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SYNOPSIS

We have used Brillouin light scattering (BLS) to investigate the mechanical properties of
thin polystyrene (PS) and polyisoprene (PI) films incorporated in a multilayer geometry
consisting of alternating layers of the two polymers. All samples had a total thickness h
~ 1600 A, and consisted of between 2 and 10 individual polymer films; individual layer
thicknesses were as small as 160 A. Ellipsometry was used to determine the thickness of
the PS and PI layers. The velocities of several high-frequency film-guided mechanical
waves were measured using BLS and the results are compared with values calculated using
an effective medium approach. The effective elastic constants of the multilayered films
were obtained from those determined for thick films of PS and PI. Remarkable agreement
was obtained between the measured and calculated velocities even for samples in which
the individual layer thicknesses were much less than the unperturbed size of the polymer
molecules. These results suggest that the mechanical properties of polymers change very
little even when the molecules are forced into highly confined geometries. © 1996 John Wiley

& Sons, Inc.
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INTRODUCTION

Thin polymer films are very important in techno-
logical applications ranging from adhesion to optical
coatings. For many applications it is important to
know the mechanical properties of these thin films.
As films are made thinner such samples may exhibit
qualitatively different behavior than bulk polymers.
An important length scale for polymers is the end-
to-end distance of the polymer molecule Rgr ~ 2R,,
where R, is the radius of gyration of the molecule.
While polymer films with thicknesses 2 > Rgy are
expected to have properties very similar to bulk
polymers, chain confinement may affect the physical
properties of films with h < Rgg. Reiter! has used
X-ray reflectivity measurements to infer that such
films have a lower density than the bulk value. Low-
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frequency viscoelastic properties of confined poly-
mer melts? studied using a surface forces apparatus
have shown a longitudinal modulus ratio which was
larger than the bulk value for films with thicknesses
as large as 5R,.

Recent measurements of the glass transition
temperature, T, in thin polymer films have shown
deviations of T, from the bulk value.*”” Keddie et
al.® showed that polymer molecules with Rgg values
that differed by a factor of 5 exhibited quantitatively
similar T, reductions with decreasing film thickness,
suggesting that chain confinement is not the primary
cause for the reductions in 7. Rather, for very thin
films, the properties of the interfaces dominate the
measured material properties. A striking example of
the effect of the substrate was observed in T, mea-
surements of thin films of poly(methyl methacry-
late) (PMMA). With decreasing film thickness, T,
was observed to increase for PMMA on Si(111) with
the native oxide layer and to decrease for PMMA
films on Au.* Qualitatively different behavior has
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been observed for PS films on Si substrates with
different surface preparations.®® The effect of the
free surface has been isolated and studied in Bril-
louin light scattering (BLS) studies of freely stand-
ing P8 films.® Competition between the effects of
the free surface and that of the substrate are re-
sponsible for the variation in the reported behavior
of the glass transition temperature for thin sup-
ported polymer films.

Another clear example of the effect of the sub-
strate is observed in BLS measurements of sup-
ported films, for which the long-wavelength sound
velocities for the film-substrate combination are
determined primarily by the mechanical properties
of the substrate for film thicknesses much less than
the penetration depth of the acoustic waves  ~ 3000
A2 Since supported films have two different film
interfaces, film—-air and film-substrate, each of which
could have opposite effects on the measured prop-
erties, very thin supported films are not ideal sys-
tems for studying the effects of molecular confine-
ment on polymer properties.

An alternate method for measuring the properties
of very thin films is to stack many thin films to form
a multilayer structure. An important distinction be-
tween multilayer samples with very thin individual
layers and very thin single films is that in the mul-
tilayer samples the total film thickness can be made
large enough so that substrate and/or free surface
effects do not dominate the mechanical or thermal
behavior. An additional advantage of this sample
configuration is that, for a film consisting of many
layers, most of the individual layers have only one
type of interface.

