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The glass transition temperature is known to increase with decreasing film thickness /4 for sufficiently
thin poly(methyl methacrylate) films supported by silicon oxide substrates. We show that this system
undergoes a CO, pressure-induced devitrification transition, P,, which is film thickness dependent,
P,(h) = AP, + P, PRIk is the bulk glass transition and AP, can be positive or negative depending
on T and P. The phenomenon of retrograde vitrification, wherein the polymer exhibits a rubbery-to-
glassy-to-rubbery transition upon changing temperature isobarically, is also shown to occur in this

system and it is film thickness dependent.
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Thin films play an important role in various chemical,
biological, and microelectronic processes, with applica-
tions ranging from coatings to organic electronic and
sensor technologies. Entropic effects (confinement), en-
thalpic, polymer2’wall” (substrate and free surface)
interactions, and various interfacial processes associated
with long-range van der Walls interactions are responsible
for a range of phenomena in thin films, not observed
in the bulk [1-15]. Prominent among these effects is a
film thickness dependence of the vitrification tempera-
ture, shown to exist in sufficiently thin polymer films
[1,2,4-6].

The effects of near-critical CO, on the glass transition
of thin polymer films are of interest in this paper. CO, has
also been shown to influence the phase behavior of
polymer-polymer mixtures [16]. Liquid and supercritical
carbon dioxide (CO,) are attractive, nontoxic, alterna-
tives to organic solvents in many polymer processes such
as foaming, impregnation, ‘“‘green” lithographic pro-
cesses, and synthesis [17-19]. Moreover, because of its
negligible surface tension, supercritical CO, is effective
at drying aqueous-based photoresist films without col-
lapsing the high-aspect ratio features with dimensions
below 150 nm, a problem associated with the use of
organic solvents [18]. With this in mind, it is noteworthy
that the effect of CO, on the glass transition of thin
polymer films, a central issue associated with these pro-
cesses, has received little attention [10].

In thin polymer films, the vitrification transition is
known to differ from the bulk transition 70", AT, =
T,(h) — T", where AT, may be positive or negative,
depending on the polymer and the substrate. For freely
standing films, on the other hand, ATg < 0 [4]. Generally,
AT, > 0 when monomer-substrate interactions are com-
paratively strong, such as hydrogen bonding between
monomer segmental groups and the substrate. Inter-
actions between polyvinyl pyridine, poly(methyl metha-
crylate) (PMMA), tetramethyl bisphenol polycarbonate,
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and oxidized silicon wafers (SiO,/Si) are examples
[2,5,13]. In the absence of specific monomer-substrate
interactions, as is the case for polystyrene/SiO,/Si,
AT, <0 [2,5,6]. These examples illustrate that AT, is
not an intrinsic property of the polymer.

The origins of the film thickness dependence of 7', are
still a matter of debate. Simulations suggest that the
monomer packing densities determine the sign of AT,
[1]. Other explanations such as the existence of multiple
glass transition temperatures [6] or “liquidlike” surface
layers [2] provide the basis for alternate explanations. The
influence of dynamic heterogeneity on vitrification of the
system has also been considered as a potential explana-
tion [20]. Most of the experimental work on this topic has
concentrated on pure homopolymer systems and, more
importantly, temperature is the only variable used to
control vitrification. In light of the limited experimental
information, it is not surprising that predictions based on
each of the proposals mentioned heretofore are consistent
with much of the experimental data. Experiments that
reveal more systematic information about the vitrification
transition, including conditions under which it could be
induced, would be helpful toward the development of a
better understanding of the phenomenon. Recently, we
showed evidence of a CO,-induced devitrification transi-
tion in PMMA thin films (2 > 85 nm), suggesting that
pressure provides an additional “lever” which can be used
to systematically control the vitrification transition in
polymer thin films [10].

In this paper we show evidence of a film thickness
dependence of the CO, pressure-induced devitrification
transition of ultrathin PMMA films supported by SiO, /Si
substrates, P(h) = AP, + P2, where P2 is the bulk
transition. The magnitude and sign of AP, can be con-
trolled independently by T and P. This observation has
implications regarding the additional role of diluent in-
teractions on the devitrification of thin films. Moreover, a
retrograde vitrification envelope is shown to exist in
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this system. The polymer undergoes a transition from
rubbery-to-glassy-to-rubbery upon changing tempera-
ture isobarically. The maximum pressure associated
with the envelope shifts to lower pressures when h be-
comes sufficiently small.

PMMA (M,, = 227 kg/mol; M, /M, = 1.04), pur-
chased from Polysciences Inc., was dissolved in toluene
and spin cast onto cleaned silicon (100) wafers (Wafer
World Inc.). The silicon substrate had a native SiO, layer
thickness of ~1.5 nm, as determined by spectroscopic
ellipsometry. The films ranged in thickness between 10
and 200 nm. All samples were annealed at 170 °C under
vacuum for over 24 h to remove residual solvent and to
establish the same thermal history.

