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Brillouin light scattering studies of the mechanical properties of thin freely standing
polystyrene films

J. A. Forrest,* ,† K. Dalnoki-Veress, and J. R. Dutcher*
Department of Physics and Guelph-Waterloo Program for Graduate Work in Physics, University of Guelph,

Guelph, Ontario, Canada N1G 2W1
~Received 21 October 1997!

We have used Brillouin light scattering~BLS! to measure the room-temperature, high-frequency mechanical
properties of thin freely standing polystyrene~PS! films. We have investigated the effects of chain confinement
and the free surface on the mechanical properties by measuring the velocity of film-guided acoustic phonons in
films with thicknesses ranging from less than to greater than the average end-to-end distance of the unperturbed
moleculesREE. We find that the measured, room-temperature sound velocities are the same, to within61%,
for all films that have glass transition temperatures that differ by as much as 65 K. Our results, which differ
markedly from those of recent picosecond acoustic measurements, are discussed in terms of models proposed
to explain anomalous glass transition behavior in thin polymer films. A careful analysis of the BLS data reveals
that, at room temperature, the mechanical stiffness, mass density, and thermal expansion of thin, freely stand-
ing PS films in the glassy state are consistent with bulk values for all film thicknesses.
@S1063-651X~98!00411-5#

PACS number~s!: 68.60.Bs, 78.35.1c, 36.20.2r
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INTRODUCTION

To fully realize the potential of polymer films in techno
logical applications it is necessary to have a detailed un
standing of their physical properties. This has led to a rec
surge in both experimental and theoretical studies of th
systems. Thin polymer films have properties that may de
ate from their bulk values for a number of different reaso
For a thin film supported on a substrate, the properties of
thin film may depend sensitively on the polymer-substr
interaction because of the high surface-to-volume ratio
thin films. In addition, for polymer films with film thicknes
h,REE (REE;2Rg is the average end-to-end distance of t
polymer molecules andRg is the radius of gyration!, chain
confinement effects may affect the physical properties of
film. The glass transition temperatureTg of thin polymer
films has proved to be a sensitive probe of both surface
chain confinement effects in thin polymer films. Kedd
et al. @1# showed that theTg value of thin polystyrene~PS!
films on Si substrates decreased as the thickness was low
below about 400 Å. Several different experiments involvi
PS films supported by oxidized Si and hydrogen-passiva
Si surfaces have shown quantitatively similar results@1–5#.
To isolate and investigate the separate effects of surface
teraction and chain confinement, Brillouin light scatteri
~BLS! and ellipsometry techniques have been combined
measure the glass transition temperature of freely stan
and supported PS films@5–7#. In the measurements on th
freely standing films,Tg reductions were observed that we
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much larger than for supported films of the same thickne
e.g.,DTg.260 K for a PS film with thicknessh5290 Å

and molecular weightM̄w57673103. The Tg reductions in
freely standing films also depended strongly onMw , unlike
the behavior observed for supported films. TheMw depen-
dence observed for freely standing films provides strong e
dence that polymer chain confinement is important in
plaining the observedTg reductions. Collectively, these
studies have shown the large effect of both the free surf
@5–7# and the polymer-substrate@2,5,8# interaction in deter-
mining the measuredTg value.

To probe the effect of confinement on the mechani
properties of polymers, we have used BLS to study
room-temperature mechanical properties of multilaye
samples comprised of alternating layers of PS and poly
prene ~PI! films supported by a Si substrate@9#. In these
experiments, we probed the mechanical properties of the
dividual layers with thicknesses as small as 160
;REE/3. The analysis of the data in terms of an effecti
medium approach showed that the high-frequency mech
cal properties of such samples were the same as the
values to within the experimental uncertainty of 20%. T
rather large uncertainty estimates resulted from the com
cated nature of the sample geometry and the data anal
Because of the presence of the PI layers, the multilaye
samples could not be fully annealed after preparation an
was not possible to estimate theTg values of the constituen
layers. This ruled out the possibility of establishing a cor
lation between the occurrence ofTg reductions and the oc
currence of significant changes in mechanical properties