In this article we describe BLS measurements of
film-guided acoustic waves in multilayered films
consisting of alternating layers of polystyrene (PS)
and polyisoprene (PI). By using multilayer samples
consisting of a large number of very thin polymer
layers we are able to infer the mechanical properties
of individual polymer layers with thicknesses as
small as h ~ 160 A. Such layers are much thinner
than the Rz value of the polymer molecules studied.
By varying the individual layer thicknesses in dif-
ferent multilayered films, we are able to compare
the mechanical properties of highly confined poly-
mer molecules to those of thick (2 > Rgg) films.

EXPERIMENT

For multilayered films consisting of alternating lay-
ers of two polymers, the mechanical properties of
the individual layers can be determined reliably only

if there is sufficient contrast between the mechanical
properties of the two polymers. In general this can
be accomplished by using one polymer which is a
glass and another polymer which is a rubber at the
measurement temperature. The polymer samples®
used in these studies were polystyrene (PS: M,
= 767,000, M,,/M, = 1.11) and polyisoprene (PI:
M, = 414,000, M,,/ M, = 1.06). At room temperature
PS is glassy (T, ~ 100°C), and PI is rubbery (7,
~ —70°C). The M, values correspond to Rgg values
of 610 and 500 A, respectively, for the PS and PI
molecules. Solutions of PS in toluene, and PI in
heptane, were prepared with polymer concentrations
ranging from 0.45% to 1.7%. Polymer films were
made using a spincoating technique. A few drops of
PS solution were first spun onto a cleaned glass slide
to make a PS film. A PI film was then spincoated
directly on top of the existing PS film. Since heptane
is not a solvent for PS, it was not expected to affect
the PS film. Ellipsometry measurements of the PS
film thickness before and after rinsing with heptane
showed small differences that were similar to those
observed in comparisons of different areas of the
same sample. The above procedure resulted in the
formation of a PS/PI bilayer film which was then
cut, and floated onto the surface of deionized water.
A piece of the bilayer film was transferred to a
Si(001) wafer and then allowed to dry. During this
drying process some small cracks were observed to
form, but most of the film surface remained visually
free of defects. This water transfer procedure was
iterated to create the desired multilayered Si/(PS/
PI)¥ film, which consisted of the Si(001) substrate
covered by N (PS/PI) bilayers. For samples with
the alternate structure, Si/(PI/PS)?, a slightly
different procedure was required. In this case a PI
layer was spun directly onto a Si(001) wafer. PS/
PI bilayers were then successively floated onto the
sample as desired, followed by water transfer of a
single PS layer to complete the multilayer sample.
To ensure that all individual layers of each polymer
had the same thickness within a particular multi-
layer sample, each multilayer was prepared using
pieces from a single bilayer film. In addition, only
the portion of the film near the center of the glass
slide was used to make multilayer samples. This was
done to avoid the regions near the edge of the glass
slide which have large variations in film thickness.

For the present study a series of films with equal
amounts of PS and PI were prepared. The total
thickness of each of these films, consisting of be-
tween 1 to 5 bilayers or 2 to 10 individual polymer
layers, was h =~ 1600 A. The individual layer thick-
nesses ranged from 800 A for the two layer films



down to 160 A for the 10 layer films. Once prepared,
the multilayer samples were placed in a room-tem-
perature evacuated chamber for several hours and
then stored in an inert atmosphere shielded from
light.

Ellipsometric studies of the multilayer samples
were performed using an Exacta 2000 Faraday mod-
ulated fast-nulling ellipsometer from Waterloo Dig-
ital Electronics. The angle of incidence, 8;, was 60°,
and the wavelength of light was A = 6328 A. The
area of the light spot on the sample was ~ 3 mm?,
and it was possible to find regions of this size that
did not contain cracks or other visible defects on all
of the multilayer samples. The ellipsometric angles
P (polarizer) and A (analyzer) were measured di-
rectly to within +0.003°. To use ellipsometry results
to calculate the individual layer thicknesses in mul-
tilayered films the refractive indices, npg and np;, of
the constituent polymers must be known for A
= 6328 A. To measure npg and np; a series of PS and
PI films with 250 A < h < 2000 A was prepared. The
ellipsometric angles P and A were measured for each
film thickness, and the results were compared with
values calculated using input values of the refractive
indices. The values npg and np; were then varied
until good agreement was obtained for the P and A
values for all film thicknesses. The refractive index
values which gave the best fit to the ellipsometry
data were npg = 1.59 £ 0.01 and np; = 1.516 + 0.005.

