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ABSTRACT: The change in refractive index of thin films formed from three glassy polymers, polysulfone, a
polyimide, and poly(2,6-dimethyl-1,4-phenylene oxide), measured by ellipsometry was used to track their physical
aging. These thin films with thicknesses less than 1µm were aged for up to 6000 h at 35°C. A pronounced aging
response via refractive index change, attributed to the densification of the glassy polymers, was observed for
each film. The Lorentz-Lorenz equation was used to relate changes in refractive index to densification, or volume
relaxation, with aging time. The volumetric aging rate was shown to be dependent on the polymer structure and
the film thickness. These thin films age at rates orders of magnitude more rapid than expected for bulk or thick
films.

1. Introduction

Physical aging of glassy polymers, which has been studied
extensively for the bulk systems in the past years from many
aspects, involves densification or loss of free volume as these
nonequilibrium materials progress toward the equilibrium state.1

However, the physical aging of thin films has been studied only
recently. It has been observed via gas permeability measure-
ments that thin glassy polymer films physically age at rates
orders of magnitude more rapid than expected in bulk.1-10 These
observations have considerable relevance in the development
and use of thin films as gas separation membranes; thus, more
in-depth investigations of this behavior are of interest. However,
measuring gas permeability of thin films as a means to monitor
the aging process is both time-consuming and difficult because
it requires the thin films (submicron) to be strictly defect-free
and able to bear high pressures. In this paper, we show that the
physical aging of thin glassy polymer films can be conveniently
monitored by refractive index (n) changes using ellipsometry,
and the trends parallel that seen by gas permeation.

One of the useful relationships in this context is the Lorentz-
Lorenz equation11

whereNav is Avogadro’s number,M0 is the molecular weight
of the polymer repeat unit,ε0 is the permittivity of free space
constant,F is the density of the polymer, andR is the average
polarizability of the polymer repeat unit. This expression has
been widely used and confirmed experimentally, especially with
regard to its connection of refractive index to density except
near the critical point of fluids.12 From the Lorentz-Lorenz
equation, one expects the refractive index to depend on
wavelength/frequency due to its correlation with polarizability
and on temperature via the density.

Even though refractive index can be used as a probe of the
nonequilibrium nature of the aging process of glassy polymers,
there are relatively few reports that have taken advantage of

this possibility.13,14 Roberston and Wilkes13 monitored the
physical aging of bulk samples of atactic polystyrene (PS) at
74 °C, following a quench from above the glass transition
temperature, by measuring the refractive index using refracto-
metry, and found the refractive index to increase linearly with
the logarithm of aging time,t. This linear relationship was used
to convert refractive index changes to the rate of volume
relaxation which appears to be a quantitative alternative to
dilatometry for following the kinetics of densification associated
with physical aging. However, because of the limitations of
conventional refractometry, it was not feasible to track a single
sample at different aging times, which not only limits the
accuracy of the measurement but also makes the aging study
extremely laborious and difficult. In addition, conventional
refractometry is not applicable for thin, submicron, films
particularly when the variations during aging are very small
and lie within the range of the detection limit of the measure-
ments. In contrast, ellipsometry has the advantage of measuring
the refractive index of a sample placed on a substrate where no
damage or change to the sample occurs. This technique is
specially designed for characterization of thin films with high
accuracy, and the results obtained are representative of an
average over a sufficiently large measurement area (0.5 mm by
1.2 mm). This is an elegant, efficient, and versatile measurement
method that yields the refractive index along with other useful
information in a rapid and quantitative manner for tracking a
single sample over unlimited times. To our knowledge, this is
the first use of ellipsometry for investigating physical aging of
thin glassy polymer films by examining their refractive index
change.

