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ABSTRACT

The glass transition temperature and the surface dynamics of poly (butyl methacrylate)
(PBMA) films have been studied using a phase-modulated ellipsometer equipped with a home-built
sample cell with temperature controller. Experiments were performed for a range of temperatures,
both above and below the glass transition temperature (Tg). In our study the glass transition
temperature was obtained by plotting the ellipticity, p as a function of temperature using the data
from the ellipsometric cooling scan. The correlation functions governing the fluctuations were
calculated at each temperature from the time-dependent fluctuations in film thickness as a function
of temperature using ellipsometry data collected at 50 Hz frequency. The results indicate that at
temperatures well above Tg, the correlation functions obey a simple exponential decay. However,
as Tg is approached, the correlation functions are best fitted with a stretched exponential relation,
indicating a broad distribution of relaxation times. In addition, the temperature dependence of surface
relaxation process has been found to be much weaker compared to the bulk relaxation.

Keywords: Thin polymer films, glass transition temperature, ellipsometer,
correlation function, stretched exponential relation.

INTRODUCTION

The increasing technological demand for
ever-thinner amorphous polymer films cast onto
solid substrates has quickly advanced the study of
supported polymer films from a level of fundamental
understanding a few years ago, to an applications
level. In applications such as semiconductor
fabrication, nanostructured polymer systems,
polymeric sensors, organic light emitting diodes,
microsystems, biomicrosystems, pharmaceuticals,
adhesion, lubrication, coatings, electronics
packaging, composite materials, information
storage, etc.'?2, successful performance depend
critically on the details of the thin film behavior. The
glass transition remains the most characteristic and

important of amorphous glass forming polymers;
its understanding of which is crucial for current and
future applications and technologies dependent on
polymer glasses

The importance of understanding the glass
transition in thin polymer films has led to a large
number of experimental, theoretical and simulation
work. The experiments have consisted of both direct
measurements of the glass transition temperature T,
and related mobility of chain and segmental mobility
in polymer thin films, and have involved a variety
of techniques including ellipsometry, local thermal
analysis, x-ray reflectivity, Brillouin light scattering,
force microscopy (FM), positron annihilation
spectroscopy, quartz crystal microbalance (QCM)
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and many others. Despite some conflicts, there is
general agreement that the glass transition and
mobility of thin polymer films deviate frequently and
substantially from those of the bulk polymers both
because of limited film thickness and interfacial
phenomena®23,

The most commonly studied relaxation
property is the structural, or o relaxation, which in
most supercooled liquid and polymer systems near
Tg shows highly non-exponential dynamics. Studies
have reported nanoscopic spatial heterogeneities
as a source for these non-exponential relaxation
properties’. Research on the polymer thin film and
surfaces near the glass transition so far yielded
contradictory results®+2°.

Apart from the relative lack of Tg and
surface relaxation studies on PBMA, the choice of
PBMA in this study is because its bulk Tg is about
room temperature (Tg ~ 32°C), so that we expect
to observe interesting changes in the surface
relaxations at well-controlled temperatures. Our
results indicate that the surface relaxation rate has
a much weaker temperature dependence compared
to the bulk relaxation. The results of our experiments,
as well as those of future studies using our novel
approach, should enhance the current state of
understanding of the dynamics at the surface of
thin liquid and glassy films, and interaction between
polymer films and substrates. These findings may
also have applied consequences in that they are
expected to lead to a better understanding of
the mechanics of adhesion of highly viscoelastic
surfaces.

Materials and Sample Preparation

Poly(n-butyl methacrylate) (PBMA) (M =180
kg/mol and M /M =1.08 Polysciences Inc) films were
prepared by dissolving PBMA in Toluene (C_,H,CH,)
((100%) Mallinckrodt Baker, Inc.) and then spin-
casting them onto silicon wafers. The silicon wafers
had previously been cleaned by etching them in a
solution of aqueous hydrofluoric acid for 24 hours,
then rinsed with ultra pure water having 18.2 MQ cm
resistivity (Millipore Corp., Billerica, MA), and next air
dried in a stream of Argon gas and finally annealed
at 110° C for 24 hrs in a vacuum oven. The etching
was necessary to remove the native oxide from the
Si surface and to produce a smooth stable surface.