Brillouin light scattering (BLS) is a powerful,
nondestructive technique for the study of the high-
frequency elastic properties of thin films. For sup-
ported films the mechanical boundary conditions at
the free and supported surfaces give rise to a series
of film-guided acoustic phonons called Rayleigh and
Sezawa modes.® These modes are of mixed polariza-
tion, i.e., they have both longitudinal and transverse
components. The film-guided modes are dispersive
with a phonon velocity that varies with the product
of the phonon wavevector and the film thickness
Qh. For isotropic media only two elastic constants,
¢1; and ¢4y, are needed to describe the set of velocity
dispersion curves that can be compared with exper-
imental data. For materials with hexagonal sym-
metry (such as films with properties that vary in
the direction normal to the film) four independent
elastic constants (¢;;, €13, €33, and ¢4 ) are required.

BLS studies were carried out usinga3 X (1 + 1),
high-contrast, tandem Fabry—Perot interferometer.
Laser light of wavelength A = 5145 A was focused
onto the sample using angle of incidence 6; values
of 40°, 50°, and 60°. The 180° backscattered light
was collected using the same focusing lens so that
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the phonon wavevector parallel to the film surface
4
is given by @ = —)\1: sin 0;. The measured frequency

shift f in the BLS experiment determines the
phonon velocity v through the relation v = 2xf/Q,.
The Si(001) substrate absorbs some of the incident
laser radiation, which results in sample heating (=~
16°C /100 mW).1° Preliminary experiments showed
that ~ 100 mW of laser power incident on a thin
film containing PI could damage the sample. To
avoid this problem a neutral density filter (atten-
uation by a factor of 10) was used to limit the laser
power incident on the sample to be <10 mW. The
area of the focused light spot on the sample in the
BLS experiments was ~ 30 um2. This spot was al-
ways placed within the larger sample area that was
measured using ellipsometry. For all of the BLS
studies the free spectral range of the interferometer
was 16 GHz. Frequencies of the film guided modes
were determined to within 0.1 GHz.

