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Interface and chain confinement effects on the glass transition temperature of thin polymer films
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We have used Brillouin light scattering and ellipsometry to measure the glass transition tempgyattire
thin polystyrengPS films as a function of the film thicknessfor two different molecular weightsl,,. Three
different film geometries were studied: freely standing films, films supported on,asBiface with the other
film surface fregluncapped supportgdand films supported on a Sj@urface and covered with a SiGayer
(capped supportgdrFor freely standing film3 ; is reduced dramatically from the bulk value by an amount that
depends on both andM,,. For h<Rg (the average end-to-end distance of the unperturbed polymer mol-
eculeg, T, decreases linearly with decreasihgwith reductions as large as 60 K for bokh,, values. We
observe a largd/,, dependence of thg, reductions for freely standing films which provides the first strong
evidence of the importance of chain confinement effects on the glass transition temperature of thin polymer
films. For both the uncapped and capped supported filipss reduced only slightly €10 K) from the bulk
value, with only small differences ifiy (<4 K) observed between uncapped and capped supported films of the
same thickness. The results of our experiments demonstrate that the polymer-substrate interaction is the
dominant effect in determining the glass transition temperature of PS films supported gn SiO
[S1063-651%97)00711-3

PACS numbds): 36.20—-r, 64.70.Pf, 68.60.Bs, 78.3bc

INTRODUCTION ber of recent experimental studies. These experiments have
consisted of both direct measurements Tof and related
Recently there has been much interest in the physicaneasurements of chain and segmental mobility in polymer
properties of thin polymer filmgl,2]. As very thin films are thin films, and have involved a variety of techniques ranging
incorporated into device applications, it is necessary to havéfom ellipsometry to x-ray reflectivity with surprising and
a good understanding of their physical properties. A moresometimes contradictory results. All of this work, with the
detailed knowledge of polymer interfaces could also be helpexception of Ref[3], has been performed on polymer films
ful in the design of surface modification procedures withsupported on substrates with the other film surface foee
further application to such areas as biocompatibility. At acapped supported filmssince these samples are relatively
more fundamental level, the creation of polymer samples irgasy to prepare and are important for technological applica-
thin-film geometry enables one to explore variables andions. We now summarize the results of these experiments,
combinations of variables not possible in the bulk; in thisspecifying, whenever possible, the polymer film thicknless
way one might gain a better understanding of polymers irthe polymer molecular weigh¥l,,, and the average end-to-
general. end distance of the unperturbed polymer molecules
The large surface-area-to-volume ratio in the thin film ge-Ree~2R;.
ometry allows one to study interfacial effects and in particu- The first direct measurements of the dependenci;an
lar the role of free versus supported surfaces with varioufilm thickness for uncapped supported polymer films were
physical and/or chemical affinities. The film thickness be-performed by Keddie, Jones, and Cory using ellipsometry
comes an important parameter, as this can be varied on[4]. For polystyrene(PS films prepared on hydrogen-
scale comparable to the length scale set by the polymengsassivated silicoKSi-H) substratesT ; was reduced from the
themselves. By reducing the thickness of a film appropriatelyulk value for film thickness valued<400 A. Keddie,
one must eventually perturb the conformation of the polymedones, and Cory measurddq for a large number of films
molecules and these confinement restrictions may affect the~50) with 100 A<h<3000 A for polymers with three dif-
mechanical properties of the sample. Foremost among thegerentM,, values(PSM,,=120x 10°, 501x 10°, and 2900
properties, and almost certainly the least understood, is th& 10°; Rgg= 225, 460, and 1110 A The measured 4 val-
glass transition temperatuf, . For temperatures below, ues for samples of aM,, values were described collectively
the polymer is hard and glassy, and for temperatures abougy the empirical relation
a)‘s
I

Tq it is soft and rubberlike.
Because of the importance of understanding the glass
transition in thin polymer films, there have been a large num-
The best fit of the data to El) was obtained forr=32 A
* Authors to whom correspondence should be addressed. and 6=1.8. This quantitative agreement between the mea-
"Present address: Department of Physics, Chalmers University afuredT, values for polymers witiM,, values differing by a
Technology, S-412 96 Geborg, Sweden. factor of 25 provided strong evidence that confinement of the
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polymer molecules was not responsible for the reduction irthey found evidence a meltlike surface layer, which is con-
the T values. Instead it was suggested that the reduction itrary to the results of their original measuremefit

