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We have used Brillouin light scatterif®LS) to measure the room-temperature, high-frequency mechanical
properties of thin freely standing polystyre(RS 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
moleculesRgz. We find that the measured, room-temperature sound velocities are the same, tatvlithin
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.
[S1063-651%98)00411-5

PACS numbdps): 68.60.Bs, 78.35:¢c, 36.20-—r

INTRODUCTION much larger than for supported films of the same thickness,
e.g.,ATy=—60 K for a PS film with thicknesf=290 A

To fully realize the potential of polymer films in techno- and molecular weigh,,=767x 10°. The T, reductions in
logical applications it is necessary to have a detailed undefreely standing films also depended stronglyMy,, unlike
standing of their phy§ical properties. Thi§ has qu to a recenthe pehavior observed for supported films. Mg, depen-
surge in both experimental and theoretical studies of thesgence observed for freely standing films provides strong evi-
systems. Thin polymer films have properties that may devigence that polymer chain confinement is important in ex-
ate from their bulk values for a number of different reasonsyaining the observedT, reductions. Collectively, these
For a thin film supported on a substrate, the properties of thgdies have shown the large effect of both the free surface
thin film may depend sensitively on the polymer-substratgs_7] and the polymer-substraf,5,d interaction in deter-
interaction because of the high surface-to-volume ratio foryining the measured, value.
thin films. In addition, for polymer films with film thickness T4 probe the effect of confinement on the mechanical
h<Ree (Ree~2R; is the average end-to-end distance of theproperties of polymers, we have used BLS to study the
polymer molecules an&, is the radius of gyration chain  rgom-temperature mechanical properties of multilayered
confinement effects may affect the physical properties of theamples comprised of alternating layers of PS and polyiso-
film. The glass transition temperatuflg of thin polymer  prene(PI) films supported by a Si substrafé]. In these
films has proved to be a sensitive probe of both surface angxperiments, we probed the mechanical properties of the in-
chain confinement effects in thin polymer films. Keddie dividual layers with thicknesses as small as 160 A
et al. [1] showed that thd value of thin polystyrendPS  ~Rcg/3. The analysis of the data in terms of an effective
films on Si substrates decreased as the thickness was loweretkdium approach showed that the high-frequency mechani-
below about 400 A. Several different experiments involvingcal properties of such samples were the same as the bulk
PS films supported by oxidized Si and hydrogen-passivatedalues to within the experimental uncertainty of 20%. The
Si surfaces have shown quantitatively similar res[dts5]. rather large uncertainty estimates resulted from the compli-
To isolate and investigate the separate effects of surface iated nature of the sample geometry and the data analysis.
teraction and chain confinement, Brillouin light scatteringBecause of the presence of the PI layers, the multilayered
(BLS) and ellipsometry technigues have been combined t@amples could not be fully annealed after preparation and it
measure the glass transition temperature of freely standingas not possible to estimate tfig values of the constituent
and supported PS filmi$—7]. In the measurements on the layers. This ruled out the possibility of establishing a corre-
freely standing filmsT, reductions were observed that were lation between the occurrence ©f reductions and the oc-

currence of significant changes in mechanical properties.
Recent work using picosecond acoustic techniques has

* Authors to whom correspondence should be addressed. suggested that the longitudinal sound velocity increases dra-
"Present address: Department of Physics, University of Sheffieldnatically for single polymethyl methacrylate(PMMA) [10]
Sheffield S3 7RH, United Kingdom. or PS films[11] of thickness less than 400 A supported on
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Al-coated Si substrates. The results of the experiments wemmany fragile[21] glass-forming materials such as polymers,
interpreted as a threefold increase in the longitudinal sounthe elastic constants depend sensitively on the mass density
velocity and an approximately tenfold increase in the longi{19,22. Thus the acoustic techniques provide an indirect,
tudinal modulus over the bulk values for PMMA films with though potentially very sensitive, probe of the mass density
h=200 A. Because the picosecond acoustic measuremenits thin polymer films.