RESULTS AND DISCUSSION

For a proper analysis of the BLS data it is first nec-
essary to determine the thicknesses of the individual
polymer layers in each of the multilayer samples.
Since each sample is constructed by stacking pieces
of a single bilayer film, there are only two unknown
parameters to be determined: hpg, the thickness of
the PS layers and hp;, the thickness of the PI layers.
The total film thickness is Ay = N(hps + hpp),
where N is the number of bilayers in the multilay-
ered film. The actual values of hpg and hyp; were de-
termined by detailed comparison of the ellipsometry
data to results calculated for the multilayer geometry
using the matrix method of Hayfield and White.!!
The individual layer thicknesses were determined
to within +3 A, which results in a maximum uncer-
tainty (for the maximum number of individual layers
of 10) in Ay of 30 A. This produces a maximum
uncertainty in the @;h values of about 2%. Table I
gives the individual layer thicknesses hpg and hp; as
determined using ellipsometry for the 10 samples
used in this study. The data in Table I show that
for the Si/(PI1/PS) sample, as well as the 6- and
10-layer samples, the thicknesses of the PS and PI
constituent layers are equal to within a few ang-
stroms. These films have identical compositions but
different layer thicknesses and numbers. Compari-
sons between such samples allow us to isolate and
study the effects of chain confinement on the me-
chanical properties of the polymers.
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T'o compare the mode velocities measured for the
multilayer samples to calculated values, the elastic
constants of the two constituent materials must be
known. The elastic constants of PS have been de-
termined for annealed bulk samples by BLS mea-
surements of the longitudinal and transverse pho-
nons: % ¢;; = 5.36 GPa and ¢y, = 1.30 GPa. We have
determined the elastic constants for thick, unan-
nealed PS films (h > Rgg) by fitting the measured
velocities of film-guided modes to calculated re-
sults.!’® The data were described very well by a set
of two elastic constants, ¢;; = 5.7 GPaand ¢,y = 1.39
GPa, differing only slightly (~ 10%) from those
obtained from the bulk measurements of Lindsay et
al.'? It is surprising that a very good fit was obtained
to the data for the spincoated, unannealed PS films
using only two elastic constants which corresponds
to isotropic symmetry. We investigated this result
further by measuring additional films with thick-
nesses as small as 580 A. By including this additional
data we obtain a larger range of @ h that enabled
us to fit all of the data to a model which allows for
anisotropy along the film normal direction (hex-
agonal symmetry with the c-axis along the film nor-
mal). In this model the mechanical properties of
the films are described by four elastic constants in-
stead of two. In the fit of the enlarged data set we
obtain ¢,; = 5.49 GPa, ¢35 = 2.82 GPa, ¢33 = 5.64
GPa, and ¢y, = 1.38 GPa. These values obtained for
hexagonal symmetry satisfy very closely the criteria
for isotropic symmetry: ¢;; = ¢33 and ¢;5 = €43 = €11
— 2¢44. Fitting the enlarged data set to a model with
isotropic symmetry we obtain: ¢;; = 5.54 GPa and
c4s = 1.38 GPa. The velocity dispersion data for the
PS films are shown in Figure 1, together with curves
calculated using the best-fit isotropic elastic con-
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Figure 1. Velocity dispersion curves for PS. The sym-
bols represent velocities of film-guided modes measured
using BLS for four different film thicknesses: (X) h = 580
A; (A) h=1140 4; (@) h = 1730 A;"® (O) h = 2450 A.3
The solid curves were calculated using the best fit elastic
constants listed in Table II.

stants. Based on the fitted results, we estimate that
the anisotropy in the mechanical properties along
the film normal direction is small, corresponding to
differences of less than 10% in the in-plane and out-
of-plane elastic constant values.

We performed BLS measurements of the bulk
longitudinal phonon in PI to obtain a value for the
longitudinal sound velocity v, = 2088 m/s. This
value, from which the elastic constant ¢,; can be
calculated, agrees well with previously reported val-
ues.'* Similar measurements involving the trans-
verse phonon in PI have not yet been reported. In

Table I. Individual PI and PS Layer Thicknesses for Each of the Multilayer Samples as Determined by the
Comparison of Ellipsometry Measurements to Calculated Values

Thickness of PI Layer, hp;

Thickness of PS Layer, hpg Total Film Thickness

Sample Configuration (&) (A) (A)
Si/(PS/PI) 795 733 1528
Si/(P1/PS) 767 768 1535
Si/(PS/PI)? 428 367 1590
Si/(P1/PS)? 363 410 1546
Si/(PS/PI)® 304 295 1797
Si/(PI/PS)® 290 290 1740
Si/(PS/PI)* 200 185 1540
Si/(P1/PS)* 244 188 1728
Si/(PS/PI)® 157 157 1570
Si/(PI/PS)® 160 160 1600

Individual layer thicknesses are accurate to within ~ +3 A,



addition, there are no reported BLS measurements
of film-guided phonons in PI. T'o determine the high-
frequency elastic constant ¢y, for PI we used BLS
to measure the velocities of a number of film-guided
modes for a single PI film. For the PI film h = 1570
A > Rgg. By performing BLS measurements on this
film at angles of incidence 6; of 10°, 15°, 20°, 25°,
30°, and 45°, we were able to observe film-guided
modes in the range 0.7 < §h < 2.8. Because of the
limited amount of data, the fit to the data is only
well behaved for isotropic symmetry. Because the
unannealed PS films, which are in the glassy state,
have isotropic mechanical properties, it is reasonable
to assume that the PI film which is well above its
glass transition temperature (7T, ~ —70°C) is also
isotropic. Using the value of ¢;; determined from the
measurements of the bulk longitudinal phonon in
PI we varied ¢y, to obtain reasonable agreement be-
tween the measured and calculated film-guided mode
velocities. The best-fit elastic constant values for PI
are given in Table II. To the best of our knowledge
this is the first time BLS has been used to determine
¢;; and ¢y for PIL.

