,) profile and one moving boundary, the
polymer-solvent interface, which moves outward as the solvent penetrates
[Fig. 1(a)]. The Case II model has two moving interfaces, the front between
unpenetrated polymer and the swollen gel layer, and the polymer-solvent
interface [Fig. 1(b)]. The front moves inward and the polymer-solvent inter-
face moves outward as the polymer swells. Between the front and the
polymer-solvent interface, the time and position dependence of ¢, are de-
scribed by Fickian diffusion. The ellipsometric parameters A and ¢ are
calculated from the concentration profiles and boundary locations by approxi-
mating the film as a stack of thin, discrete layers. The refractive index of each
layer is determined from the local solvent concentration and mixing rules.?
The overall reflection coefficient [eq. (1)] is determined by summing the
contribution of each interface, starting at the polymer-substrate interface.?

In the optical models, swelling is simulated by varying in a prescribed
manner the thickness of layers which are stacked on a substrate. For example,
Case II transport can be approximated with a two-layer optical model. The
underlying layer has the refractive index of the glassy polymer, and the
thickness of this layer decreases with time from the initial film thickness to
zero. The upper layer has the refractive index of the swollen layer and
increases in thickness from zero to the equilibrium swollen thickness. (This
two-layer model assumes that the solvent concentration profile in the swollen
region is flat, i.e., the diffusional resistance is negligible.) As with the transport
models, A and ¢ are calculated by summing the contribution of each interface
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Fig. 1. Interface positions and concentration profiles for (a) Fickian and (b) Case II transport
models.

to the overall reflection coefficient. The optical models are less computation-
ally intensive since partial differential equations are not solved and since
typically far fewer layers are used to approximate the film. However, the
optical models are not very useful for estimating Fickian penetration since the
concentration profiles must first be obtained from solution of a nonlinear
diffusion equation.®

The experimental data were fit either by manual iteration or by search
routines with the set of model (transport or optical) parameters that minimize
the objective function S,

1/2
1 /
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where the subscripts ¢ and e refer to “calculated” and ‘“experimental,”
respectively, and N is the number of data points. For the results presented in
this paper, eq. (2) was applied in the determination of solvent diffusivities and
equilibrium solvent concentrations.

Case II Model Parameters

The Case I model parameters are particular to the model®>'® used to
describe this phenomenon. Consequently, a brief description of this model
follows. The velocity of the penetrating front, v, is assumed to be stress
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driven, and is given by?®
v=—K(ar - a,) (3)

where K is a front factor, a is an amplification factor (usually 7= < g,), 7 is
the osmotic pressure due to the presence of the imbibed solvent, ¢, is the
critical stress level needed to initiate front movement, and the positive
direction is away from the substrate toward the solvent. Equation (3) is based
on an analogy to crazing (formation of microcracks) driven by mechanical
stress,” and the parameter o, can be thought of as the stress level needed for
crazing to occur. Thus, o, can be estimated from mechanical crazing data, and
is assumed to be a linear function of temperature,®

oc=Y(Tg_ T) (4)

where vy is a constant and T, is the glass transition temperature. The
parameter K is assumed to depend only on the properties of the pure polymer
and temperature [K ~ exp(—E,/RT), where E, is the apparent activation
energy and R is the gas constant], and can be determined from either
mechanical crazing or swelling data. The osmotic pressure is given by
Flory—Huggins theory,?

RT , 1
7= 71 o — XP1 — iln(l - ¢1) (5)

where V| is the molar volume of the solvent, x is the Flory—Huggins
interaction parameter, and X is the ratio of the molar volume of the polymer
to that of the solvent. It follows from egs. (3) and (5) that the front velocity
increases with solvent concentration. After values of K, 7, and o are esti-
mated, the amplification factor a is calculated from the solvent penetration
rate and eq. (3). To a first approximation, a is assumed to be a function of
temperature only.> However, any dependence of penetration rate on solvent
that is not accounted for in 7 will be included in a.

Optical Constants

Data interpretation requires accurate values of the refractive index for the
substrate, film, and solvent. The optical constants of Si have been
tabulated?*2* for various wavelengths. A value of N = 3.85 — i0.02 at 633 nm
was used in this study, since this value is more appropriate when a native
oxide is present on the surface of the Si wafers.