are based on a time-of-flight principle, there are difficulties The present work describes BLS experiments in which
in the interpretation of the data for very thin films. A com- high-frequency acoustic phonons in thin freely standing PS
plicated overlap of the incident and reflected acoustic pulseflms are measured. For thin films, the mechanical boundary
is obtained for film thicknesses less than 40(s8e Fig. 2b) conditions at the two film interfaces give rise to a series of
of Ref.[10])]. Similar picosecond acoustic measurements byfilm-guided acoustic modes. These modes are of mixed po-
other researchers studying PMMA films suggest only a 10{arization, having both transverse and longitudinal compo-
20 % increase in the longitudinal phonon velocity for film nents. For freely standing films the velocity dispersion rela-
thicknesses less than 600 [A2]. In this case the modest tions describing the allowed film-guided phonon velocities as
enhancement of the longitudinal phonon velocity was attrib function of the produa@h are relatively easy to calculate.
uted to the uncertainty in the determination of the film thick- £or the case of an isotropic film, analytic expressions can be

ness. obtained for the velocities of two different families of pho-

Qualitative differences exist between the results obtained,,, modeg23], denoted as symmetri®) or antisymmetric
for supported films using BL$9] and picosecond acoustic () yith respect to the midplane of the film. An excellent

g‘aenﬁs:gser:sg%g;hzt d?;(;e?gek;?é'g{]g;?;eg';f%iné? Iltns t:fet iascussion of the properties of the film-guided acoustic
P IS disagree . . u odes in freely standing films can be found in R&B].
two picosecond acoustic studies. It is evident that a thoroug

and accurate study of the high-frequency mechanical proper- E rte V|tous StUd'?IS of PS f||{n3 ;lép/)g?rtecft.lorﬁosm d[?4]
ties of submicrometer-thick films is necessary to resolve thgyostrates, as well as supporte multilayered fiis

ambiguities that currently exist in the literature. suggest that the mechanical properties of thin filfesen

In both the BLS and picosecond acoustic measurementd10S€ Withh<Rgg) can be treated as isotropic to a very good
the mechanical properties of the thin films are probed by2PProximation. This isotropy in the high-frequency mechani-
direct measurement of acoustic wave velocities. The velocic@l properties also extends to micrometer-thick spin coated
ties are given by the square root of the ratio of the mechaniPolyimide films[25] in which the molecules have a much
cal stiffness(elastic constanjsto the mass density. Very less flexible polymer backbone than for PS. For the case of
small decreases in the mass density2@6) relative to the isotropic films, the velocity dispersion curves are completely
bulk value would explain the large reductionsTipthat have ~ determined by the longitudinal and transverse elastic con-
been observed for both supported and freely standing filmsstantsc,; andc,, and the mass densigyor, alternatively, in
It is reasonable to expect the mass density may differ by sucterms of the bulk longitudinal and transverse velocitigs
a small amount in very thin polymer films relative to that of and v [23]. For thick supported filmsh>1700 A), the
the bulk. Unfortunately, sufficiently accurate direct measureroom-temperature values of andv have been found to be
ments of mass density in thin films have not yet been realindependent of théMl,, value of the polymer in the range
ized. However, several techniques have been used to obtagx 103<M,,<600x 10° [24].
|_nd|rect measurements of the mass density in thin po.Iy.mer In the present study, we use BLS to measure the phonon
films. Reiter[13] has used the results of x-ray reflectivity \gacities in freely standing PS films with thicknesses rang-
experiments to infer that PS films with<Reg have a quali- 4 from ess than to greater than the size of the unperturbed
tgt_lvely lower mass density thgn in bulk. 'T‘ neutron re'clec'moIecuIesREE. Because of the simple sample geometry of
tivity measurements of very th_|n polymer filnit4,19), the ... the freely standing films, BLS measurements of the velocity
neutron scattering length density has been observed to differ, o .

of the lowest-order, symmetric film-guide®} mode are ac-

f that of bulk pol this h to inf o - .
drg\r/ri]atioisoinbtl;]e &?S/;nz;?;?y frlgm ElltSS %ejl? \llj(;zg t?]em ercurate to within* 1% for all values of the film thickness. In

order of 5%, with both increase$14] and decreasegls] ~ addition, for very thin films, theS, mode velocity measured
reported for decreasing film thickness. Very recently, neuYSing BLS is insensitive to uncertainties in the film thick-
tron reflectivity has been used to show that the mass densifyeSS- Most importantly, we use freely standing PS films with
of supported PS films agrees with the bulk value to withinVery well-defined thermal histories for whlch the glass tran-
1% for films as thin as 65 A16]. We note that an alternate sition temperature has been well characterized and has been
explanation has been proposed to explain Tgeeductions shown to be dramatically reduced from the bulk vel&i].