the T, value was caused by the presence of a liquidlike layer There have also been many recent measurements of chain
at the polymer-air interface, with the substrate having onlymobility in thin polymer films. The first direct observation of
little effect. Estimates based on the observed thermal expanhe dependence of chain mobility on polymer film thickness
sivities suggested that the characteristic length scale for thizas obtained by Reiter in x-ray reflectivity studies of the
layer was~80—130 A. Subsequent ellipsometry measure-dewetting of uncapped PS films on glass substidt@k For
ments by Keddie, Jones, and Cory of uncapped (puyhyl  films with thicknesses less tham=110 A, dewetting was
methacrylatg(PMMA) films (M,,= 100X 10%; Reg=220 A)  observed at temperatures lower than that for thick films. For
on two different substrates revealed the dominant effect ofiim thicknessesi<<75 A, dewetting was observeuklow

the polymer-substrate interaction in determining Theval-  the bulk T value. Only slight differences in the dewetting
ues measured for uncapped supported filijsFor PMMA  temperature were observed for the two PS molecular weights
films deposited onto the native oxide coating of Si wafers(M,,=35x 10> and 650< 10°*; Rgg=120 and 520 A

(150 A<h<1200 A), the measured, values increased Chain mobility in uncapped PS films supported on silicon
with decreasing film thickneds, whereas for PMMA films  oxide was measured directly using fluorescence recovery af-
deposited onto Au-coated Si wafers (306<A<1300 A),  ter patterned photobleachird1]. In these measurements,
the measured, values decreased aswas reduced. It was the lateral diffusion coefficient of the polymer chaifid,,
proposed that a strongly attractive interaction between=30x10% Rgz=120 A) was substantially lower than its
PMMA and the Si native oxide due to hydrogen bonding wasbulk value for films with thicknesses much larger tHage
responsible for the increase Ty with decreasing film thick-  (h<1500 A)[11]. The results of these measurements, which
ness. The PMMA-Au interaction is much weaker, leading toare in agreement with those of Zheetal.[12], demonstrate

a decrease iy with decreasing film thickness. This quali- that the chain mobility is strongly influenced by substrate
tative difference in the thickness dependenceTpffor the  effects. Higher mobility at the free surface relative to the
two substrates revealed the strong influence of the polymebulk is expected11], but has yet to be observed directly.
substrate interaction ofy . In room temperature atomic force microscopy measure-

X-ray reflectivity has also been used to measurehge ments of 2000-A-thick uncapped supported PS fil(hs?
values for seven different uncapped PS films on SIR$  x10°<M,,<1800x 10°; 30 A<Rgz<900 A), for which h
M, =233x10% Rg=310A) with film thicknesses was much larger thaRee, enhanced mobility of the poly-
91 A<h=<1988 A [6]. In principle, these films were very mer chains at the free surface of the films was observed for
similar to those of Ref[4]. The data for all of the samples small molecular weightsM,,<27% 10°) [13]. These results
with film thicknessesh=497 A were consistent with a show that the surface region of low,, PS films is “rubber-
single value ofT;~390 K, which is 20 K larger than the like” at a temperature which is 70 K less than the bulk value
accepted bulk value. Because of the absence of a glass traof T, whereas the surface region of PS films with lariy
sition signature in the data for the films with<497 A the  values is glassy at room temperature.
authors suggested that tfig value for these films had in- Recently, it was shown that room temperature buffing of
creased to a value that was larger than that of the higheshin polymer films will orient the polymer chain side groups
temperature probed in the experimem=(433 K). How-  along the buffing direction, even for highy polymers such
ever, since the thermal expansivity of the melt can be seen ias polyimide Ty>400 °C)[14,15. This ability to rearrange
their data to decrease with decreasing film thickness, aphe chains at the free surface of a polymer is evidence for the
proaching that of the glass, it is more likely that the resolu-existence of a surface region of enhanced mobility. Near-
tion of the x-ray reflectivity experiment was insufficient to edge x-ray-absorption fine structure has been used to study
observe a glass transition within the temperature range of thine relaxation of the buffed state of uncapped PS films sup-
measurements for the films with< 497 A. Itis importantto  ported on Si wafers with the native oxide layé6]. For all
realize that all of the data presented in Réf, which shows films studied b>Rgg), full relaxation of the buffed, ori-
no shift in T, for h>497 A and no measurely values for  ented state was not observed for temperatures less than the
h<497 A, are consistent with the results of Rgf]. bulk value of Tj.