A quantitative link between the refractive index change and
the volume relaxation rate is developed for three different glassy
polymers. The higher aging rate observed in thin films compared
to bulk polymers has been hypothesized to be the result of
diffusion of the glassy polymer’s free volume to the surface
where it can escape, leading to a thickness dependence of the
aging process.2-4,6,8-10 While the current work does not establish
proof of this mechanism, it does show convincing evidence that
the prior observations on thin film aging by gas permeation are
indeed paralleled by changes in density. Direct measurement
of the expected densification during physical aging is not
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possible by conventional techniques for thin films with sufficient
accuracy.

2. Experimental Methods

2.1. Materials. Three different glassy polymers were used in
this work: the polysulfone based on bisphenol A (PSF), a polyimide
known commercially as Matrimid 5128, and poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO). Detailed descriptions of these polymers
have been given elsewhere,1 and their bulk properties pertinent to
this work and chemical structures are presented in Table 1. The
first two polymers are commonly used to form asymmetric gas
separation membranes employed in commercial separation pro-
cesses; this is the primary motivation for the selection of these
polymers for this study.

2.2. Film Preparation. In this work, thin films (below 1000
nm) were obtained using a spin-coating method as described
previously.1 The films were removed from the wafer surface using
deionized water and transferred to a wire frame to give a free-
standing thin film which was then annealed aboveTg in an oven
with a N2 purge according to a protocol designed to remove prior
thermal history and set the “aging clock” to time zero.15 The “fresh”
film sample was then placed onto the silicon wafer substrate, which
was precleaved into squares of 10 mm× 10 mm in size, by gently
rolling it over the wafer surface to avoid trapping air bubbles under
the film, and the sample was left on the wafer surface during aging.
However, such prepared thin films were not strongly bonded to
the silicon wafer because they could be easily lifted off the wafer
surface at any time. A perfect film/silicon wafer laminate should
be free of corrugations or scratches with a homogeneous transparent
surface as observed by an optical microscope on a 10µm
overview.15 The sample was then marked with an arrow on the
back of the wafer for indication of the direction of placement during
the following measurements. Finally, the samples, which are
continuously on the wafer, were placed in a storage chamber held
in air at 35°C for aging but were cooled to 25°C periodically for
refractive index measurement using ellipsometry (see below for
details).

2.3. Cleaning of Silicon Wafers.The wafers used for spin-
coating were cleaned by acetone, methanol, and deionized water.
This cleaning process removes organic residues on the wafer
surfaces but preserves the native oxide layer.

The wafer squares used to support the annealed film samples
were cleaned in an ultrasonic bath of high-purity water for 10 min
to remove dust, then rinsed with acetone, isopropyl alcohol, and
deionized water, and blown off with dry nitrogen. They were then
further cleaned for 15 min by irradiation with UV light to remove
organic contaminants while not altering the native oxide features.

2.4. Ellipsometry.The ellipsometric technique has been widely
used for measuring the thin film thickness and other related
characterizations.16-20 This technique is used here to measure the
refractive index change due to densification of thin glassy polymer
films using a variable angle spectroscopic ellipsometer (VASE),
model 2000D from J.A. Woollam, which has an accuracy of 10-4

for refractive index measurement. The measurement temperature
was maintained at 25( 0.1°C. On the basis of the useful empirical
“rule of thumb” for the similar temperature dependence of the
refractive index of all polymers in the glassy state,21 this temperature

fluctuation is expected to result in a refractive index error of the
order of 10-5, a value negligible in comparison to the extent of
refractive index change owing to physical aging to be detailed later.
To eliminate sample error, it would be desirable to determine the
refractive index at the same scan point on the film sample for
measurement at each incremental aging time. This was achieved
by carefully recording the wafer position on the ellipsometer
measurement table for the first measurement and realigning the
sample accurately to this original measurement position during the
following tests. For each polymer film thickness, at least four
samples were prepared and monitored simultaneously in order to
verify the reproducibility of the measurement as well as the
accuracy. However, no constraint was used in the data analysis
process, and each individual measurement was treated completely
independently. The thickness of the SiO2 layer was predetermined
before each film sample was attached to the silicon wafer. Within
experimental uncertainty, we were able to reproduce numerical
values of the refractive index measurement for samples with similar
thickness for each polymer (see results in the next section). Because
the preparation process should lead to unoriented films,1 the
refractive index in any direction should be equal to the average
refractive index, i.e., the measured value. In this work, the refractive
index measurement was conducted in the spectral range from 400
to 1000 nm. The procedures and methods of measurement are the
same as described before.1,15 The refractive index was calculated
using the Cauchy theory, eq 2, at the sodium (Na) D wavelength
(λ ) 589.3 nm) under room temperature for each polymer film,
where the parametersA, B, andC are constants obtained from the
ellipsometry measurements as described before.15