Recent work using picosecond acoustic techniques
suggested that the longitudinal sound velocity increases
matically for single poly~methyl methacrylate! ~PMMA! @10#
or PS films@11# of thickness less than 400 Å supported

d,
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Al-coated Si substrates. The results of the experiments w
interpreted as a threefold increase in the longitudinal so
velocity and an approximately tenfold increase in the lon
tudinal modulus over the bulk values for PMMA films wit
h.200 Å. Because the picosecond acoustic measurem
are based on a time-of-flight principle, there are difficult
in the interpretation of the data for very thin films. A com
plicated overlap of the incident and reflected acoustic pu
is obtained for film thicknesses less than 400 Å@see Fig. 2~b!
of Ref. @10#!#. Similar picosecond acoustic measurements
other researchers studying PMMA films suggest only a
20 % increase in the longitudinal phonon velocity for fil
thicknesses less than 600 Å@12#. In this case the modes
enhancement of the longitudinal phonon velocity was att
uted to the uncertainty in the determination of the film thic
ness.

Qualitative differences exist between the results obtai
for supported films using BLS@9# and picosecond acousti
measurements@10# that extend beyond the differences in t
samples and there is disagreement between the results o
two picosecond acoustic studies. It is evident that a thoro
and accurate study of the high-frequency mechanical pro
ties of submicrometer-thick films is necessary to resolve
ambiguities that currently exist in the literature.

In both the BLS and picosecond acoustic measureme
the mechanical properties of the thin films are probed
direct measurement of acoustic wave velocities. The vel
ties are given by the square root of the ratio of the mech
cal stiffness~elastic constants! to the mass density. Very
small decreases in the mass density (<2%) relative to the
bulk value would explain the large reductions inTg that have
been observed for both supported and freely standing fil
It is reasonable to expect the mass density may differ by s
a small amount in very thin polymer films relative to that
the bulk. Unfortunately, sufficiently accurate direct measu
ments of mass density in thin films have not yet been re
ized. However, several techniques have been used to o
indirect measurements of the mass density in thin polym
films. Reiter @13# has used the results of x-ray reflectivi
experiments to infer that PS films withh!REE have a quali-
tatively lower mass density than in bulk. In neutron refle
tivity measurements of very thin polymer films@14,15#, the
neutron scattering length density has been observed to d
from that of bulk polymer and this has been used to in
deviations in the mass density from its bulk value~of the
order of 5%!, with both increases@14# and decreases@15#
reported for decreasing film thickness. Very recently, n
tron reflectivity has been used to show that the mass den
of supported PS films agrees with the bulk value to with
1% for films as thin as 65 Å@16#. We note that an alternat
explanation has been proposed to explain theTg reductions
in thin polymer films: the presence of a less-dense, mo
surface layer. However, experimental evidence for this
planation has been contradictory@4,17,18#.

Brillouin light scattering@7,19# and other acoustic tech
niques@20# have been used to probe the glass transition
bulk and thin film polymer samples through measuremen
high-frequency acoustic phonons. These techniques are
sensitive to changes in the mass density, through both a
rect dependence on the mass density and a strong nonl
dependence of the elastic constants on mass density.
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many fragile@21# glass-forming materials such as polyme
the elastic constants depend sensitively on the mass de
@19,22#. Thus the acoustic techniques provide an indire
though potentially very sensitive, probe of the mass den
in thin polymer films.

The present work describes BLS experiments in wh
high-frequency acoustic phonons in thin freely standing
films are measured. For thin films, the mechanical bound
conditions at the two film interfaces give rise to a series
film-guided acoustic modes. These modes are of mixed
larization, having both transverse and longitudinal comp
nents. For freely standing films the velocity dispersion re
tions describing the allowed film-guided phonon velocities
a function of the productQih are relatively easy to calculate
For the case of an isotropic film, analytic expressions can
obtained for the velocities of two different families of pho
non modes@23#, denoted as symmetric~S! or antisymmetric
~A! with respect to the midplane of the film. An excelle
discussion of the properties of the film-guided acous
modes in freely standing films can be found in Ref.@23#.