Annealing was required to remove any water left after
air drying and to ensure all wafers have equivalent
thermal history. The polymer solutions were prepared
by separately dissolving 100 g of powder PBMA into
100 ml of toluene. Toluene is the preferred solvent
because it dissolves the polymers completely and
results in film surfaces of even smoothness. A
P-6000 spin coater from Specialty Coating Systems
Inc. was used to spin cast the PBMA on the Si wafers.
The spinner was operated at 3000 rpm for 20 s
for each application. The polymer-coated samples
were annealed at 110°C for 24 hrs in a vacuum
oven (Fisher Scientific). Annealing of the films was
necessary to remove any residual solvent.

Instrumentation and Measurements

To permit for a simultaneous measurement
of both the glass transition and the surface dynamics
in real time, a phase-modulated ellipsometer (PME)
(Beaglehole Instruments, A = 632.8 nm), whose
angle of incidence was fixed near the Brewster angle
(~ 75°8i0, and 67° with film) was incorporated to a
model SR 830 digital single processing DSP lock-in
amplifier (Stanford Research) that was connected
with a data acquisition card (National Instruments).
The integration of these additional components was
necessary because unlike the dual lock-in amplifier
of the Beaglehole ellipsometer that permits data
collection rates of order of seconds, the DSP lock-
in amplifier allows the film surface to be probed at
millisecond timescales. The card permitted the signal
from the lock-in amplifier to be recorded at equally
spaced time intervals. Other additions to the PME
setup include a sample cell, temperature controller
and data analysis fully integrated into the ellipsometer
software. The temperature control consists of a
commercial proportional-integral-derivative (PID)
temperature controller (LakeShoreCryotronics, Inc.)
and two thermocouples to control both the sample
and heater temperatures. The temperature control
is fully integrated into the ellipsometer measurement
software (adjustable heating rates, time resolved
measurements). The sample cell is designed as a
closed cell with 2 narrow gaps (~ 5 mm radius) for
the ellipsometer light beam.

To measure the surface relaxations and
the glass transition temperature Tg, a film sample
was placed in a home-built sample cell on the
heating stage and phase modulated ellipsometry
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(He-Ne laser, A = 632.8 nm, 5 mW) was used
in measuring the surface fluctuations and film
thickness respectively, continuously as a function
of temperature™. A 1-mm diameter He-Ne laser
beam was directed onto the film surface. The angle
of incidence of the ellipsometer was held fixed near
the Brewster angle through each experiment while
for dynamical measurements the analyzer position
of the ellipsometer was set so that its fast axis is at
angle 45°to the plane of incidence. Prior to doing
the temperature and ellipsometricscans, the sample
was heated to about 30°C above its bulk Tg value (~
32°C for PBMA) and maintained at this high value
for about 15 — 20 mins. A suitable measurement
position on the film was found by doing a trial auto
correlation scan at the maximum film temperature.
The fitting of the calculated auto correlation data to
an exponential ( ~ 1) meant the film was relaxing
appropriately and the position was good enough for
measurements. The trail run was equally necessary
to provide us an idea of the time scale at which the
film surface was relaxing. For best results the film
should neither be relaxing too fast nor too slow. A
reasonable time scale was obtained by doing scans
at appropriate frequency and run time.

The thermal induced fluctuations at the film
surface were measured with the integrated lock-in
amplifier used in place of the Beaglehole dual lock-in
amplifier. The lock-in time constant and sensitivity
were set at 300 is and 100 mV respectively while the
data was collected at a frequency of 50 Hz. At a given
temperature step samples were held at a constant
temperature for 4 hrs for thermal equilibration after
which the Surface fluctuations were measured for
60 mins. 100,000 data points were measured at
each temperature step and this took 2000 sec. Film
temperature was changed at 2°C steps. The analysis
software package (LabVIEW National Instruments)
enables a simplified analysis and presentation of the
multiple data files of the temperature scans.