Measurements were performed using a variable angle
spectroscopic ellipsometer (J. A. Woollam Co.). High-
pressure ellipsometry cells were used to measure the
CO,-induced glass transitions of PMMA at different
film thicknesses at two temperatures: 35 and 75 °C. In
addition, P,’s were measured for samples of thicknesses
h = 15 nm and & = 80 nm at additional temperatures of
25, 50, and 100°C. The design of the cells and the
experimental setup may be found elsewhere [9,10]. For
thick films (4 > 30 nm), the measurements were made
using an angle of incidence of 70° from the vertical, while
an angle of 76° was used for thinner films. Once a sample
was loaded in the cell, at least 1 h was allowed for
thermal equilibration. The temperature was controlled
with an accuracy of *£0.2°C. After reaching thermal
equilibrium, ellipsometric angles, ¢ and A, were mea-
sured for different CO, (Air Products; > 99.9999%
purity) pressures for both sorption and desorption.
The pressure was controlled with an accuracy of
*0.2 bars. Each sample was equilibrated at each pressure
for 10-20 min.

Studies of the solubility/dilation of CO, in bulk con-
ditioned polymers indicate that at pressures, P, below the
P, (h), sorption and desorption isotherms exhibit negative
curvature as a function of P. Furthermore, a hysteresis is
observed for P <P, between the initial sorption iso-
therms for the unconditioned glassy polymer and the
subsequent desorption/sorption isotherms on the condi-
tioned polymer. In contrast, for P > P,, the isotherms are
reversible and exhibit positive curvature [12,21,22]. The
pressure at which the change in curvature occurs is iden-
tified as the Pg (i.e., sufficient CO, is absorbed by the
polymer to induce a devitrification transition). In condi-
tioned samples, subsequent sorption and desorption runs
give the same transition.

We measured the ellipsometric angle ¢ as a function of
CO, pressure at different wavelengths (from 400 to
700 nm) for both sorption and desorption isotherms.
Since ¢ is related to the film thickness, it also exhibits
a change in curvature, denoting the onset of P,. We find
that the P,’s determined for the thickest films compare
favorably to the related bulk values, demonstrating that
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the P, for the thin films can be determined by spectro-
scopic ellipsometry without explicitly fitting the ellipso-
metric angles to a model. Furthermore, a hysteresis is also
observed between the initial sorption isotherms and the
subsequent sorption and desorption isotherms at P < P,,
supporting the observation that a glass transition is
present. All data presented in this paper were determined
by using ¢’s from initial desorption isotherms. Typical
versus CO, pressure desorption isotherms for film thick-
ness of 4 = 26 nm and &2 = 50 nm are shown in Figs. 1(a)
and 1(b). The trends in the data in each figure clearly
reveal distinct glassy and rubbery regimes. Before con-
cluding the experimental section is it important to note
that an anomalous dilation is exhibited by the films at
pressures higher than the P,’s [10]. This anomalous dila-
tion behavior is associated with the compressibility of the
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FIG. 1. Typical ellipsometric angle (¢) versus CO, pressure

plots are shown here for two different PMMA film thicknesses,
(a) 26 nm and (b) 50 nm at 75°C. The CO,-induced glass
transition, P,, is identified as the pressure at which the curva-
ture of the desorption isotherm changes.
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solvent, whereas the measured P, is evidently not corre-
lated with the solvent compressibility [15].

Three important observations are apparent from the
data in Fig. 2. (1) The P,’s at 35 and 75 °C decrease with
decreasing film thickness, APg <0, for h less than
~50 nm, indicating that lower pressures are required to
induce devitrification in thinner films. These P,’s are
independent of film thickness at large h. (2) A larger
pressure is required to induce the devitrification transition
at 35 °C than at the higher temperature of 75 °C. (3) The
change in AP, with decreasing 4 is larger at 75 °C than at
35°C[AP,(75°C) > AP,(35°C)].