Refractive index measurements of 1000 nm PMMA films on Si substrates
(in air) with our ellipsometer yielded indices of 1.48-1.50. A value of 1.489 at
20°C and 633 nm was used in the calculations. This agrees favorably with
other published data for bulk PMMA 2 (n = 1.489), integrated optical
measurements of PMMA thin films?’ (n = 1.4856), and ellipsometric measure-
ments of 300-2000 nm films spun onto GaAs?® and InP?® substrates (n =
1.45-1.55). The refractive index was corrected for temperature using a value
of —1.3 X 1074/°C? for the temperature coefficient, dn/dT. This value of
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dn/dT corresponds to unconstrained polymer, and the magnitude may be
somewhat lower for spun-on films which are constrained at the polymer-
substrate interface.

For the solvents of interest, refractive indices were obtained from the
literature,®®>3! manufacturers’ data, and measurements. Refractive index data
near 20°C for several wavelengths®® were used to estimate dispersion effects
for each solvent so that refractive index values could be corrected to 633 nm.
Also, the refractive index as a function of temperature was measured between
19 and 55°C using a temperature-controlled Abbé refractometer (589 nmy). The
refractive index decreased linearly with temperature over this temperature
range, and dn/dT values agreed favorably with literature values.’>* The
temperature corrections at 589 nm were assumed to be applicable at 633 nm,
and the dispersion correction near 20°C were assumed to be applicable over
the entire temperature range investigated.

Refractive indices of polymer—solvent mixtures were needed to determine
the composition of swollen films. Direct calibration measurements with mix-
tures were not performed, however, due to the large number of solvent,
composition, and temperature combinations needed for all systems studied.
Instead, refractive indices were approximated by using the optical constants
of the pure solvent and polymer, and applying the Maxwell-Garnett mixing
rule.?! This mixing rule is based on a Lorentz-Lorenz type equation for
dielectric properties,?!

& T € z": & T €

€f+2£h im1 ‘e, +2€h

(6)

where ¢; is the effective dielectric function (complex) of the film, ¢, is the
dielectric function of the host, €; is the dielectric function of component i
(¢, = N?, where N, is the complex refractive index of component i), and 7 is
the number of components. The Maxwell-Garnett mixing rule assumes that
the host is the most abundant pure component. Both the polymer and solvent
were assumed to be nonabsorbing, so that their refractive indices simplified to
real values.

RESULTS AND DISCUSSION

Penetration Mechanism

Traces of ¢ and A vs. time for polydisperse PMMA (1340 nm) swelling in
MeOH at 19.0°C are shown in Figures 2a and 2b. Theoretical curves generated
from the Fickian and Case II transport models are presented in Figures 2(c),
(d) and 2(e), (f), respectively. The distinct differences in A and ¢ between the
two models are due to the presence of the second sharp interface with the
Case II model. Clearly, the experimental data follow the Fickian model more
closely.

Based on previous experimental studies® with sheet PMMA, Case II behav-
ior is expected for the temperatures considered in our study. The Fickian
behavior observed here suggests a thin-film effect. One possible explanation
for the Fickian behavior is that the initial uptake of MeOH is Fickian. With
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Fig. 2. (a,b) Experimental ¢ and A for methanol penetration at 19.0°C. Initial thickness =
1350 nm. (¢, d) Values of ¢ and A for MeOH penetration predicted by the Fickian model. (e, )
Values of ¢ and A for MeOH penetration predicted by the Case IT model.

sheet samples, observations are made well after the solvent has penetrated the
first 1000 nm of the film, so that only a sharp front is seen. With thin films,
this initial Fickian uptake could be a major fraction of the overall swelling.
Similar effects of film thickness on the mechanism of solvent penetration have
been observed with n-alkane swelling of polystyrene.?® For conditions at
which Case 11 sorption was observed in 7.5 X 10* nm films and 1.84 X 10° nm
spheres, absorption in 534 nm microspheres was Fickian. The author suggests
that for very thin samples a sharp front never has a chance to be established.