X-ray reflectivity was also used to study uncapped poly- To relate the results of chain mobility experiments to the
2-vinyl pyridine [P(2)VP; M,,= 200X 10%; Ry estimated to glass transition, it is important to realize that chain mobility,
be 120 A films on SiQ [7], for which there is a strongly which corresponds to the diffusion of whole polymer chains,
attractive polymer-substrate interaction. As expected, basegquires much larger motions, e.g., reptation, than the seg-
on the results of Refl5], an increase in the measuré@g mental motion required for the glass transition to occur.
values was observed as the film thickness was decreased, The cooperative segmental mobilitg-relaxation dynam-
with a T, increase of 54 K for a film thickness of 77 A. ics) has been measured directly for uncapped supported films

Positron annihilation lifetime spectroscogPALS) has  of a random copolymerM,,=59x 10%) of isobutyl meth-
been used to infer that thg, value near the PS-vacuum acrylate and Disperse Red 1 functionalized monomer using
interface in uncapped supported PS filif®S M,,=260 second-harmonic generatidd7]. These measurements re-
X 10°, Rgg=330 A) on Si-H was consistent with the bulk,  veal a broadening in the distribution of relaxation times for
value[8]. In more recent PALS measurements by the samdilms with h<<900 A. However, no shift was observed in the
group[9], they measured, values for various PS film thick- average value of the relaxation time with decreasing film
nesses which were very similar to those reported in R&f.  thickness foth as small as 70 A, which implies that there is
By analyzing their results in terms of a three-layer model,no corresponding change .
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In addition to the large body of experimental work study- of Rge for polymer molecules in the melt. This interfacial
ing chain mobility and the glass transition for thin polymer thickness, which also characterized changes in the monomer
films, there has also been substantial theoretical and simulaensity and polymer size from their bulk values, was larger
tion work on similar systems. May¢§8] used a simple scal- for the glass than for the melt.
ing argument to suggest that tfig value near the free sur- Therefore, in simulations of polymers at temperatures
face will be lower than the bulk value. This argument isnear Ty confined by both free surfaces and hard neutral
based upon the concept of an increased density of chain end&llls, it is found that the chain mobility in the surface layer
near a free surface of a polymer mglg], which is in agree- is highly anisotropic with an enhancemeéregduction paral-
ment with the results of recent experimef6]. The surface lel (perpendicularto the walls. The effect of these aniso-
T, was predicted to be an increasing function of the numbetropic changes in the chain mobility near a fr@e neutral
of monomer unitsN. The increased density of chain ends solid surface on th&, value is not clear, and the situation is
near the surface of a thin film could lead to a lower averagdurther complicated by the possibility of interactions between
T4 value[18], although such a transition would be expectedthe polymer and solid surface. Experimentally, fevalue
to be broadened substantially in temperature. that is measured for a given uncapped supported film seems

There have been many computer simulations of polymeto depend strongly on the details of the polymer-substrate
melts confined by hard walls and free surfagese, e.g., interaction, as indicated by the different behavior measured
references contained in R¢21]). The simulations have con- for polymer films on different substrat¢s]. In addition, the
sidered the effect on the static and dynamic properties of theeductions inT, observed by Keddie, Jones, and Cory reveal
polymer chains of changing the chain length, density, walthe importance of the free surface.
separation, wall potential, and temperature. Several of these Because uncapped supported films have an inherently
simulations are particularly relevant to confinement effectsasymmetric film geometry with two different types of film
onT,. interfaces(polymer-air and polymer-substratét is perhaps

Two simulation studief22,23 of melts confined between difficult to determine the effect of each interface &g by
two hard walls explored the limit in which the wall spacing studying only uncapped supported films. To eliminate com-
was comparable to or less than tRgg value in the bulk plications associated with the underlying substrate, we re-
melt. In particular, Pakulf22] calculated the static proper- cently chose to eliminate the substrate and study freely-
ties of a polymer melt between neutral walls for wall spac-standing films. Using Brillouin light scatteringBLS) we
ings H that were greater than and comparableRtg. The = measuredT, for a series of freely standing PS film{®S
chain length wadN==80, corresponding tRge~9, and the M, =767x10% Rg=570A) with film thicknesses
wall spacing was varied from =40 to 10. Realizing that the 290 A<h<1840 A[3]. The T, values were well described
instantaneous shape of a polymer molecule can be describ&y the empirical relation
as ellipsoidal24], Pakula showed that the effect of confine-
ment was to orient the ellipsoidal molecules with the major bulk (ho—h”

ToulK 9 — , h<hg,
{
Thulk, h=hy.

axis parallel to the wall, such that the center-of-mass density T _l g
: (h)y=
increased near the wall. g