To determine the film thickness as a
function of temperature, an ellipsometricscan was
performed using the Beaglehole ellipsometer and
its dual lock-in amplifier as the sample was slowly
cooled at a temperature ramp rate of [dT/dtl = 0.5
K/min down to a temperature of 25°C for PBMA a.
The slower ramp rate allowed more data points to be
collected during a temperature ramp. The collection

of more data points would especially be important
in later studies on thinner films to compensate for
the lower signal to noise ratio. The Beaglehole dual
lock-in amplifier time constant and sensitivity were
set at 1 sec and 500 mV respectively. The ellipticity
p was measured with sensitivity of = 5 x 10°. To
first order, Ap is proportional to change in film
thickness. The temperature was measured inside
the sample cell and data were corrected for the
temperature difference between the sample cell and
the film surface. Throughout each experiment the
sample temperature was controlled to within 0.50
mK using a commercial PID temperature controller
(Lakeshore).

RESULTS

The ellipticity, —temperature data from the
ellipsometric scans and the raw (for autocorrelation)
data from the temperature scans were next analyzed
to determine the Tg and the surface relaxations
of the film. The glass transition temperature was
obtained by plotting the ellipticity, as a function of
temperature'® using the data from the ellipsometric
cooling scan. For each measurement, the film was
first raised to a temperature well above the glass
transition temperature to completely melt the film. As
noted in chapter 2 the ellipticity, is essentially linear
with thickness (h) in the studied thickness range; thus
the point at which the two straight-line segments
intersect marks the glass transition temperature of
the film; 305+2 K for PBMA (Fig. 1). The temperature
range of each line segment for the estimation of
glassy state and rubbery state was 298 - 302 K and
308 - 315 K.
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Fig. 1: Typical ellipsometric cooling scan
for PBMA thin film on Si wafer. This sample
~ 0.3 um thick (M =180 kg/mol) shows aT_
of 305 +2 K. Temperature was decreased at
a rate of 0.5 K/min
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Autocorrelation analysis was done on the
raw data from the ellipsometry temperature scans
to obtain correlation functions that provide dynamic
information about the film. The raw data comprised
of scaled voltages and times representing the
time-dependent fluctuations in the film thickness.
Autocorrelation functions governing the fluctuations
were determined at each temperature during discrete
cooling steps.

Figure 2 shows a logarithmic plot of the
normalized autocorrelation functions, G, (t) for PBMA
against time (t) for two different temperatures.

The squares corresponding to a
temperatures of Tg+20 K, fits well with a pure
exponential decay of time constant t=1.02+0.04 s.
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Fig. 2: Normalized autocorrelation functions,
G, (t) for PBMA plotted against logarithmic
time log (t) for Tg + 20 K (squares) and Tg -3K
(circles). The dashed line is a pure exponential
fit of the T,-3 Kdata
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Fig. 3: Average relaxation time (1) as a function
of temperature for PBMA. Data fitted with the
VFTH equation(black solid line), Arrhenius
fit(dashed line), VFTH calculation for bulk
PBMA (dash-dot line)

This temperature is representative of all temperatures
well above Tg, for which we found a single time
constant associated with the equilibrium thickness
fluctuations. The calculated autocorrelation data
(circles) at a temperature of Tg — 3K, are best fitted
to the Kohlrausch—Williams—Watts (KWW) ‘stretched
exponential’ function (solid line): G(t) = exp [-(t/1)
Pl with t = 3.69 + 0.54 s, and stretching parameter
B = 0.48 = 0.05. This result too was representative
of all others obtained at temperatures close to and
below T . The parameter B determines the width of
the relaxation spectrum; a B far smaller than one
implies a broader spectrum. The dashed line in Fig. 2
was obtained by fitting the calculated autocorrelation
data at Tg - 3 K to a pure exponential (§ =1).

Combining the oe and T parameters obtained
from KWW fitting leads to a weighted average
correlation time, () =fG(t)d :T—F(%s) Figures 3 and
4 show plots of (1) and’ as a function of temperature
for PBMA. The data have been fitted with the
Vogel-Fulcher-Tammann-Hesse (VFTH) equation:
T = rgexp (r_i_rn)(black solid line, T, = 226 + 2 K) and
an Arrhenius fit (dashed line) with activation energy,
E, =71 = 6 kd/mol for all temperatures. The VFTH
calculation for bulk PBMA (dash-dot line)?” (B = 834
K, T, = 256 K) is shown for comparison. The error
bars were obtained by taking the standard deviation
from 8 different measurements.