Previous studies of PS films supported on Si~001! @24#
substrates, as well as supported PS/PI multilayered films@9#,
suggest that the mechanical properties of thin films~even
those withh!REE) can be treated as isotropic to a very go
approximation. This isotropy in the high-frequency mecha
cal properties also extends to micrometer-thick spin coa
polyimide films @25# in which the molecules have a muc
less flexible polymer backbone than for PS. For the case
isotropic films, the velocity dispersion curves are complet
determined by the longitudinal and transverse elastic c
stantsc11 andc44 and the mass densityr or, alternatively, in
terms of the bulk longitudinal and transverse velocitiesvL

and vT @23#. For thick supported films (h.1700 Å!, the
room-temperature values ofvL andvT have been found to be
independent of theMw value of the polymer in the rang
303103,Mw,6003103 @24#.

In the present study, we use BLS to measure the pho
velocities in freely standing PS films with thicknesses ran
ing from less than to greater than the size of the unpertur
moleculesREE. Because of the simple sample geometry
the freely standing films, BLS measurements of the veloc
of the lowest-order, symmetric film-guidedS0 mode are ac-
curate to within61% for all values of the film thickness. In
addition, for very thin films, theS0 mode velocity measured
using BLS is insensitive to uncertainties in the film thic
ness. Most importantly, we use freely standing PS films w
very well-defined thermal histories for which the glass tra
sition temperature has been well characterized and has
shown to be dramatically reduced from the bulk value@5,7#.
Because of all of these reasons, we are able to comm
confidently on possible correlations between anomalousTg
behavior and the high-frequency mechanical properties
the glassy phase of thin PS films.

EXPERIMENT

The preparation of freely standing films has been d
cussed in detail previously@6# and will only be described
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briefly here. Solutions of polymer molecules@26# (M̄w

57673103, REE.570 Å or M̄w522403103, REE.970 Å!
in toluene were spin coated onto clean glass slides. The fi
were annealed and then transferred, using a water sur
transfer technique, to a sample holder containing a sm
~4-mm-diam! aperture. Similar pieces of the same floati
films were transferred to a Si~001! wafer for thickness mea
surement using ellipsometry.

The BLS measurements were performed using a tand
33(111) Fabry-Pe´rot interferometer. Laser light of wave
lengthl55145 Å was focused onto the film surface and t
backscattered light was collected and collimated by the s
lens used for focusing the incident light. For room
temperature measurements, the angle of incidence was v
between 10° and 70°. A slit was placed in the path of
collimated light to reduce the line broadening due to
nonzero light collection aperture. Conservation of mom
tum in the plane of the film determines the phonon wa
vectorQi5(2p/l)(sinu i1sinus), whereu i is the angle of
incidence andus is the angle of the scattered light (us5u i
1d, where d is determined by the position of the sl
@27#!. The frequency shiftf measured in the BLS experimen
is used to calculate the phonon velocityv52p f /Qi . BLS
measurements at temperatures greater than room tempe
were performed with the sample placed in an optical furn
using a fixed angle of incidenceu i545°.

RESULTS AND DISCUSSION

Shown in Fig. 1 are typical BLS spectra for a freely stan
ing PS film with thicknessh51900 Å, collected using an

FIG. 1. Room-temperature BLS spectra for a freely standing

film ( M̄w57673103) with thicknessh51900 Å, collected using an
angle of incidence ofu i530°. The top and bottom spectra we
collected for free spectral range values of 15.00 GHz and 7.50 G
respectively. The laser power was 50 mW and the data collec
time per channel was approximately 3.2 s and 1.6 s for the top
bottom spectra, respectively. The peaks corresponding to the
guided phonon modes are labeled as symmetric~S! or antisymmet-
ric ~A! with the corresponding mode number index.
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angle of incidenceu i530°. The two spectra were collecte
using different values of the Fabry-Pe´rot interferometer free
spectral range to measure both low- and high-freque
peaks. In the figure the peaks have been labeled as sym
ric ~S! or antisymmetric~A! together with the index numbe
of each mode. Each peak is fit to an instrumental respo
function using a nonlinear, least-squares fitting routine. T
resulting peak center frequency values are used to calcu
the phonon velocities. Velocities determined in this way a
accurate to within61%. In Fig. 2 we show the measure
room-temperature phonon velocities for two thick filmsh
51000 Å andh51900 Å; M̄w57673103) with 10°,u i
,70°. For these two samples,h@REE and theTg values are
the same as that of bulk PS@7#. To compare the high-
frequency mechanical properties of the thick films with tho
of bulk PS, we examine the dispersion of the film-guid
mode velocities. Only two quantities (vL and vT) are re-
quired to uniquely determine the velocity dispersion curv
but it is more common to write these in terms of the mod
c115rvL