Because of the long structural relaxation times associated
with glasses, there have been relatively few simulations of
either confined glassy polymer films or supercooled polymeAs detailed in Ref[3], we found that our data were much
melts. Mansfield and Theodor¢@5,26] used molecular dy- more consistent with Eq2) than with Eq.(1). The behavior
namics to study the static and dynamic properties of freelyescribed by Eq(2) is as follows: for film thicknesseh
standing polypropylene films at a temperature lower than th@reater than a threshold valing, the bulkT, value is ob-
experimental value of . For their simulations of the chain tained, whereas for films with<h,, T, decreases linearly
dynamics, they used chains of length=26. With their ~ with decreasindi. The best fit to the experimental data was
choice of segment length, this value &f corresponds Obtained for ho=691+20 A, and a slope parameter
to Ree=20 A, which is small compared with the 62 A sepa- {=2130:170 A. The linear dependence af, on h for
ration of the two polymer-vacuum interfaces, but equal to the1<691 A is qualitatively different than the functional form
“unit-cell” dimension in the plane of the film. They found of Eq. (1) used in Ref[4] for uncapped PS films supported
that the center-of-mass mobility parallel to the walls wason Si. Although the measurements in Ref] involved only
enhanced for chains located a distance of the ordéRggf a single value oM,,=767x 10°, the similarity between the
from the free surfaces. This length scale was twice as largBo value andRge~2R;=570 A suggests a possible link be-
as that for which decreases in monomer density were obiween theT reductions and the confinement of the polymer
served. Baschnagel and Bindgt1,27] used Monte Carlo chains.
techniques to examine the static and dynamic properties of a In the present paper, we extend the BLS measurements on
supercooled polymer melt confined between hard neutrdreely standing films to a second, larght,, value M,,
walls. For their simulations, they used chains of length=2240x10% to determine if theT, reductions depend on
N=10. This corresponds Bg=8 A, which is small com- the polymer chain length. We also use ellipsometry to study
pared with the 40 A separation of the hard walls and the 4Gupported films of P$of both M, valueg on SiQ, surfaces
A dimension of the “unit cell” in the plane of the film. They which are capped with a SiQayer. This choice of samples
found that the motion of the monomers and the chains parallows us to obtain direct; measurements on two different
allel to the walls was enhanced, and that perpendicular to theymmetric film geometries: freely standing films, with only
walls was reduced, over a length scale which is of the ordepolymer-air interfaces; and capped supported films, with

@
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On|y po'ymer-SiQ interfaces. In addition, we also present TABLE I. Film thicknessesh and glaSS transition temperature
the results ofT, measurements of uncapped PS films sup-valuesTy.
ported on SiQ surfaces, which have one polymer-air inter-

face and one polymer-Sinterface. By measuring, for gy, M,,=767x10° M,,=2240< 10°
thr_ee different film geometries containing two dlffere_nt typesgjeornetry h (A) T, (K) h (A) Ty (K)
of interfaces, we hoped to learn about the contribution of the
two different interfaces to the overall measufggvalues for ~ Freely 290 303 586 310
thin polymer films. standing 428 325 680 330
540 336 700 354
EXPERIMENT 624 358 774 359
632 360 1166 374
Sample preparation 830 368 1800 371
Polystyrene(PS, obtained from Polymer Source Inc., 1848 369
Of_tW& molecular Weights was USGd_MW=767>< 10° Uncapped 290 361 390 366
(My/M,=1.11, Rg=570A) and M,=2240<10°  supported 440 365 500 365
(M,/M,=1.08, Rgg=970 A). The polymers were dis- 660 366 624 366
solved in toluene with PS concentratiofisy mas$ ranging 820 367 805 367
from 0.8% to 3%. 1190 368 1200 367
Freely standing PS films were prepared by first spin coat- 1720 370
ing the polymer solution onto a clean glass slide. The spin
speed for the PS film deposition was 4000 rpm. The spirffarped 290 359 390 361
coated PS film was annealed at 100—130 °C for 12—20 h angpported 440 363 500 361
then cooled at=1 K/min through the glass transition tem- 660 364 624 366
perature. After the film was annealed, it was cut into 12cm 820 365 805 367
pieces and floated onto distilled water. A piece of the floating 1190 367 1200 370
film was then transferred to a sample holder containing a 1840 367 1720 370