in thin polymer films: the presence of a less-dense, mobil®€cause of all of these reasons, we are able to comment

surface layer. However, experimental evidence for this ex¢onfidently on possible correlations between anomalbys

planation has been contradictd;17,14. behavior and the hlgh—frequgncy mechanical properties of
Brillouin light scattering[7,19] and other acoustic tech- the glassy phase of thin PS films.

nigques[20] have been used to probe the glass transition of

bulk and thin film polymer samples through measurement of

high-frequency acoustic phonons. These techniques are very EXPERIMENT

sensitive to changes in the mass density, through both a di-

rect dependence on the mass density and a strong nonlinear The preparation of freely standing films has been dis-

dependence of the elastic constants on mass density. Foussed in detail previousli6] and will only be described
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FIG. 2. Velocity dispersion curves for freely standing PS films.

FIG. 1. Room-temperature BLS spectra for a freely standing PShe data were collected for two thick PS filml (= 767x 10°):
film (M, = 767x 10%) with thicknessh=1900 A, collected using an 1= 1000 A(open inverted trianglesandh=1900 A (open circles
angle of incidence o, =30°. The top and bottom spectra were 1he solid lines were calculated usingy;=5.65 GPa andcy,
collected for free spectral range values of 15.00 GHz and 7.50 GHz- 140 GPa and the bulk value of the mass densjty
respectively. The laser power was 50 mW and the data collectiorr 1-056 g/cm. In addition to the data for the two thick films, we
time per channel was approximately 3.2 s and 1.6 s for the top anhave algo shown data <_:o||ected for a Iarge.number qf thinner films
bottom spectra, respectively. The peaks corresponding to the filmfOPen diamondsfor which Qih<'1.6 (see Fig. 3 caption for de-
guided phonon modes are labeled as symmé8ior antisymmet-  ails).
ric (A) with the corresponding mode number index.

angle of incidencey;=30°. The two spectra were collected

briefly here. Solutions of polymer moleculd®6] (M,  using different values of the Fabry-Re interferometer free
=767x10°, Rgg=570 A or MW=2240>< 10°, Rge=970 A) spectral range to measure both low- and high-frequency
in toluene were spin coated onto clean glass slides. The filmgeaks. In the figure the peaks have been labeled as symmet-
were annealed and then transferred, using a water surfaéi€ (S or antisymmetridA) together with the index number
transfer technique, to a sample holder containing a smaff each mode. Each peak is fit to an instrumental response
(4-mm-diam aperture. Similar pieces of the same floatingfunction using a nonlinear, least-squares fitting routine. The
films were transferred to a ®01) wafer for thickness mea- resulting peak center frequency values are used to calculate
surement using ellipsometry. the phonon velocities. Velocities determined in this way are

The BLS measurements were performed using a tanden@ccurate to within=1%. In Fig. 2 we show the measured
3X(1+1) Fabry-Peot interferometer. Laser light of wave- room-temperature phonon velocities for two thick filmts (
lengthh =5145 A was focused onto the film surface and the=1000 A andh=1900 A; M,,=767x10°) with 10°< 6,
backscattered light was collected and collimated by the same 70°. For these two samplels>> Ree and theT,, values are
lens used for focusing the incident light. For room-the same as that of bulk P§]. To compare the high-
temperature measurements, the angle of incidence was varié@quency mechanical properties of the thick films with those
between 10° and 70°. A slit was placed in the path of theof bulk PS, we examine the dispersion of the film-guided
collimated light to reduce the line broadening due to themode velocities. Only two quantities)( and vy) are re-
nonzero light collection aperture. Conservation of momen-quired to uniquely determine the velocity dispersion curves,
tum in the plane of the film determines the phonon wavebut it is more common to write these in terms of the moduli
vectorQ = (2m/\)(sin¢;+sinfds), whered, is the angle of CllszE andcy,= pv$_ We assume that the mass density of
incidence and; is the angle of the scattered light{= 6, the thick films is the same as that of bulk PS, realizing that
+ 6, where § is determined by the position of the slit any changes in the density will produce corresponding
[27]). The frequency shift measured in the BLS experiment changes in the calculated elastic constants. In fact, only two
is used to calculate the phonon velocity-27f/Q . BLS  parameters are needed to fully describe the velocity disper-
measurements at temperatures greater than room temperatgien and it is not often noted that independent measurement
were performed with the sample placed in an optical furnacef the mass density is required amy acoustic measurement