2 andc445rvT
2 . We assume that the mass density

the thick films is the same as that of bulk PS, realizing t
any changes in the density will produce correspond
changes in the calculated elastic constants. In fact, only
parameters are needed to fully describe the velocity dis
sion and it is not often noted that independent measurem
of the mass density is required inany acoustic measuremen
to uniquely determine the elastic moduli. To relate our B
measurements for thick PS films to those for bulk PS,
independently measured the velocityvL of the pure longitu-
dinal phonon in a bulk sample. Using this value forvL , we
simply adjusted the one remaining parametervT until a best
fit with the observed mode velocities was obtained. The so

S

z,
n

nd
-

FIG. 2. Velocity dispersion curves for freely standing PS film

The data were collected for two thick PS films (M̄w57673103):
h51000 Å ~open inverted triangles! andh51900 Å ~open circles!.
The solid lines were calculated usingc1155.65 GPa andc44

51.40 GPa and the bulk value of the mass densityr
51.056 g/cm3. In addition to the data for the two thick films, w
have also shown data collected for a large number of thinner fi
~open diamonds! for which Qih,1.6 ~see Fig. 3 caption for de-
tails!.
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lines in Fig. 2 show the calculated velocity dispersion curv
for the best fit parameters ofc115rvL

255.6560.09 GPa
andc445rvT

251.4060.03 GPa, using the bulk value of th
mass densityr51.056 g/cm3 @28#. The c11 and c44 values
are in excellent agreement~identical within error! with pre-
vious BLS studies of thick (h.1700 Å! PS films supported
by Si~001! substrates@24#. With this encouraging agreemen
between measured and calculated velocity dispersion,
reasonable to extend the measurements and analysis to
of smaller thickness, for which largeTg reductions have bee
observed. Also shown in Fig. 2 are velocity dispersion d
collected for films for which reducedTg values were ob-
served (h,1000 Å, DTg as low as265 K). It is obvious
that the data are very well described by the velocity disp
sion curves calculated using the mechanical properties d
mined for thick films. This excellent, quantitative agreeme
between the results for thick and thin films is consistent w
the conclusions of our previous BLS studies on highly co
fined molecules@9#.

At this point we consider the comparison of our expe
mental results obtained using BLS with those obtained us
picosecond acoustic techniques in Ref.@10# to see if the
present results are consistent with their conclusions. Un
tunately, it is not possible to compare directly the sou
velocities because the film-guided modes have differ
character in the two experiments: in the BLS experiment,
modes are hybridized longitudinal-transverse wav
whereas in the picosecond acoustic technique, a purely
gitudinal phonon is probed@10#. In the BLS experiments, the
S0 mode velocity depends on bothvL and vT and asQih
→0, vS0

→2vT@12(vT /vL)2#1/2. This relation holds at

Qih50 and the relative contributions ofvL andvT to theS0
mode velocity depend on the value ofQih. While coinciden-
tal cancellation of large changes in bothvL and vT may
occur for a particular value ofQih, it is unlikely that such
cancellation will occur for an extended range ofQih values.
The excellent agreement between the calculated and m
suredS0 mode velocities demonstrates that the values ofvL
and vT do not depend on film thickness. In sharp contra
the picosecond acoustic measurements on films with th
nessesh,400 Å are interpreted as a threefold increase in
longitudinal sound velocity and a corresponding tenfold
crease in the longitudinal modulus~since they assumed tha
the mass density was independent of film thickness!. Consid-
ering the differences in sample type and physical quan
probed, it is not possible to compare directly the two sets
results. However, despite these differences, it is unlikely t
a threefold increase invL with decreasingh should exist for
supported PMMA films~for which there are only smal
changes in other quantities such asTg @2#! without a corre-
sponding change invL with h for freely standing PS films
~for which theTg reductions are large@5,7#!.