small, 3-mm-diameter hole, creating a freely standing P$
film. Other sections of thesamefloating film were trans-
ferred to Si wafers for film thickness measurements usin@iO, was consistent with £x<2. The temperature of the
ellipsometry. The freely standing PS film was heatedfiims during evaporation, monitored using a copper-
slightly, to a temperature less thdny, to remove residual constantan thermocouple, was less than 70 °C for all films.
water. Since this maximum temperature of the sample during
For theM,,=767x 10° PS molecules, seven freely stand- evaporation was much lower than temperatures for which
ing films with thicknesses 290 Ah<1840 A were pre- film dewetting has been observed, and since the samples
pared. Six freely standing films of the highat,=2240 Were reannealed to 130°C for 12-20 h after the entire
% 10° PS molecules  were prepared with Sample preparation was completed, the modest temperature
586 A<h<1800 A. The sample details are given in Table |. increases during evaporation were considered to be accept-
The preparation of uncapped and capped supported P2Ple- _
films required a more elaborate procedure. Since we wish to T0 Prepare uncapped and capped supported PS films, a
compare directly thr, values obtained for all three sample thin layer (~70 A thick) of SiO, was evaporated onto the
geometries, the material for the underlying layer in bothbare Si wafer(with native oxide coating intakt For most
types of supported films and that for the capping layer maSamples the PS film was then spin coated directly onto the
terial in the capped supported films must be the same. FopiO« layer. If the SiQ-coated wafer exhibited any visible
the underlying and capping layer material we chose, Si0 defect such as a dust particle, the PS layer was deposited
because it is a hard material which has little optical absorpont0 the SiQ-coated wafer using the water-transfer tech-
tion and it can be evaporated directly onto the polymer filmghidue, since this produced a final sample of higher quality
to produce sharp polymer-Sjanterfaceq28]. Therefore, in  than those prepared by spin coating the PS layer_directly
all of the samples the PS film interfaces were either PS-ai@nto the SiQ-coated wafer with slight defects. For tih,
(free surfacgor PS-SiQ. =767x10° PS molecules, five uncapped supported films
For the SiQ layer evaporation, SiO powder was placed inWith thicknesses 290 Ah<1190 A were prepared. Six un-
a baffled tantalum bodR. D. Mathis Co., model ME land  capped supported films of the highbt,,=2240x10° PS
heated in vacuum to 70 °C for 12 h to remove adsorbed molecules were prepared with 390<h<1720 A. The
impurities. The ambient pressure in the evaporator wasample details are given in Table I.
1x107° torr, and the pressure during evaporation was To complete the preparation of the capped supported
1-2x107° torr. The SiQ deposition rate was-1A/s as  films, a thin layer(~70 A thick) of SiO, was evaporated
measured using a calibrated 5.0688-MHz crystal oscillatoonto the top PS film surface to produce samples with the
(M-Tron model MTO-T1-S3and verified by performing el- configuration Si-SiQ-PS-SiQ. This ensured that the PS
lipsometry on a series of SiGilms of different thicknesses chain segments at both film surfaces had the same chemical
evaporated onto Si wafers. Ellipsometry measurements alsenvironment. For samples containing very thin PS layers, we
allowed us to determine that the index of refraction of thefound that it was necessary to construct multilayers of
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PS-SiQ to obtain sufficient sample volume for tfig mea-  for T>Tg, the expansivity of the melt determines the ob-
surements using ellipsometry. Because the optical absorptigierved behavior. Because of the discontinuity of the thermal
of the SiQ layers was small, ellipsometry measurements ofeXpansivity aff =T, a sharp change or “kink” is observed
the multilayers were possible. Following the spin coatingdt T=Tg in the frequency versus temperature behavior that
deposition of the first PS layer in the multilayer films, the @n be used to identify the glass transition temperature. It is
deposition of subsequent PS layers using the water-transfépportant to note that BLS measurementsTgf using fre-
technique produced the highest-quality samples. Followingluéncy versus temperature data give a measure of the tem-
the addition of each PS film, the sample was vacuum anPerature dependence of the density of the sample, and thus
nealed at a temperature less tHe(60—80 °Q for about 6  Provide a low-frequency value df, despite the fact that the
h. This modest annealing of the samples was performed teneasured frequencies are in the GHz range. Relaxations at
remove solvent and water without allowing the polymerthe measurement frequency are observed only at much
chains to relax. Aggressive annealing at this stage could po$igher temperature80,33. _ _ _ _
sibly lead to film dewetting. After the completion of the  For thin supported films a series of film-guided acoustic
preparation of each capped supported sample, the sampRodes are .qbservg[($4]. These modes are dlsperswe_wnh
was thoroughly annealed at 130 °C for 12—20 h. This finaimode velocities which vary as the prod@h, whereQy is
anneal allowed the polymer chains in each PS film to relax ith€ phonon wave-vector component parallel to the film, and
the presence of both PS-Sitnterfaces. The capping layer h is the film thickness. These modes are of mixed polariza-
reduces the surface undulations which are necessary for filfion being partially transverse and partially longitudinal in
dewetting, and no evidence of dewetting was seen for any diharacter. For BLS measurements of thin supported films, an
the capped films after the final anneal. Every capped sug?ptically absorbing substrate must be used since the large
ported film was of sufficient quality to allow us to perform @amount of light scattering from bulk phonons in transparent
ellipsometry measurements since all samples contained aregigbstrates would obscure the much weaker signal from the
free from defects that were much larger than the laser spdtim-guided acoustic modes. Although BLS can be used to
size (~1-mm diameterin the ellipsometry experiment. For MeasureT, for thin films supported on optically absorbing
the sample areas chosen for the ellipsometry measuremengsibstrate¢35], the focusing of the laser beam causes local
the amount of diffuse light scattering was indistinguishableh€ating in the substrate and therefore the fiim16 °C/
from that for a clean Si wafer surface. The same polymeA00-mW laser power for a Si substrate and laser wavelength
solutions used for spin coating the layers within the cappea =5145 A) which complicates the determination B .
supported films were also used to make a series of uncapped For freely standing, optically transparent films BLS is an
films supported directly on Si wafers for film thickness mea-ideal tool for measuring y because the focussed laser beam
surements using ellipsometry. produces no heating of the film, and the guided phonon mode
For the M,,=767x10° PS molecules, six capped sup- velocities depend only on the film material. For freely stand-
ported films with thicknesses 290<h< 1840 A were pre- ng films, the guided acoustic modes are referred to as Lamb