Another possible explanation for the apparent Fickian behavior is infiltra-
tion of the relatively small MeOH molecules ahead of the Case II front. It is
known that with Case II diffusion, a Fickian precursor3* precedes the pene-
trating front, and this precursor could be significant for MeOH. Furthermore,
for thin films, the precursor could constitute a major portion of the overall
thickness. Infiltration ahead of the front would result in a diffuse interface,
but penetration would still be controlled by a Case II mechanism. Although it
is difficult to differentiate between an initial Fickian uptake and substantial
infiltration of the solvent ahead of a Case II front, either process would
explain the thin film effects seen with MeOH penetration.
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Fig. 3. (a,b) Experimental ¢ and A for ethanol penetration at 40.8°C. Initial thickness = 1740

nm. (c,d) Values of ¢ and A for EtOH penetration predicted by the Fickian model. (e, f) Values of
¢ and A for EtOH penetration predicted by the Case II model.

Representative plots of A and ¢ for swelling in EtOH (40.8°C) and IpOH
(50.1°C) along with predicted plots from the Fickian and Case II models are
presented in Figures 3(a)-(f) and 4(a)—(f). The traces for EtOH shown in
Figure 3 suggest that the penetration is Case II. However, some Fickian
character (diffuse interface) is evident by the smoothing of the sharp wiggles
predicted by the Case II model. Figure 4 shows that IpOH penetration is
strongly Case II. The progression from Fickian to Case Il swelling can be
ascribed to the increasing molecular size of the penetrant. With the larger
molecules, appreciable infiltration of the solvent ahead of the front will be
difficult, and a sharp front can be maintained. It should be noted that,
although higher temperatures were used for the higher MW solvents in
Figures 2-4 (to give reasonable penetration rates), mechanistic differences
between the solvents were still seen at a fixed temperature. Thus, the transi-
tion in diffusion mechanism seen in Figures 2-4 is a consequence of the
progressively larger size of the solvent molecules, not higher temperatures.

For the most part, the penetration mechanism for each solvent remained
unchanged over the thickness, temperature, and molecular weight ranges
investigated. It should be emphasized, however, that some superposition of
the less dominant mechanism was always present. A duality in the diffusion
mechanism can be seen to a small extent with IpOH swelling. Close examina-
tion of Figure 4 reveals that the experimental curves are smoothed out
relative to the undulations predicted, assuming a perfectly sharp interface
between the unpenetrated glass and the swollen region [compare Figs 4(a) and
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Fig. 4. (a,b) Experimental ¢ and A for isopropanol penetration at 50.1°C. (c,d) Values of ¢
and A for IpOH penetration predicted by the Fickian model. (e, f) Values of ¢ and A for IpOH
penetration predicted by the Case II model.
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Fickian prediction for a concentration independent diffusivity of 1.0 X 107! cm? /s and a pseudo
Case II (optical model) prediction are shown. The equilibrium solvent volume fraction is 0.27.
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Fig. 6. Average penetration rate vs. 1 /T for polydisperse PMMA in various alcohols.

4(e) at 20 min]. In addition, some variation in the degree to which one
mechanism dominated was observed from sample to sample. For example, the
distinct Fickian behavior depicted in Figure 2 was not observed in all MeOH
experiments. Figure 5 shows data for MeOH uptake at 25.8°C. Also shown are
predicted data from Fickian transport and Case II optical models. Note that
the Fickian model predicts an amplitude for ¢ which is too low and also
predicts an approach to equilibrium which is much less abrupt than the data.
While penetration is initially Fickian, some Case II character is evident in
later stages of the experiment. (At first, the Case II curves lag behind the
experimental curves because the predicted curves correspond to solvent up-
take which is linear in time and accompanied by a sharp interface.) The
higher degree of Case II character seen in Figure 5 relative to Figure 2 could
be attributable to the temperature increase from 19.0 to 25.8°C. However,
variations in the degree to which the primary mechanism dominated were
seen from sample to sample (perhaps due to residual stresses), and thus it
cannot be concluded that the decrease in Fickian character correlates with an
increase in temperature.

Temperature

The average penetration rate for each alcohol in polydisperse PMMA is
plotted vs. 1 /7T in Figure 6. The apparent activation energies clearly decrease
with increasing temperature. Table I summarizes approximate activation
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TABLE I
Apparent Activation Energies for Polydisperse
PMMA Swelling in Various Alcohols