DISCUSSIONS AND CONCLUSION

The two straight line segments in Figure1
represent regions of nearly constant expansivity
o = (1/h)(Ah/AT). The near discontinuity in the
expansivity o at T = Tg produces a ‘kink’ in h(T).
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Fig. 4: Dependence of the stretching
parameter § on temperature for PBMA
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It is the temperature that this kink occurs that we
identify as the glass transition temperature Tg. The
change in film thickness with temperature is, to within
experimental uncertainty, linear for temperatures
both below and above Tg’ as is expected on the basis
of thermal expansion. Our measured Tg values for
both PBMA are close to its respective bulk value
and as expected for thin films. Previous studies
on Polystyrene(PS) thin films on Si substrates had
shown that the surface Tg is generally decreased
compared to bulk for films with thickness less than
200 nm and that for thick films the surface T,is
close to or equal to the bulk value®. This decrease
in the surface T, for thin films has been attributed to
the presence of a liquid-like layer, at least several
nanometers (and perhaps more than 10 nm), on
the surface of glassy polymer films. Typically it is
necessary to cool 20 °C to 30 °C below T to obtain
a sufficiently large data set in the glassy regime.
This was, however, not possible with our setup for
the case of PBMA.

The results in Fig. 3 agree with previous
studies™. Far above the Tg of PBMA all processes
relax exponentially at the same rate (single relaxation
time). The B value of 0.48 + 0.05 indicates a broader
spectrum of relaxation times for temperatures
close to and below Tg.The parameter § determines
the width of the relaxation spectrum. This result
shows that close to and below Tg the correlation
and relaxation functions become increasingly
nonexponential. This nonexponential relaxation has
been explained by Ediger” by assuming that the
measurement position at which the laser beam is
incident is heterogeneous such that the relaxation
in a given environment might be nearly exponential,
with the relaxation time varying significantly among
environments.

In Figs. 3 and 4 we present the dependence
of (1) and on temperature for PBMA. The average
correlation time increases by approximately an
order of magnitude from T +20 Kto T - 3 K and
the observed dynamics becomes increasingly
non-exponential with decreasing temperature. This
dramatic difference in the dynamics (timescale)
between the fastest and slowest regions at Tg

is consistent with Ediger's experiments’ on the
dynamics of supercooled liquids. It is equally clear
from Fig. 3that the surface relaxation time has much
weaker temperature dependence than the bulk.

Our data was fitted well with the VFTH
equation with B at its bulk value, T, = 226 K for
PBMA. This represents a shift of DT = -30 K for
PBMA . This shift is probably due to the fact that
the fluctuations in our experiments are governed
by the properties of the region close to the free
surface. Chain segments near the surface can have
a different structural relaxation mechanism due to
higher motional freedom, which may not follow the
VFTH type law. The VHTH assumes that the motion
of the chain monomers occurs in the interior of the
film. This shift in DT is identified as the reduction of
the glass transition temperature for the free surface
layer of the polymer films as probed by ellipsometry.
This is in qualitative agreement with the depression
in Tg observed in ultrathin films as reported in other
studies®'®.

The deduced activation energies (E,) from
the Arrhenius fits- E,= 71 kd/mol for PBMA are
smaller compared to the bulk value as reported in
the literature. These lower values for the activation
energy in experiments on thin films are expected
because of the availability of the extra free volume
at the surface. These values are close to those of
the secondary B-relaxation processes for supported
PBMA, an indication that the fluctuations measured in
these experiments may originate from the secondary
relaxation processes in polymers. Secondary
relaxations come from the motion of smaller parts
of the chain, which requires much lower activation
energy (E,=70-80 kJ/mol) than a-relaxation®.

In conclusion, our experiments with phase
modulated ellipsometry have enabled us to measure
the glass transition temperature of PBMA films in
conjunction with the time- dependent relaxation time
for the very near surface regions (2 to 4 nm) of the
films. The resulting relaxation times for both PBMA
displayed weaker temperature dependence than the
bulk relaxations for all temperatures.
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