pared. Six capped supported films of the hightg= 2240 modes[34] and are also of mixed polarization. The two
Y10 PS molecules were prepared with lowest-velocity modes, however, are nearly purely polarized

390 A<h<1720 A. The sample details are given in Table I. for smallQh. The lowest-velocity modeantisymmetricA,)
is primarily transverse in character, and its velocity ap-

proaches zero aQ|h is decreased toward zero. The second-
lowest-velocity modgsymmetricS,) is essentially longitu-
BLS has been used extensively to study the glass transdinal for smallQh, and it has the advantage that the mode
tion of both polymerid29] and nonpolymeri¢30] bulk ma-  velocity is only a weak function o h approaching a con-
terials. The scattering of light from thermally excited stant, nonzero value &h is decreased toward zero. This
phonons travelling in the material allows the measurement ofnakes theS; mode ideal for comparisons to BLS studies of
the frequency shift in the scattered light. The frequency shiftongitudinal phonons in bulk materials. We have recently
measured in BLS experiments, which is typically severalshown that BLS is an effective tool to measure directly the
GHz, allows the determination of the velocityof thermally T, value for thin freely standing polymer filni8,36.
excited, long wavelengthi(,~3000 A) phonons traveling BLS studies were performed in air using the backscatter-
in the material since =nfA sin(#/2), wheren is the refrac- ing geometry, with the sample placed in an optical furnace
tive index of the materialf is the measured frequency shift, [36] in which the sample temperature is controlled to within
\ is the light wavelength, and is the angle between the +0.25K using a Eurotherm 808 temperature controller.
incident and scattered light. Typically light scattering from Each spectrum is acquired with constant sample temperature,
longitudinal phonons is observed, and the longitudinal soun@nd the heating rate between fixed temperatures used for col-
velocity v, is determined by material properties through thelecting consecutive BLS spectra is 0.5 K/min. Laser light
relation v, =\/c;1/p, Wherecy; is the longitudinal elastic polarized with wavelengthx =5145 A is focused using a
constant ang is the material density:, is a strong function Nikon camera lensf(1.4) onto the freely standing polymer
of p, sincecy; has a strong nonlinear dependencegras  film sample using an angle of incidence @f=45°. The
revealed by BLS and ultrasonic studies of PS and other polydirection of the light reflected from the film is monitored
mers at different pressur§31,33. If v, (or f ) is measured visually to ensure that the value of;, and therefore
as a function of temperature then, for temperaturesT, Q=(4m/\)sin ¢, remains constant throughout the mea-
the variation in the measured values with temperature is desurements. Backscattered=f 180°) light is collected by the
termined by the thermal expansivity of the glass, whereassame camera lens used to focus the incident light. The col-

Brillouin light scattering (BLS)
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lected scattered light is focussed onto a l0f-diameter RARAREERRERRRAREEEE L
pinhole and recollimated. The collimated light passes
through a narrow slit, which reduces the broadening of the (@)
Brillouin peaks produced by the nonzero light collection .
angle, and then is sent to ax31+1) tandem Fabry-Perot B
interferometer. Typical times required to obtain a BLS spec- pcg
trum with acceptable signal-to-noise ratio for tBg peak i (b)
(peak height to noise ratie 40) are 5—50 min, depending on £
the film thickness and temperature. %
(&3
%!
Ellipsometry ,ﬂ]
Ellipsometry was first used in Ref37] to measurel, of m J\/ /\\ WM
supported PS films. Keddie, Jones, and Jdrp| extended . A
the technique to study a number of films with different val- 6 4 2 0 2 1 6

ues of film thicknes& and molecular weighw,, .