The disagreement between the results of these two stu
is striking. In both experiments, the mechanical moduli
studied at frequencies in the gigahertz range and yet
appear to differ by an order of magnitude. Unlike the BL
technique, the picosecond acoustic technique is a time
flight technique and therefore suffers a loss of accuracy
very small film thicknesses. This is evident from the incre
ing size of the error bars as the film thickness is decrease
s
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Ref. @10#. Also, unlike the BLS measurements, the picose
ond acoustic technique is sensitive to errors in the film thi
ness. The BLS measurements on very thin, freely stand
films offer the advantages of insensitivity to film thickne
and very high sensitivity to changes in the elastic consta
and density.

For BLS measurements of very thin films~with corre-
spondingly smallQih values!, only the A0 and S0 mode
velocities do not diverge to large values. Because the ve
ity of the A0 mode vanishes for smallQih, it is impractical
to study this mode in detail. Only theS0 mode can be used
for detailed comparison. Shown in Fig. 3 is theS0 mode
velocity dispersion curve in which the vertical scale has be
magnified. In this figure the data points correspond to ma
different PS films withTg reductions ranging from 0 K to 65
K. Representative BLS spectra for the film withh5540 Å

andM̄w57673103 are given in Fig. 1 of Ref.@5#. Details of
the properties of the individual films~thickness,Mw , and
Tg) are given in the figure caption. The upper solid curve
Fig. 3 was calculated using the same ‘‘thick film’’ param
eters used to calculate the dispersion curves shown in Fi
The data for the thin films are, to within experimental err
identical to the calculated values corresponding to the up
solid curve. In particular, we note that the film withh
5586 Å, M̄w522403103 has the sameS0 mode velocity as
the film with h5620 Å, M̄w57673103 film. Because the
molecules in the former film have a much larger~by a factor
of 1.7! REE value than for the latter film and both films ar
comparable in thickness, the molecules are much m

FIG. 3. MagnifiedS0 mode velocity dispersion curve. The soli
curves were calculated for the temperatures indicated beside
curve. Each symbol corresponds to room-temperature data f

different film, with open symbols used for films withM̄w5767

3103 and solid symbols used for films withM̄w522403103: open
circles,h5290 Å andDTg5266 K; open squares,h5420 Å and
DTg5244 K; open diamonds,h5520 Å andDTg5233 K; open
inverted triangles,h5620 Å andDTg5211 K; open triangles,h
5830 Å andDTg50 K; solid circles,h5586 Å andDTg5261 K;
solid diamonds,h5650 Å andDTg5241 K; solid triangles,h
5680 Å andDTg5216 K; solid squares,h5774 Å andDTg5
213 K.
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strongly confined in the former film. The quantitative agre
ment between the room-temperature phonon velocities m
sured for all of the films shows that chain confinement d
not affect the measured phonon velocities. It is evident fr
Fig. 3 that all films, regardless of their respectiveTg reduc-
tions ~up to 65 K! and extent of chain confinement, have t
same room-temperature, high-frequency phonon veloci
to within the experimental uncertainty of61%. In addition,
the velocity values and their dispersion are accurately
scribed by the bulk values of the mass density and hi
frequency mechanical moduli.

Given the excellent agreement between the hi
frequency phonon velocities of the thick and very thin film
it is instructive to estimate the effect that the small chan
in density suggested forTg reductions would have on th
measured velocities. To do this we consider the effect
raising the temperature and the resulting effect of the ther
expansion on the film-guided mode velocities because of
known change in density accompanying thermal expans
For this calculation we use the well-studied temperature
pendence@6,20# of the longitudinal and transverse velocitie
to calculate film-guided phonon velocities as a function
temperature. The different solid curves in Fig. 3 correspo
to the calculatedS0 mode velocity as a function of tempera
ture from room temperature up to the bulk glass transit
temperatureTg

bulk;370 K. The changes in theS0 mode ve-
locity with temperature are due primarily to the temperat
dependence of the mass density and the resulting depend
of the mechanical moduli. The value of the bulk density
T5Tg