using a fixed angle of incidenag=45°. to uniquely determine the elastic moduli. To relate our BLS
measurements for thick PS films to those for bulk PS, we
RESULTS AND DISCUSSION independently measured the velocity of the pure longitu-

dinal phonon in a bulk sample. Using this value fqr, we
Shown in Fig. 1 are typical BLS spectra for a freely stand-simply adjusted the one remaining parametemuntil a best
ing PS film with thicknesh=1900 A, collected using an fit with the observed mode velocities was obtained. The solid
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lines in Fig. 2 show the calculated velocity dispersion curves 2050 . . .
for the best fit parameters af;;= pvf=5.65t 0.09 GPa i

andcy,= pv$= 1.40+0.03 GPa, using the bulk value of the 2000

mass density=1.056 g/cm [28]. The ¢,; andc,, values @

are in excellent agreemefitientical within erroy with pre- E

vious BLS studies of thick {1700 A) PS films supported £ 1950

by Si(001) substrate$24]. With this encouraging agreement 2

between measured and calculated velocity dispersion, it is = 1900

reasonable to extend the measurements and analysis to films g

of smaller thickness, for which largk, reductions have been o

observed. Also shown in Fig. 2 are velocity dispersion data 1850

collected for films for which reducedy values were ob- -

served h<<1000 A, ATg as low as—65 K). It is obvious 1800 ! . .
that the data are very well described by the velocity disper- 0.0 0.4 0.8 1.2 1.6
sion curves calculated using the mechanical properties deter- Qh

mined for thick films. This excellent, quantitative agreement
between the results for thick and thin films is consistent with FIG. 3. MagnifiedS, mode velocity dispersion curve. The solid

the conclusions of our previous BLS studies on highly CON-cyrves were calculated for the temperatures indicated beside each

fined molecule9]. . . _curve. Each symbol corresponds to room-temperature data for a
At this point we consider the comparison of our EXPerl- yitterent film, with open symbols used for films withl,,=767

mental results obtained using BLS with those obtained us;ing< 10° and solid symbols used for films witl,,— 2240x 10% open
W_ .
circles,h=290 A andAT,=—66 K; open square$i=420 A and

picosecond acoustic techniques in RE0] to see if the
Ty=—44 K; open diamondsy=520 A andATg=—33 K; open

present results are consistent with their conclusions. Unfors
tunately, it is not possible to compare directly the Sou”‘ﬁwerted trianglesh=620 A andAT,— — 11 K; open trianglesh

velocities because the film-guided modes have different g3g A andAT.=0 K: solid circlesh=586 A andAT.= — 61 K-
character in the two experiments: in the BLS experiment, theig diamonds?h=656 A andAT,. = —41 K: solid tgriangles,h’
modes are hybridized longitudinal-transverse waves.ggg A andAT,=—16 K; solid sgquaresh=774 A andAT,=
whereas in the picosecond acoustic technique, a purely lon-13 k.

gitudinal phonon is probed.Q]. In the BLS experiments, the
Sy mode velocity depends on both andvy and asQjh
—0, vg—2v7[1-(vr/v)?]*% This relation holds at

Qyh=0 and the relative contributions of andvy to theS,
mode velocity depend on the value@fh. While coinciden-
tal cancellation of large changes in both and vy may
occur for a particular value d@jh, it is unlikely that such and densit
cancellation will occur for an extended range@f values. F BLSy. ¢ hin filmwvith