For a transparent film supported on a substrate, measure-
ments of the eIIip_sometric anglds (polarize) and A (ana_— FIG. 1. BLS spectra for a freely standing PS filhl (=767
lyzer), or alternativelyA and ¢, can be used to determine . 1% with thicknessh=540 A for different temperaturesa)
both the index of refractiom and film thicknessh if the 3545 K, (b) 330.0 K, and (¢) 303.5 K. For this film, T,
optical properties of the substrate are knoj@7]. If the  =336.0 K. The two acoustic-phonon modgsandA,, which are
angle of incidence is chosen properly, small changdsim labeled in(a), are observed in all spectra. For each spectrum, the
response to variations in, e.g., temperature lead to measuaser power was 50 mW and the data collection time per channel
able changes i andA. If data are acquired while heating was approximately 0.7 s.
or cooling the sample, the measured angles are simply linear
functions of the sample temperature with a slope related tsupported, and capped supported filnasd two different
the thermal expansivit{5,37]. For supported films, the dis- values ofM,,. This allows us to make comparisons between
continuity of the expansivity af =T, results in a “kink” in  films with the same film geometries and different R,
the ellipsometry angle versus temperature data which can balues, as well as between films with different film geom-
used to identify theTy value[4,5,37. For freely standing etries and the same R\8,, values.
films the changes i and A with h are so small that ellip-
sometry is not an effective technique for measuringfor Freely standing film data
such samples. Ellipsometry is, however, an ideal method for . . .
measuringT, of both uncapped and capped supported poly-, A series _of BLS spectra obtained for a freely standing PS
mer films. For very thin PS layers in the capped supporte(ﬁ'lm W_|th th|ckn§ssh_= 540 A for three_ different tempera-
film geometry, small changes in the thickness of the PS layef!€S IS shown in Fig. 1. Two acoustic-phonon modes are
with temperature were amplified by incorporating several@P€led in the figure. The lowest-frequency mode, the anti-
identical polymer layers into a multilayered sample consistSYMmetricA, mode, has the largest light-scattering intensity
ing of alternating layers of PS and SiO in all spectra. However, because of its .Iow frequency Ahe

Ellipsometry measurements were performed using an ExMode is obscured by the strong elastic péegntered at 0
ACTA 2000 Faraday-modulated fast-nulling ellipsometerGH2), S0 that the mode is unsuitable for useTinmeasure-
[38] in which a collimated, 1-mm-diameter He-Ne laser Ments, p_artlcularly for f!lms with thlckn_esi$<500 A. T_he _
beam(light wavelength\ = 6328 A) is directed onto the film SymmetricS, mode, which occurs at higher frequencies, is
surface. The sample was heated in air within a windowlessddeal for T, measurements since the mode frequency is in-
though almost fully enclosed, hot stage. The sample temsensitive to changes in for h<1000 A and a fixed scatter-
perature was controlled to withirt0.25 K using a Euro- [Ng geometry. For the thicker films, a hlgh.er—frequency anti-
therm 808 temperature controller. The sample temperaturdymmetricA; mode was also observed. Since the frequency
was first ramped at 10.0 K/min to 120—130 °C. The higherof this mode increases to very large values for srgh, it
temperature was used for thicker polymer films. The sampl&as not used to determine the value Bf. The relative
temperature was maintained at this high value for 10—18ntensities of the different acoustic-phonon modes were ob-
min, until the P and A values had stabilized. After this Served to be strong functions of the film thickness. For some
equilibration period the temperature was lowered at 1 K/mirfilm thicknesses, light scattering from ti mode was so
while recording the measured ellipsometric angheand A intense that only 0.3-s total data collection time per channel

+0.003°. equate signal-to-noise ratipeak height to noise ratie 40),

whereas for other film thicknesses almost ten times as much

RESULTS AND DISCUSSION (jat_a Colleqtion time was r_equired to obtain_ comparable sta-

tistics. This high sensitivity of the acoustic-phonon mode

Using the combination of BLS and ellipsometry tech- intensities to film thickness also resulted in changes in the
niques, the glass transition temperatliggwas measured for  relative intensities of the modes for a single sample as the
three different PS film geometriégeely standing, uncapped temperature was increased. Because of this effect, light scat-

Frequency Shift (GHz)
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Temperature (K)
+2 K using this method. In addition to this direct determi-

FIG. 2. Temperature dependence of fyemode frequency for  nation of T, during the BLS experiment there were indirect
freely standing PS filmsN,,=2240x 10°) of thicknessesa) 774  indications thafl had been increased aboVg: fluctuations
A, (b) 680 A, and(c) 586 A. The vertical arrows indicate tB;  were observed in both the absolute intensity of the scattered
values for each film. Irc), frequency values obtained on two dif- |jght and the relative intensities of light scattering from the
ferent heating cycles are shown. acoustic-phonon modes. For temperatures very rEar