bulk is approximately 2% lower than at room temper
ture @28#. This produces a corresponding decrease in theS0
mode velocity of 8% for the same change in temperature~see
Fig. 3!. TheS0 mode velocity values are measured to with
an experimental uncertainty of61%. This means that the
error bars for the measured velocity values span less
one-quarter of the total shift in velocity due to the change
density in heating bulk PS from room temperature toTg .
This allows us to state that we can observe density chan
of the order of 0.5% in our measurements. If theTg reduc-
tions observed in very thin PS films were due to a redu
value of the mass density, then one would expect that as
film thickness is decreased and certainly as theTg reduction
becomes larger, the measured room-temperature phono
locities would decrease towards theT5Tg

bulk dispersion
curve. Clearly this is not the case. Our results for all films
consistent with the bulk value of the mass density and
bulk values of the mechanical moduli. The above analy
has assumed that the same relationship between the mo
and density exists in films as does in the bulk~the same
assumptions are necessarily made in Refs.@10# and @25#!.
This assumption is almost certainly valid since the dep
dence of modulus on density is determined by the anh
monic intermolecular potential, which has a characteris
length scale that is small enough as to be unaffected
changes in the film thickness.

While all of the measurements discussed above were
formed at room temperature, we can also raise the temp
ture and compare the measured temperature dependen
the S0 mode velocity to that calculated using the proced
described above:dv/dT521.760.35 (m/s)/K. If the den-
sity at Tg is the same for all films, the thermal expansion
-
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measured usingdv/dT would have to increase with decrea
ing film thickness. Shown in Fig. 4, for different values ofh,
are the measured values of the change in theS0 mode veloc-
ity with temperaturedv/dT in the glassy phase, togethe
with the upper and lower bounds on the calculated val
neglecting the small change in film thickness. Data points
shown for all films, except that withh5586 Å and M̄w
522403103, which was omitted from Fig. 4 because of th
limited number of measurements in the glassy phase for
film. It is evident that the agreement between measurem
and calculation is very good, and that no systematic diff
ences are observed for films that have large difference
DTg . The variations withh of the data in Fig. 4 are more
likely due to slight differences in the thermal history of th
films. The result of this calculation suggests that, in addit
to the room-temperature density, the thermal expansion
these glassy PS films is also independent of the film thi
ness andDTg .

The robust conclusion of the above results is simply t
the high-frequency mechanical properties of thin free
standing polymer films are unaffected by both chain confi
ment andTg reductions. The simple analysis performed r
garding the mass density suggests that the density of a
the films at room temperature is indistinguishable from
bulk value to within 0.5%. While BLS does not give a direc
absolute measure of the mass density, the relative den
values are at least as accurate as those determined usi
ray reflectivity or neutron reflectometry. In addition, the the
mal expansion of the films in the glassy phase shows
obvious film-thickness dependence and is consistent with
bulk value. Taken together, these results and analyses
gest that each of the films with a reducedTg value undergoes
the glass transition at a different value of the mass dens
This is a surprising observation and it is important to fi
other evidence to either support or refute this claim.

FIG. 4. Magnitude of the derivative of theS0 mode velocity
with respect to temperaturedv/dT in the glassy phase as a functio
of the film thicknessh. Data are shown for bothMw values: open

circles for M̄w57673103 and solid circles forM̄w522403103.
The solid lines correspond to the upper and lower bounds on
calculated value; the calculation is described in the text. The das
line corresponds to the average of the measureddv/dT values.
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SUMMARY AND CONCLUSIONS

A detailed understanding of the physical properties of t
polymer films includes knowledge of their high-frequen
mechanical properties. We have used BLS to investigate
high-frequency mechanical properties of thin freely stand
polystyrene films in the glassy state. Such measurement
a sensitive, though indirect, probe of the mass density.
have found that the measured velocities of the film-guid
phonons for thick (h>1000 Å! films are consistent with
elastic constant values measured previously for supporte
films. By extending this comparison to very thin PS films f
which largeTg reductions have been observed, we find t
the data for all films are described within experimental er
by the same velocity dispersion curves determined for th
tt
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PS films. A careful analysis of the BLS data reveals that
room temperature, the mechanical stiffness, mass den
and thermal expansion of thin, freely standing PS films in
glassy state are consistent with bulk values for all film thic
nesses.
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