Activation energy

Alcohol Temperature range (°C) (kcal /mol)
Methanol 19.0-30.2 48
Methanol 30.2-38.5 33
Ethanol 26.2-35.0 60
Ethanol 35.0-45.0 26
2-Propanol 40.1-50.1 59
1-Butanol 40.8-50.0 59
2-Pentanol 45.5-53.3 59

energies over several temperature ranges. (These activation energies cannot be
ascribed solely to the dynamics of penetration since the equilibrium solvent
concentration and consequently the osmotic pressure in the Case II model
increases with temperature.) There does not appear to be a correlation
between molecular size and activation energy. While the optical data (Fig. 2)
indicate a high degree of Fickian behavior for MeOH penetration, the activa-
tion energies are consistent with Case II behavior.*>* This suggests that a
front which is diffuse due to initial Fickian swelling and /or solvent infiltra-
tion propagates into the film.
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Fig. 7. Average penetration rate vs. solvent molar volume at several temperatures.
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Solvent Size

As seen in Figure 6, the smaller molecules are kinetically more favorable,
and penetrate at significantly higher rates, as expected. An approximate
measure of molecular size is molar volume, and plots of log penetration rate
(interpolated) vs. log molar volume at several temperatures are shown in
Figure 7. The curves show a sharp drop in rate as molar volume increases, and
then level off for 1-butanol and 2-pentanol. Apparently, the effective cross
section of a molecule is more significant in determining penetration rate than
its molar volume. This is reasonable since longer molecules of comparable
cross section can align themselves such that their longer backbone does not
hinder diffusion.

Polymer Molecular Weight

Figure 8 shows the log of average penetration rate vs. 1 /7 for monodisperse
and polydisperse samples swelling in MeOH. The data suggest a dependence
on MW and polydispersity. Consider the monodisperse samples first. For
polymer molecular weights of 1.42 X 10° and 2.65 X 10° g/mol, the data lie
along the same line, indicating comparable rates for these two MWs, but the
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Fig. 8. Average penetration rate vs. 1 /7T for monodisperse and polydisperse PMMA in MeOH.
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6.4 X 10* g/mol data show higher penetration rates. If the rate differences
were due to free volume effects resulting from the ambient quench,® the lower
MW material would have a lower free volume and consequently a lower
penetration rate. Thus, it appears that there is an intrinsic dependence on
MW at lower MW which levels off somewhere above 1 X 10° g/mol. As the
molecular weight is increased to 4.0 X 10% g/mol, however, the rate increases.
We believe that the higher rate is a free volume effect which is due to the
ambient quench, and which becomes noticeable at higher MW. Finally, pene-
tration rates in polydisperse (M, = 1.8 X 10° g/mol) resist are between those
for the 6.4 X 10* and the 1.42 X 10° g/mol (and 2.65 X 10° g/mol) films.
Thus, for a particular M, polydispersity favors higher penetration rates,
which is consistent with the effect of polydispersity seen for PMMA dissolving
in methyl isobutyl ketone.® Apparently, the low MW tail plays a dominant
role in facilitating solvent penetration.

The dependence of penetration rate on polymer molecular weight (at lower
MW) further indicates that MeOH penetration has non-Fickian character. If
the diffusion mechanism were purely Fickian, no molecular weight-dependence
would be expected.?® In Fickian diffusion, solvent molecules jump along the
segments of the polymer chain, and this process is independent of chain
length.

The intrinsic dependence of the MeOH penetration rate on polymer MW
can be analyzed in terms of the osmotic stress caused by the presence of
solvent. It is conceivable that at low MW the polymer film has difficulty
supporting the solvent-induced (osmotic) stress, and the stress stretches open
the polymer matrix, leading to a higher penetration rate. As the MW in-
creases, the film becomes more capable of supporting the solvent-induced
stress, and the solvent penetration rate decreases. At sufficiently high MW
(10° g/mol), the film can readily support the stress, and the intrinsic penetra-
tion rate is independent of polymer MW. These effects can be incorporated
into the Case II model by making o, dependent on polymer MW.!® (The Case
II penetration rate also depends on molecular weight indirectly through the
molar volume ratio X, which influences both ¢ and #. For MWs applicable to
our studies, however, these contributions are negligible.) It has been found?3®
that, for mechanical crazing, o, is relatively independent of MW over the
range 1.2-22.0 X 10° g/mol. The penetration rate for MeOH levels off at
approximately the lower end of this range, and it is conceivable that o,
decreases with MW below 1.0 X 10° g/mol. A o, which increases with MW
and then levels off is consistent with the surface fracture energy for PMMA%¥
(crazing is a precursor to fracture).