In Figure 2 we show the calculated velocity dis-
persion curves for PI (solid line) using the elastic
constants determined for thick (h > Rgg) films,
which are listed in Table II. The symbols correspond
to the measured velocities of film-guided modes for
the 1570 A thick PI film and the solid curve is a fit
to these data points. The lowest velocity ( Rayleigh)
mode, which is primarily transverse, was not ob-
served. The transverse components of the observed
modes, however, allow us to determine c,4. From the
data in Table II it is evident that, although PI is
rubbery and PS is glassy at room temperature, the
value of the high-frequency elastic constants are of
the same order [(ci1ps — cll,PI)/%(cll,PS + cyp1)
= 35% and (c4ps — Caqp1)/ 3(Cagps + Cagpr) = 54%].
The elastic constants of PS and PI are sufficiently
different, however, that the film-guided modes of
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Figure 2. Velocity dispersion curves for PI. The sym-
bols represent velocities of film-guided modes measured
using BLS for a thick (h = 1570 A) PI film. The solid
curves were calculated using the best fit elastic constants
listed in Table II.

PS and PI are easily distinguishable, as can be seen
by comparing the curves in Figures 1 and 2. Also
evident from Figures 1 and 2 are the relatively large
differences between the phonon velocities of PS and
PI for values of §h between 2 and 4. It is for this
range of @k that BLS data for the multilayer sam-
ples were acquired.

In Figure 3 we show a BLS spectrum obtained
for the 10-layer film with the structure Si/(PS/
PI)®. The prominent feature nearest to the central
peak is the Rayleigh mode, and there are a number
of Sezawa modes which are observed at higher fre-
quencies. The Rayleigh mode is the most intense
feature in all of the BLS spectra for the multilayer
samples. The linewidth of the Rayleigh mode was
measured to be 0.7 GHz, which is only slightly larger
than the 0.5 GHz instrumental width. This narrow

Table II. Elastic Constants for PS and PI Determined for Bulk and Thick Film Samples Using BLS

PS/PI Superlattice

Mechanical Property PS Films PS Bulk® PI Films hps = hypp
p (g/cm®) 1.06 1.06 0.92 0.99
¢y (GPa) 5.54 5.36 4.0 48
c13 (GPa) 2.78 3.10 2.4 2.6
¢s5 (GP3) 5.54 5.36 4.0 46
¢y (GPa) 1.38 1.30 0.80 1.0

Also shown are effective elastic constants calculated using the method of Akcakaya and Farnell'® with the condition hpg = hp; using

the PS and PI elastic constants listed in columns 1 and 3.
2 From Lindsay et al.}?
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Figure 3. BLS spectrum obtained for the multilayer
sample Si/(PS/PI)®.

linewidth and the large intensity of the Rayleigh
mode make it an ideal feature for use in comparisons
between different multilayer samples. Since the
sample quality, and hence the signal-to-noise ratio
in the BLS spectra, varied between different mul-
tilayer samples, not all of the modes seen in Figure
3 can be observed in all BLS spectra. Of the five
modes observed in Figure 3, at least three, one of
which was the Rayleigh mode, were resolved in all
spectra.