The excellent agreement between the calculated and mea- or measurements of very thin filith corre-
suredS, mode velocities demonstrates that the valueg,of SPondingly smaliQ;h values, only the A, and S, mode
and vy do not depend on film thickness. In sharp contrast)’eloc'“es do not dlverge to large values. _B_ecguse th_e veloc-
the picosecond acoustic measurements on films with thickly Of the Ag mode vanishes for smaQh, it is impractical
nesse$1<400 A are interpreted as a threefold increase in thd® Study this mode in detail. Only th& mode can be used
longitudinal sound velocity and a corresponding tenfold in-for detailed comparison. Shown in Fig. 3 is t§g mode
crease in the longitudinal modulisince they assumed that Velocity dispersion curve in which the vertical scale has been
the mass density was independent of film thickiheSsnsid-  magnified. In this figure the data points correspond to many
ering the differences in sample type and physical quantityifferent PS films withT, reductions ranging frm 0 K to 65
probed, it is not possible to compare directly the two sets oK. Representative BLS spectra for the film with=540 A

results. However, despite these differences, it is unlikely thag,q MW: 767x 1C° are given in Fig. 1 of Ref:5]. Details of

a threefold increase. in_ with depreasingl should exist for e properties of the individual filméhickness,M,,, and
supported PMMA films(for which there are only small T,) are given in the figure caption. The upper solid curve in
changes in other quantmes suchBgs[2]) W'th(_)m a corre- Fig. 3 was calculated using the same “thick film” param-
sponding change ie, with h for freely standing PS films eters used to calculate the dispersion curves shown in Fig. 2.

(for which theT, reductions are larggs, 7). The data for the thin films are, to within experimental error,

The disagreement between the results of these two studies_ " - .
. . . . . Tdentical to the calculated values corresponding to the upper
is striking. In both experiments, the mechanical moduli are__. . ! .
olid curve. In particular, we note that the film with

studied at frequencies in the gigahertz range and yet the§/ — )
appear to differ by an order of magnitude. Unlike the BLS =586 A, M,,=2240x 10° has the sam&, mode velocity as
technique, the picosecond acoustic technique is a time-othe film with h=620 A, M,,=767x 10® film. Because the
flight technique and therefore suffers a loss of accuracy fomolecules in the former film have a much largby a factor
very small film thicknesses. This is evident from the increas-of 1.7) Rge value than for the latter film and both films are
ing size of the error bars as the film thickness is decreased icomparable in thickness, the molecules are much more

Ref.[10]. Also, unlike the BLS measurements, the picosec-
ond acoustic technique is sensitive to errors in the film thick-
ness. The BLS measurements on very thin, freely standing
films offer the advantages of insensitivity to film thickness

and very high sensitivity to changes in the elastic constants
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strongly confined in the former film. The quantitative agree- ' ' '
ment between the room-temperature phonon velocities mea-
sured for all of the films shows that chain confinement does 20 1
not affect the measured phonon velocities. It is evident from

Fig. 3 that all films, regardless of their respectilg reduc- {>
tions (up to 65 K) and extent of chain confinement, have the
same room-temperature, high-frequency phonon velocities,
to within the experimental uncertainty af1%. In addition, ]
the velocity values and their dispersion are accurately de- 1.5 + ]
scribed by the bulk values of the mass density and high- T x

frequency mechanical moduli. CP CJ?