The molecular weight effect was also investigated for PMMA swelling in
IpOH at 25-50°C (Fig. 9). With IpOH, no molecular weight effect was
observed. Relative to MeOH experiments, the solvent size was larger and
temperatures were higher in the IpOH runs. The absence of a MW effect with
IpOH is not attributable solely to its larger size because the penetration of
methyl isobutyl ketone (an even larger molecule) in PMMA at 24.8°C is
dependent on polymer MW.8 It is likely that the higher temperature was the
more significant factor. At higher temperatures, the polymer chain segments
can relax more rapidly, which would permit the film to more readily accom-
modate solvent-induced stress. It should be emphasized that while MW effects
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Fig. 9. Average penetration rate vs. 1/T for monodisperse and polydisperse PMMA in IpOH.

would not be observed for purely Fickian diffusion, a penetration rate that is
independent of polymer MW does not necessarily imply Fickian behavior.

Cracking

Film cracking was observed with 2.7 X 104, 7.2 X 104, and 1.07 X 10° g/mol
monodisperse samples swelling in MeOH. Initially, the swelling proceeded at
typical rates, and then the film abruptly ruptured. Upon cracking, the re-
flected laser beam became very diffuse. When the films were removed from the
solvent, they had a distinctly different appearance than the uncracked sam-
ples, and fracture was evident. In some cases, portions of the cracked film had
detached from the substrate. This solvent-induced stress cracking was not
seen with 6.4 X 10* g/mol samples, however. Thus, although cracking oc-
curred only with low MW polymer, it is not a function of MW only. As was
discussed in the previous section, it may be difficult for the lower MW films to
accommodate the solvent-induced stress. If the polymer structure is particu-
larly weak, cracking will result. Perhaps cracking can be linked to residual
stresses in the samples which result from poor film formation at lower MW.

The monodisperse polymer that cracked the MeOH showed no cracking in
IpOH. Since the IpOH runs were performed at higher temperatures, the lack
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of cracking could have been due to solvent size or temperature (or both). The
larger IpOH molecules penetrate more slowly than MeOH, and so osmotic
pressure does not build up as rapidly, which gives the polymer more time to
relax. Furthermore, the higher temperature enhances the mobility of the
polymer segments, allowing more rapid relaxation. Swelling in IpOH was not
studied at lower temperatures due to prohibitively slow penetration rates.

Equilibrium Composition

The thermodynamic quality of the solvent determines the extent of swelling,
i.e., ¢, at equilibrium, ¢¥. From Flory—Huggins theory, the difference in
chemical potential between solvent in the polymer and the bulk solvent is?

uy— pd = RT[In(1 — ¢,) + (1 — 1/X )y + x¢2] (7)

where ¢, is volume fraction of polymer (1 — ¢,). At equilibrium, p, in the
polymer and solvent phases must be equal. If we assume that dissolution is
negligible, then in the solvent phase (and thus polymer phase), p, = p%, and
the left side of eq. (7) goes to zero. Thus, the degree of swelling is determined
by the Flory-Huggins interaction parameter. Conversely, measured values of
¢F can be used to calculate x.

Equilibrium volume fractions were determined by fitting the ellipsometric
data with the optical and transport models. Ideal mixing and 1-dimensional
swelling were assumed in all cases. Composition vs. temperature is shown in
Figure 10(a) for several alcohols. Values of x were calculated using eq. (7) and
the data in Figure 10(a), and these x values are plotted vs. temperature in
Figure 10(b). As expected, the equilibrium volume fraction increases with
temperature [Fig. 10(a)], and equivalently x decreases with temperature.
Values of x can be estimated from the solubility parameters of the solvent

0.50 T T T

0.40

0.35

Solvent Volume Fraction

0.30

0.25

1 It

40

Fig. 10. Equilibrium swelling in terms of (a) ¢¥

2-pentanol.