The elastic constants of the constituent materials
can be used to calculate the properties of the mul-
tilayer samples in one of two ways. The exact so-
lution to the problem requires separate dispersion
curves to be calculated for each multilayer sample.
Such a technique has been applied to samples which
contain only a few layers such as Si/Si0,/Si (ref.
15) as well as polymer bilayers.'® An alternative ap-
proach is to consider an infinite PS /PI superlattice,
and generate effective elastic constants for this bulk
medium.!” For isotropic constituent layers the re-
sulting effective elastic constants will be those of a
medium with hexagonal symmetry. Although this
approach is not exact when applied to a multilayered
film consisting of a finite number of layers it allows
a single set of elastic constants to be used for all of
the multilayer samples. The method described by
Akcakaya and Farnell'® for calculating these effec-
tive elastic constants was used. This effective me-
dium approach exactly describes the boundary con-
ditions between the PS and PI layers, but only ap-
proximates those at the free surface and the
substrate. Effective elastic constants can be expected
to describe accurately the mechanical properties of

a sample with a large number of layers because most
of the mechanical boundary conditions are satisfied
exactly. It is not obvious, however, that the tech-
nique will adequately describe bilayer samples in
which boundary conditions are described accurately
by the effective medium approach at only one of the
three boundaries. The elastic constants calculated
using the effective medium approach with hpg = hp;
are also given in Table II. Figure 4 shows a portion
of the dispersion curves calculated using the effective
elastic constants as well as the data for the two bi-
layer samples Si/(PS/PI) and Si/(PI/PS). For
the Si/(PI/PS) sample, which satisfies the condi-
tion hpg =~ hp;, one can see from Figure 4 that the
measured velocities of the film-guided modes are
very close to the calculated curves. The agreement
is especially good for the Rayleigh mode. This some-
what surprising result occurs because the elastic
constants of the two constituent materials are of the
same order and the boundary conditions at the sub-
strate and free surface are approximately satisfied.
The success of the effective medium approach for
the bilayer samples indicates that any deviations
from calculated values for other multilayer samples
containing larger numbers of PS/PI bilayers is a
result of changes in the mechanical properties of the
constituent polymer layers.

In Figure 5, the calculated velocity dispersion
curves are shown with the measured values of the
film-guided phonon velocities for the multilayer
samples Si/(PI/PS), Si/(PI/PS)3, Si/(PS/PI)3,
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Figure 4. Calculated velocity dispersion curves using
effective elastic constants from Table II. The symbols
represent the measured velocities of film-guided modes
for the Si/(PS/PI) (O), and Si/(PI/PS) (@) bilayer
samples.



5000

4000 k

3000

2000

Velocity {m/s)

1000

2.0 2.5 3.0 3.5 4.0
QHh

Figure 5. Calculated velocity dispersion curves using
the effective elastic constants from Table II. Symbols are
the measured velocities of film-guided modes for all sam-
ples with hpg ~ hp;. The symbols are (O) Si/(PI1/PS);
(@) Si/(PI/PS)3; (+) Si/(PS/PI)?; (A) Si/(P1/PS)%;
and (X) Si/(PS/PI)5.

Si/(PS/PI)®, and SI/(PI/PS)%. It can be seen
from this figure that the velocities of the observed
modes for all of the samples show remarkable agree-
ment with the calculated curves. The effective me-
dium elastic constants used to calculate the disper-
sion curves for the multilayer samples are deter-
mined directly from the elastic constants determined
for thick PS films and a thick PI film as discussed
previously. The agreement between the measured
and calculated Rayleigh mode velocities (primarily
determined by the effective shear elastic constant
¢s5) is particularly good. This is especially surprising
in light of the fact that no parameters have been
adjusted to obtain the calculated curves. The mea-
sured velocities of the higher order Sezawa modes
are all slightly larger than the velocity values cal-
culated using the effective medium elastic constants.
A small change (+20%) of the c¢;; value for either
PS or PI removes the discrepancies between the
measured and calculated velocity values for all of
the modes. The implications of the agreement be-
tween the data and the curves calculated using the
effective medium elastic constants are striking. All
of the measured velocities are consistent with elastic
constants of the individual layers that have the same
values (to within 20% ) as those for thick (h > Rgg)
films. Most notably, for the 10-layer films, Si/(PS/
PI)® and Si/(PI1/PS)%, very good agreement is ob-
tained with the calculated values. The elastic con-
stants of the PS and PI layers are the same as those
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of thick films even though the thickness of the con-
stituent polymer layers is only 160 A. For these films
the individual layer thickness is less than one third
of the unperturbed size of the PS or PI molecules.