Given the excellent agreement between the high-
frequency phonon velocities of the thick and very thin films,
it is instructive to estimate the effect that the small changes
in density suggested fof; reductions would have on the 200 400 600 800
measured velocities. To do this we consider the effect of
raising the temperature and the resulting effect of the thermal
expansion on the film-guided mode velocities because of the
known change in density accompanying thermal expansion. FIG. 4. Magnitude of the derivative of th§, mode velocity
For this calculation we use the well-studied temperature dewith respect to temperatudk/dT in the glassy phase as a function
pendencé6,20] of the longitudinal and transverse velocities of the film thicknessh. Data are shown for botM,, values: open
to calculate film-guided phonon velocities as a function ofcircles for M,,=767x10° and solid circles forM,,=2240x 10°.
temperature. The different solid curves in Fig. 3 correspondhe solid lines correspond to the upper and lower bounds on the
to the calculated®, mode velocity as a function of tempera- calculated value; the calculation is described in the text. The dashed
ture from room temperature up to the bulk glass transitiorline corresponds to the average of the measdie T values.
temperaturel;"“~370 K. The changes in th&, mode ve-
locity with temperature are due primarily to the temperaturemeasured usindv/d T would have to increase with decreas-
dependence of the mass density and the resulting dependeriog film thickness. Shown in Fig. 4, for different valueshof
of the mechanical moduli. The value of the bulk density atare the measured values of the change inSheode veloc-
T=Tg"® is approximately 2% lower than at room tempera-ity with temperaturedo/dT in the glassy phase, together
ture [28]. This produces a corresponding decrease inghe Wwith the upper and lower bounds on the calculated value,
mode velocity of 8% for the same change in temperatsee  neglecting the small change in film thickness. Data points are
Fig. 3). The S, mode velocity values are measured to within shown for all films, except that with=586 A andM,,
an experimental uncertainty of 1%. This means that the =2240x10°, which was omitted from Fig. 4 because of the
error bars for the measured velocity values span less thaimited number of measurements in the glassy phase for this
one-quarter of the total shift in velocity due to the change infilm. It is evident that the agreement between measurement
density in heating bulk PS from room temperatureTip.  and calculation is very good, and that no systematic differ-
This allows us to state that we can observe density changesces are observed for films that have large differences in
of the order of 0.5% in our measurements. If thgreduc-  AT,. The variations withh of the data in Fig. 4 are more
tions observed in very thin PS films were due to a reducedikely due to slight differences in the thermal history of the
value of the mass density, then one would expect that as thfidms. The result of this calculation suggests that, in addition
film thickness is decreased and certainly asTpeeduction  to the room-temperature density, the thermal expansion of
becomes larger, the measured room-temperature phonon véese glassy PS films is also independent of the film thick-
locities would decrease towards tie=Tg"* dispersion ness and\T,.
curve. Clearly this is not the case. Our results for all films are  The robust conclusion of the above results is simply that
consistent with the bulk value of the mass density and thé¢he high-frequency mechanical properties of thin freely
bulk values of the mechanical moduli. The above analysistanding polymer films are unaffected by both chain confine-
has assumed that the same relationship between the modulient andT, reductions. The simple analysis performed re-
and density exists in films as does in the b@lke same garding the mass density suggests that the density of all of
assumptions are necessarily made in REf§] and[25]).  the films at room temperature is indistinguishable from the
This assumption is almost certainly valid since the depenbulk value to within 0.5%. While BLS does not give a direct,
dence of modulus on density is determined by the anharabsolute measure of the mass density, the relative density
monic intermolecular potential, which has a characteristiovalues are at least as accurate as those determined using x-
length scale that is small enough as to be unaffected byay reflectivity or neutron reflectometry. In addition, the ther-
changes in the film thickness. mal expansion of the films in the glassy phase shows no

While all of the measurements discussed above were peobvious film-thickness dependence and is consistent with the
formed at room temperature, we can also raise the temperaulk value. Taken together, these results and analyses sug-
ture and compare the measured temperature dependencegafst that each of the films with a reducBglvalue undergoes
the S, mode velocity to that calculated using the procedurethe glass transition at a different value of the mass density.
described abovedv/dT=—1.7+0.35 (m/s)/K. If the den- This is a surprising observation and it is important to find
sity at Tq is the same for all films, the thermal expansion asother evidence to either support or refute this claim.

ldvid Tl [(m/s)/K]
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SUMMARY AND CONCLUSIONS PS films. A careful analysis of the BLS data reveals that, at

A detailed understanding of the physical properties of thin 22 temperature, .the mephanical stiﬁness, mass dfansity,

polymer films includes knowledge of their high-frequencyand thermal expansion of thin, freely standing PS films in the
. . - : lassy state are consistent with bulk values for all film thick-
mechanical properties. We have used BLS to investigate th
. ; ; : . Tiesses.

high-frequency mechanical properties of thin freely standing
polystyrene films in the glassy state. Such measurements are
a sensitive, though indirect, probe of the mass density. We ACKNOWLEDGMENTS
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