45 50
Temperature (°C)

55

0.8

——
(a) (b)
® lsopropanol |.2F e Isopropanol —
0.45 a 1-Butanol o] A 1-Butanoi
B 2-Pentanol & 2 -Pentanol

40

and (b) x for isopropanol, 1-butanol, and

45

50
Temperature (°C)




SWELLING OF PMMA THIN FILMS IN ALCOHOLS 819

and polymer using,®

vi(s, - 8,)°

N\ Vp
=X, + Xp= 034 +
X Xs Xh RT

(8)

where x, is the entropic contribution (assumed to be constant at 0.34), x, is
the enthalpic contribution, and §, and §; are the solubility parameters of the
polymer and solvent, respectively. Unfortunately, values of §, and §; are
inexact,® and quantitative prediction of x values is difficult. However, if
reasonable values of the solubility parameters for PMMA and 2-pentanol are
used in eq. (8), the predicted values of x are much less sensitive to tempera-
ture than indicated by the data in Figure 10(b). The reason for this inconsis-
tency is not clear, but perhaps the equilibrium swelling compositions con-
verged to by the search routines correspond to local minima. More extensive
studies of equilibrium swelling are required.

Transport Model Parameters

Fickian

Effective diffusivities were determined by fitting the Fickian transport
model to MeOH swelling data [eq. (2)]. Both concentration-independent
diffusivities and diffusivities which increase exponentially with solvent con-
centration were used to fit the data. For example, a concentration indepen-
dent diffusivity of 107! cm? /s was obtained at 22.3°C, which is reasonable for
diffusion of MeOH in PMMA.? An apparent activation energy of 43 kcal /mol
was determined from the concentration-independent data. This relatively high
value is consistent with non-Fickian penetration, which suggests once again
that MeOH diffusion involves a relaxation controlled penetrating front (high
activation energy) with a significant Fickian precursor (optical data).

Case I

Values of the amplification factor a in the Case II model were determined
for each solvent from average penetration velocities and eq. (3). To determine
the value of @, it was necessary to first evaluate values of ., K, and 7. A
value for the constant y that gives the critical stress [eq. (4)] was estimated
from tensile crazing data for PMMA %

K as a function of temperature was determined from Case II swelling data
given in Ref. 3 for PMMA in MeOH. The data consist of penetration velocity
as a function of front concentration for several temperatures (23-62°C). The
osmotic pressure for these data was calculated from eq. (4), and the penetra-
tion rate was plotted vs. 7. Linear regression [eq. (3)] yielded values of K (and
a) at each temperature. As a confirmation of the mechanical analogy, a value
of K at 23°C was derived from crack-tip propagation (crazing) studies® (ar is
replaced with o). This yielded a value of 3.3 X 107 em /(s atm), which is in
very good agreement with 2.4 X 107!° cm /(s atm) obtained from the MeOH
data.
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An Arrhenius plot of K showed a break around 40°C. The apparent
activation energy was 10 kcal /mol below 40°C, and 43 kcal /mol above 40°C.
The parameter K is similar to a compliance, and thus creep characteristics
can be used to interpret the break observed near 40°C. PMMA undergoes a
secondary (8) transition from a semiductile to a ductile glass near 40°C.%
Activation energies obtained from creep experiments are approximately 20-30
kcal/mol below 7;,“>* and approximately 80 kcal/mol above T;.** (The
activation energy below 7 corresponds to relaxation processes for side groups,
whereas above Ty the activation energy corresponds to relaxation processes for
polymer chains or large segments.) Although the activation energies derived
from the MeOH data are much lower than those from creep experiments, in
both cases the activation energies increase sharply above 40°C. Note that the
activation energy for K is higher at higher temperatures, but the apparent
activation energies for swelling (Fig. 6) decrease with temperature. Conse-
quently, the parameter a must compensate for the shift in activation energy
for K in order to match penetration rates.
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Fig. 11. Case Il model parameter a vs. temperature for (a) methanol and (b) ethanol,
isopropanol, 1-butanol, and 2-pentanol.
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The final variable needed to calculate a was # at the front. Unlike K and
6,, which were based on literature values, 7 was obtained from ellipsometric
data. For the film thicknesses used in our studies, the front velocities were
relatively constant, indicating that the diffusional resistance of the swollen
region was negligible and that, throughout the experiment, ¢, at the front was
approximately ¢¥. Thus, # was calculated from eq. (5) by using values of ¢¥
and x that were extracted from the ellipsometric data (Fig. 10).