The upper limit of film thickness with sufficient measurement
accuracy by ellipsometer is about 1µm; therefore, the thin films
studied in this work had thicknesses of∼400, 700, and 1000 nm.
Thus, densification of films sufficiently thick to be regarded in the
“bulk state” cannot be tracked by this technique.

3. Results and Discussion

Film samples of the three polymers were isothermally aged
at 35°C. At each aging measurement time, after removal from
the aging chamber, the film samples were cooled to room
temperature, and the refractive indices were determined at 25
°C within 5 min from the time of removal from the chamber.
Any additional physical aging during this short time of
measurement was assumed insignificant since the whole aging
process persists for very long times.1 Since the thin film is not
strongly bonded to the silicon wafer, i.e., it can be easily lifted
off the wafer surface at any time, and the difference between
the aging temperature and measurement temperature is only 10
°C, any in-plane thermal stresses should be very small. The
optical constants of all materials have some dispersion as a
function of wavelength.22 In this work, the refractive index
obtained for each film decreases as the wavelength increases
for the spectral range used, and the extinction/absorption
coefficient (imaginary part of refraction),k, was found to be
zero for all film samples during physical aging. An example is
given in Figure 1 for a PSF film with thickness of∼400 nm.
The constant zero value ofk verifies that all film samples are
transparent, and the application of the Cauchy equation for
refractive index calculation is valid. Since the refractive index
measurement is very fast, such aging data could be collected at
very short aging times,∼0.1 h for each film sample.

The polarizability in the Lorentz-Lorenz equation refers to
electronic polarizability (a temperature-independent parameter)
because the refractive index is measured in the visible range of
frequencies; i.e., the orientational polarizability (permanent

Table 1. Bulk Physical Properties and Chemical Structure of
Polymers Studied

n(λ) ) A + B

λ2
+ C

λ4
(2)
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dipole moment) is excluded.23 During the aging process,
electronic polarizability can be assumed constant because of
its sole dependency on the distribution of the electronic cloud.
On the other hand, irrespective of the changing thermodynamic
state of the glassy polymer undergoing physical aging, the
Lorentz-Lorenz expression should remain valid at any time.
Thus, from the Lorentz-Lorenz equation, there should be a
unique correlation between refractive index and density during
the aging process.

3.1. Physical Aging Tracked by Refractive Index Change.
Figures 2-4 show the evolution of the refractive index (obtained
at 25°C) for PSF, Matrimid 5128, and PPO isothermally aged
at 35°C vs aging time for films having thicknesses∼400, 700,
and 1000 nm. Each figure clearly shows an increase of refractive
index for each film over the period of investigation, and it seems
the refractive index increases in a nearly linear fashion as a
function of logt except during the initial stage of aging, similar
to aging monitored by enthalpy recovery24 and density.25,26The
linearity is statistically significant as is evident from the fact
that correlation coefficients (R) for the linear fit are higher than
0.99 for each sample. Therefore, one would expect the refractive

index change to be related to the change in density. In fact,
since 1.3< n < 1.7 for most polymers, correlations proposed
for n2 almost always find a simplified version withn, such as
the Lorentz-Lorenz equation vs the Gladstone-Dale equation.21