The fact that the high-frequency mechanical
properties of the multilayer samples are not notic-
ably changed as the layers are made much thinner
than Ry is interesting when compared to the vari-
ations in T, observed for single supported films. An
important distinction between single films and mul-
tilayered films is the nature of the film interfaces:
the single films have a single polymer/air interface
and a single polymer/substrate interface, whereas
most of the interfaces within the multilayered films
occur between two different polymers. The different
interfaces will likely have different effects on the
film properties. The only study of T}, effects on sam-
ples with interfaces similar to those in the multi-
layered films is that of bulk block copolymers'® in
which it was found that the T, value of a polymer
microphase was reduced if it was dispersed in a
polymer with a lower T, value. For microphase di-
mensions comparable to the film thicknesses studied
in ref. 3-6, the T, reductions for the microphases
were much smaller than for the single films. For
both the block copolymer work and the present work,
the polymers are symmetrically confined and as a
result do not have free surfaces. Since it has been
shown® that the presence of free surfaces produces
very large reductions in T, it is perhaps not sur-
prising that elastic properties similar to bulk values
are obtained for the layers within the multilayered
films in the present work.

It is worth noting that the elastic constants for
the unannealed, spincoated PS films discussed above
are not substantially different from the bulk, al-
though the molecules may be quenched into non-
equilibrium shapes. In the present work we have
shown that in multilayered films with individual
layer thicknesses of less than one third of Rz, cor-
responding to polymer molecules that are necessarily
highly oblate, changes in the elastic constants are
small.

The advantage of using multilayered films to de-
termine the elastic properties of very thin films is
clearly displayed in Figures 1 and 2. For @k between
2 and 4, there are large differences between the ve-
locities of film-guided modes in PS and PI films. By
constructing multilayered filis we were able to study
films with individual layer thicknesses of only 160
A, but with a total film thickness of 1600 A corre-
sponding to @ h values between 2 and 4. If single
supported films of h = 160 A were studied instead,
the range of Qi probed in the BLS experiment



3016 FORREST ET AL.

would be within the range 0.2 < @,k < 0.4. Referring
again to Figures 1 and 2, one can see that for 0.2
< @k < 0.4, the PS and PI phonon velocities, es-
pecially those of the Rayleigh mode, are very similar.
The similarity of the Rayleigh velocities is necessary
since the Rayleigh mode velocity of any supported
film, regardless of the film material, must approach
that of the substrate material as the thickness of
the film approaches zero. The sensitivity of the BLS
technique to small changes in the elastic properties
of thin films depends strongly on the range of @;h
that is used for the BLS measurements. We estimate
that for the Qi range probed in the present work
20% changes in the elastic constants of the individ-
ual layers can be resolved by observation of film-
guided acoustic phonons in the multilayer samples.

SUMMARY AND CONCLUSIONS

Measuring the mechanical properties of very thin
polymer films supported by substrates is complicated
by the fact that the measured properties are very
strongly influenced by those of the substrate. A
sample geometry which avoids this difficulty is the
stacking of very thin layers within multilayered
films. The mechanical properties of the multilayer
sample are determined by those of the constituent
polymer layers. We have used PS/PI multilayered
films as a means of investigating the properties of
polymer layers, which have thicknesses that are
much less than the unperturbed size of the polymer
molecule, i.e., hpg, hp; > Rgr. An effective medium
theory was used to calculate the elastic constants of
a PS/PI superlattice. The same set of effective elas-
tic constants could be used to describe multilayered
films for the entire range of layer thicknesses con-
sidered, including films with individual layers with
h ~ 160 A » Rgg. From this we can infer that the
mechanical properties of these very thin polymer
layers are very similar to those of the bulk polymer.
Further studies involving the mechanical properties
of very thin, freely standing films, which are also
not dominated by substrate properties, are currently
in progress.
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