Values of a calculated from our data and from the data in Ref. 3 are plotted
vs. temperature in Figure 11(a). (The solid line connects the points corre-
sponding to Ref. 3. The similarity of our a values to those for Ref. 3 indicates
that the penetration rates were comparable in both cases.) The values of a
range from about 5 to 30, and a maximum is seen near 40°C. Other investiga-
tors® found that for polystyrene swelling in n-hexanes, a increased monotoni-
cally with decreasing temperature. However, for the analysis of these
polystyrene data, a single activation energy was assumed (no secondary
transitions), and the value of a increased with decreasing temperature merely
to offset the increase in o,. As seen in Figure 11(a), the amplification factor is
relatively insensitive to polymer molecular weight. The small variation di-
rectly reflects the dependence of penetration rate on polymer MW seen in
Figure 8 (and the fact that o, is based onpolydisperse PMMA*),

Values of a for alcohols larger than MeOH are plotted in Figure 11(b). It is
readily apparent that values of a for MeOH are much larger than values of a
for the larger alcohols. The large deviation for MeOH is most likely due to its
small molecular size, which allows it to penetrate with less relaxation by the
polymer segments. This deviation is also consistent with the high degree of
Fickian character seen with MeOH. Overall a cannot be assumed to be a
function of only temperature. Furthermore, a consistent progression with
respect to the molecular weight of the solvent is not evident, and the
predictive capability of the model therefore appears limited. It must be
stressed, however, that the calculated values of a are strongly dependent on
the equilibrium volume fraction of solvent, and the equilibrium volume
fraction does not show a consistent progression with solvent MW [Fig. 10(a)].

CONCLUSIONS

The mechanisms and kinetics of the swelling of PMMA in various alcohols
have been investigated. In situ ellipsometry suggests that the penetration of
MeOH in thin PMMA films has a high degree of Fickian character. The
apparent activation energy for MeOH penetration, however, was more con-
sistent with Case Il penetration, suggesting that relaxation processes are
important. Apparently, an appreciable Fickian precursor accompanies the
penetrating front. EtOH penetration was primarily Case II with some Fickian
character, and IpOH penetration was Case II with only a slight amount of
Fickian character. Thus, Fickian character decreases with increasing solvent
size.

The penetration rate of MeOH in monodisperse PMMA decreased with
increasing polymer MW up to 1-2 X 105 g/mol, where the rate leveled off.
The penetration rates in 6.4 X 10* g/mol monodisperse polymer were approx-
imately twice those in 1.42 X 10% and 2.65 X 10° g/mol monodisperse sam-



822 PAPANU ET AL.

ples. Further increases in MW (4.0 X 10° g/mol), however, led to increased
penetration rates. The decrease in penetration rate with MW at lower MW
suggests an intrinsic dependence of penetration rate on MW. The increase in
penetration rate at higher MW is most likely due to increased free volume
which results from the inability of the higher molecular weight chains to
contract rapidly during the ambient quench. Penetration rates of MeOH in
polydisperse PMMA (M, = 1.8 X 10° g/mol) were between those for 6.4 X 10*
and 1.42 X 10 g/mol polymer. Molecular weight effects were not seen with
IpOH, due to the higher temperatures at which these experiments were
performed.

Some of the lower MW films cracked in MeOH (at relatively low tempera-
tures), but for the same molecular weight samples, no cracking was observed
with IpOH (elevated temperatures). The IpOH molecules cannot penetrate as
readily as the smaller MeOH molecules, and furthermore at higher tempera-
tures the polymer chains can relax more readily. Both of these factors inhibit
the buildup of a catastrophic stress level. Film cracking was suppressed at
higher MW, which is consistent with fracture behavior of PMMA. Not all of
the lower MW films cracked, which implies that residual stresses also con-
tribute to film cracking.

Transport parameters for Fickian and Case II swelling models were also
determined. The effective concentration independent diffusivity (Fickian
model) for MeOH swelling had an apparent activation energy of 43 kcal /mol,
which is indicative of relaxation controlled penetration. The amplification
factor a that describes the front velocity in the Case II model was found to
depend on the particular solvent and on temperature. Values of this parame-
ter were significantly higher for MeOH compared to the higher MW alcohols.
This variation is probably due to the small molecular size of MeOH, and is
consistent with the high degree of Fickian character seen with MeOH penetra-
tion. The dependence of a on solvent did not follow a systematic progression
with the molecular weight or molar volume of the solvent. Consequently,
values of a cannot be predicted from existing data by scaling with solvent
size. It should be noted, however, that values of a were calculated using
values of ¢*, which also failed to follow a systematic progression. If more
consistent values of ¢¥ had been obtained, scaling of a with solvent size may
have been possible.
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