This refractive index trend is very similar to that observed by
Roberston and Wilkes.13 In the present case, there is a more
rapid increase in refractive index for thinner films than for
thicker films of the same polymer, while the aging pattern
appears to be rather similar for the three polymers. Figure 5
gives a comparison of the relative refractive index (normalized
by the corresponding refractive index at around 1 h of aging)
change of the three polymer films with thickness∼400 nm
during the process of aging; these relative quantities display
the same trend reported earlier for gas permeability.1 PPO shows
the most rapid increase in refractive index with logt; at an aging
time of 6000 h, the refractive index is increased by 0.87% for
PPO followed by 0.60% for Matrimid and 0.35% for PSF. These
increases correspond to density increases of 1.84%, 1.14%, and
0.69% for PPO, Matrimid, and PSF, respectively, which are
much higher than expected for bulk systems.1-10 Using a density

Figure 1. An example of optical data obtained for a PSF thin film on
a silicon wafer.

Figure 2. Refractive index measured at 25°C for PSF thin films as a
function of aging time at 35°C.

Figure 3. Refractive index measured at 25°C for Matrimid thin films
as a function of aging time at 35°C.

Figure 4. Refractive index measured at 25°C for PPO thin films as
a function of aging time at 35°C.
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gradient column technique, Pfromm estimated density changes
of the order of 1-2% for a 0.5µm PSF film aged for 236 days.27

These increases in density represent about 15-20% of the
progression from the initial density immediately after quenching
from aboveTg to the estimated equilibrium density; a more
detailed analysis of this aging progress will be described in a
subsequent paper.28 For each polymer film, the refractive index
values at very short aging times are about the same as
documented earlier.1

In addition to the increase in refractive index observed during
physical aging, there is a slight decrease in film thickness that
accompanies aging as depicted in Figure 7 for a PSF film with
an initial thickness of 395 nm. The change of thickness over
6000 h for this sample is∼0.8%. This is quite similar to the
change in density calculated from refractive index, which
suggests that the densification during aging is manifested by
only a decrease in thickness and not in the film’s lateral
dimensions. A few selected measurements of thickness and
refractive index made on samples aged in the free-standing state

(but placed on the wafer for measurement) gave similar values
as for samples aged on the wafer. Analyses of the ellipsometry
observations by uniaxial vs nonuniaxial models revealed no
statistically significant difference in thickness or refractive index.
While it would be interesting to explore any deviations from
isotropic densification, this may be beyond the resolution limits
of the current techniques.

3.2. Reproducibility of Refractive Index Measurement.By
carefully recording the sample position on the ellipsometer
measuring table, the data are highly reproducible for the multiple
measurements at each aging time for each sample. Measure-
ments on different samples with similar thicknesses show good
reproducibility as may be seen by the representative example
in Figure 7 for three PSF films with thickness∼400 nm. The
slight differences among these data might be taken as one
indicator of the sensitivity of the refractive index measurement.
In general, the change in refractive index is much larger than
the standard deviation about the mean value of the measurements
for the three samples at any time during the aging process. The
overall increase in refractive index proceeds smoothly and
almost linearly with logt. For each refractive index plot in
Figures 2-4, the slight scattering of the data about the linear
line might also be considered as another indicator of the error
of the measurement; clearly, these deviations do not overshadow
the trend of the increase of refractive index in any of the cases
examined.

3.3. Estimation of Volumetric Aging Rate from Refractive
Index. From the above analysis, the change in refractive index
is related to the change in density of the polymer film; thus,
use of refractive index change to predict the volumetric aging
rate seems justified.

The isothermal volumetric aging rate,r, is defined as
follows:29

whereV is the material specific volume andP andT refer to
the pressure and temperature during aging. The parameterr is
widely used to compare the recovery kinetics for the time
interval over which a linear relationship pertains.30

Figure 5. Normalized refractive indices for thin films (∼400 nm) of
the three polymers as a function of aging time.