We begin by discussing the film thickness dependence
of P,. The decrease of the devitrification transition with
decreasing £ is, at first glance, surprising based on the
dependence of the transition on film thickness for the pure
(solventless) PMMA/SiO,/Si case. In the solventless
case, the interactions (hydrogen bonding) of the atactic
PMM A with the SiO, layer are implicated for the increase
in the transition over the bulk. The effect of the enhanced
interactions is to increase the local monomer-monomer
density in the vicinity of the substrate [1,5,7,8,14]. An
associated effect is that the mobility of chain segments in
the vicinity of the substrate is reduced. Therefore one
might assume that the devitrification transition would
occur at higher pressures with decreasing /. In the case
of CO,-PMMA/SiO,/Si, CO, interacts with the carbonyl
groups of PMMA, plasticizing the system [19,23]. This
alone would have the effect of changing the effective
PMMA/SiO, interactions, and hence, the configuration
freedom on the chains in the vicinity of the substrate. In
fact, CO, also interacts with the hydroxyl groups on the
substrate [19,23-25]. Therefore it is reasonable to argue
that the interactions of PMMA with the surface silanol
groups will be screened in the presence of CO,. One
natural consequence of this would be the mediation of
the influence of the ‘“‘interacting” substrate on the seg-
mental packing density and hence the mobility of chain
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FIG. 2. P, is shown here as a function of 4 at 35 and 75 °C.
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segments. A third effect is the high concentration of CO,
at the surface (adsorption) of the film [9—-11,26]. This has
the effect of providing more configurational freedom to
chain segments near the free surface. These effects, col-
lectively, induce the devitrification transition to occur at
lower pressures with decreasing film thickness. While
interactions between the chain segments and the external
interfaces are fundamentally associated with the thick-
ness dependent vitrification transitions, it should also be
evident that the collective dynamics and segmental dis-
tributions throughout the entire film would be affected.

The reason that the P,(h) versus & isotherms shift to
higher pressures as the temperature decreases from 75 to
35 °C is associated with the fact that a greater solubility
of CO, in the PMMA is required to counterbalance the
decrease in thermal motion. The data at large i are
consistent with independent measurements performed
on bulk samples [27]. The difference in the film thickness
effects on the glass transition at the two temperatures
AP,(75°C) > AP,(35°C) is due in part to the distribu-
tion of CO, between the surfaces and the interior of the
film. At 35°C the solubilities of CO, are much higher
than at 75 °C over the pressure ranges studied. Thus the
gradient in CO, composition from the interior of the film
to the free surface may be expected to be smaller at 35 °C
than at 75°C (i.e., the difference between the average
concentrations of CO, in thick and thin films is smaller
at 35°C than at 75 °C) consistent with a smaller APg
at 35°C.

A retrograde vitrification phenomenon as shown in
Fig. 3, wherein at constant pressure the system exhibits
rubbery-glassy transitions at two different temperatures,
is observed in this system. The vitrification envelope is
shown here for the bulk and for thin # = 80 nm and h =
15 nm films. The behavior of the 4 = 80 nm films is
nearly the same as the bulk, consistent with the thick-
ness dependence of the P, shown in Fig. 2. It is note-
worthy that the envelope shifts to lower pressures, by
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FIG. 3. Temperature versus pressure plots are shown here for
bulk PMMA (from Ref. [27]) and for films of 4 ~ 15 nm and
h ~ 80 nm.
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~10-20 bars, for the thinnest film. Retrograde vitrifica-
tion is associated with the increasing CO, solubility in the
polymer with decreasing temperature. At high tempera-
tures and low pressures, the rubbery state is associated
with the availability of sufficient thermal energy and
mobility of chain segments. As the temperature is re-
duced isobarically, vitrification occurs for the typical
reasons associated with the time scale of the dynamics
versus the time scale of observation (loss of ergodicity).
However, as the temperature is reduced further, the solu-
bility of CO, increases appreciably, resulting in the plas-
ticization of the film at lower T, i.e., devitrification. In this
regard, the explanation of the phenomenon in thin films is
the same as that for the bulk. However, the envelope shifts
to lower pressures for thin films. This shift is associated
with reasons provided earlier, the decreasing devitrifica-
tion transition with decreasing 4.

We note the existence of a crossover at high 7 and low
P, which is not unexpected. At ~20 atm and 7 ~ 100 °C,
a crossover occurs, where the vitrification transition oc-
curs at the same temperature and pressure for thin films
and bulk. At pressures lower than ~20 atm, vitrification
increases with decreasing film thickness. This occurs in
the regime where the CO, solubility is very low. Indeed,
one should eventually arrive at a crossover transition
where the behavior of the solventless case is recovered.

We have shown that the vitrification transition in
PMMA thin films could be controlled by changing the
conditions of temperature and CO, pressure. A novel
crossover pressure is presented in which the sign of AP,
changes due to the interactions among polymer, solvent,
and substrate at the interfaces. Furthermore, the phe-
nomenon of retrograde vitrification occurs in the CO,/
PMMA/SiO,/Si system, wherein upon decreasing
temperature, isobarically, PMMA undergoes a rubbery-
to-glassy transition and upon a further decrease, a glassy-
to-rubbery transition occurs. This phenomenon is
associated with the interplay between the increasing ther-
mal energy of the system with increasing temperature and
the increasing CO, solubility in the system with decreas-
ing temperature. The vitrification envelope shifts to lower
pressures by 10-20 atm when the films are sufficiently
thin. The results presented here not only have important
implications regarding CO,-based semiconductor pro-
cessing and gas separation membranes in polymer based
systems, but they provide an important basis for the
further development of theories of the glass transition
in thin polymeric films.

This work was supported by the National Science
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of the National Science Foundation under Agreement
No. CHE-9876674.
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