Figure 6. Effect of physical aging on film thickness for PSF film with
thicknesses of∼400 nm.

Figure 7. Demonstration of the reproducibility of refractive index
change with aging for PSF films with thicknesses of∼400 nm.

r ) - 1
V( ∂V

∂ ln t)P,T
) (∂ ln F

∂ ln t )P,T
(3)
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The Lorentz-Lorenz equation can be reformatted as follows

whereL is defined as the Lorentz-Lorenz parameter;C ) NavR/
3M0ε0 may be assumed to be constant during the aging process
as discussed earlier. The Lorentz-Lorenz parameter is therefore
a linear function of density; Figure 8 is an example of replotting
the refractive index data in the form of the Lorentz-Lorenz
parameter for PSF films. Since the change in refractive index
during aging is quite small,L is also a linear function of logt
as observed for the refractive index. Indeed, the volumetric aging
rate can be calculated from the change of the Lorentz-Lorenz
parameter as follows:

Excellent linear relationships were also observed for all film
samples in the double-logarithmic plot of logL vs log t, whose
slopes are the volumetric aging rates as shown by eq 5.

Figure 9 summarizes the optically measured aging rates vs
film thickness for the three polymers studied. Clearly, the aging
rate decreases as the film thickness increases for all these
polymers; this is consistent with gas permeation studies where
a much wider range of thicknesses have been examined.1-10

As noted earlier, the aging rate ranks in the order of PPO>
Matrimid > PSF for films with similar thickness which must
reflect their chemical structures and free volume levels; this
trend agrees with observations of aging tracked by gas perme-
ability.1 However, this order does not simply correlate with the
difference between the polymerTg and the aging temperature,
∆T ) (Tg - T), since∆TMatrimid > ∆TPPO > ∆TPSF. Clearly,
the aging rate for a given polymer depends on more than itsTg

or the relative distance of the aging temperature to theTg. We
expect that the polymer’s free volume is an important factor in
the relative aging rates. The aging observations reported here
were conducted at temperatures far below the respectiveTg of
each polymer where it is expected that the extent of aging for
bulk samples, or thick films typically used to screen membrane
materials, would be very insignificant.1-10

4. Conclusions

Physical aging of glassy polymer films having thicknesses
in the range of 400-1000 nm made from PSF, Matrimid 5128,
and PPO, isothermally aged at 35°C following a quench from
above the glass transition temperature, is clearly manifested by
changes in their refractive indices measured by ellipsometry.
The refractive quantities in different forms were found to
increase more or less linearly with logt during the densification
process owing to physical aging. The volumetric aging rate,
defined asr ) (∂ ln F/∂ ln t)P,T, was calculated by using the
Lorentz-Lorenz equation. The results indicate that the volu-
metric aging rate is thickness dependent; thinner films age faster
than thicker films as documented previously by other tech-
niques.1,6,10,31,32The aging behavior monitored by refractive
index is consistent with aging followed by gas permeability
measurements.1 It has been proposed in the literature that the
faster aging of thin films than bulk polymers is due to the
diffusion of free volume, in analogy to the diffusion of defects,
to the surface of the film, thereby causing aging to be thickness
dependent. However, to date, there is no direct confirmation of
this hypothesis; other techniques that could detect any gradient
of density across a film caused by such free volume diffusion
need to be explored. The ellipsometry technique employed here
does not seem to be sensitive enough to detect such a gradient.
The aging rate clearly depends on polymer structure; PPO ages
somewhat faster than Matrimid 5128 while PSF has the slowest
aging rate. After 6000 h of observation there is no sign of
stabilization of the aging process, indicating that the films are
still far from equilibrium regardless of thickness, which is
consistent with previous findings.1
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Figure 8. Refractive index change plotted in the form of the Lorentz-
Lorenz parameter,L, for PSF thin films as a function of aging time.
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Figure 9. Volumetric aging rate,r, determined from the Lorentz-
Lorenz equation vs film thickness for the three polymers.
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