(£2K) fluctuations in the intensity of the elastically scat-

tering from theS; mode decreased dramatically at elevatedtered light sometimes made data collection difficult.
temperatures for some of the films, but this did not prevent In Fig. 2(c), frequency values obtained on two different
the T4 measurement for these films. heating cycles are shown. The sample was cooled to room

To determine the value df, for a freely standing film, a temperature at 0.5 K/min in between the two cycles. From
series of BLS spectra were collected at fixed temperaturéhe plot one can see that, except for the single data point for
values as the temperature was increased from room temperé=T,, the measured frequencies are the same to within
ture. Typically 5-15 spectra were acquired for temperatures=0.02 GHz and, more importantly, the value Bf is the
below T,, and 4-6 spectra were acquired for temperaturesame to within the quoted experimental accuracy+df K
greater thariT,. Fewer spectra were collected for tempera-for both heating cycles. This reproducibility between succes-
turesT>Tg because of the eventual formation of holes in thesive heating cycles shows that there are no irreversible
films at these temperatures. A nonlinear, least-squares fittinghanges to the film when it is heated to temperatures slightly
routine was used to obtain best fit values of igemode  aboveT, for time periods on the order of 1 h. This result
frequency immediately following the collection of each spec-provides evidence that helps to rule out film damage caused
trum and before the temperature was increased for the coby reactions with atmospheric contaminants such as oxygen
lection of the next spectrum. This real-time tracking of theor water as a possible alternate cause for the laggeduc-
S, mode frequency allowed the use of smaller temperaturéions for freely standing PS films reported in Rf] and the
steps once it was suspected that the temperature had begresent paper.
raised beyond ¢, as indicated by an increase in the slope of In Fig. 3 are shown the measurgg values as a function
the S, mode frequency versus temperature plot. In Fig. 2of room-temperature film thicknessfor the freely standing
we show representative frequency versus temperatuéS films of both M,, values. TheT, values for the
graphs that were used to determine the valu&pfor films M, =767x 10° polymer, represented by circles in Fig. 3, are
made of theM,,=2240x 10° polymer. A similar graph for those published previously in R€f3] and are described by
the M,,=767x 10° polymer has been published previously the empirical relation given by Eq2) with a threshold pa-
[3]. From Fig. 2 it is evident that, as in similar work on bulk rameter valueh,=691+20 A and a slope parameter value
glass-forming materialg30], the frequency versus tempera- {=2130+170A. Qualitatively, the data obtained for the
ture graph has two distinct linear regions. The two linearfreely standing films of theM,,=2240 k polymer, repre-
regions intersect at the glass transition temperalyreWe  sented by triangles in Fig. 3, are the same as those obtained
estimate that the value df; can be determined to within for the lowerM,, polymer: the higheM,, data are also well
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described by Eqg. (2), with hy=796*=25 A and bulk value. Therefore the reduction Ty for freely standing
{=1360=200 A. As for theM,,=767x10° PS polymer films due to surface tension should be less than that predicted
[3], we note that the threshold valub, is close to ©n the basis of the hydrostatic measurements and much less

Ree=970 A for the M,=2240<10° PS polymer. The than that observed in our experiments. If, instead of a uni-

straight lines shown in Fig. 3 were calculated using the bestf_orm stress distribution across the thickness of the film, the

fit hy and values for the twaMl,, values. As for the lower sgrface tension is more localized at the film surfacgs, e.g.,
; within a few monomer lengths~10 A), the associated
M, data, very large reductions i are observed for the

: . : tresses will be correspondingly larger but one would not
higherM,, data for film thicknesses less _than the thr_eshol xpect to observe the lardg reductions for film thicknesses
parameter valug,,. However the data for films of the higher ¢ several hundred A which we measure in our experiments.

M, polymer are shifted with respect to In particular,Ty  Therefore, regardless of the stress distribution across the film
reductions are observed for the highe, value at larger  thickness, surface tension does not explain our measiyed
film thickness values than for the lowht,, value. This shift  yaJues for freely standing films.

of the higheM,, data with respect tb is large, such thatfor ~ We note that there is not a simple relationship betwegn
film thicknessedh for which Ty reductions are observed for and Rge for the freely standing film daté&see Fig. 3. In

bpth molec_ular weights, e.dh=600 A, theT value for the particular, for theMl,,= 767x 10° polymer,hy>Rgg, and for
higherM,, is 40 K lower than for the loweM,, value. the M,,= 2240x 10° polymer,ho<Rge. However, it is true

This striking M,, dependence of th&, reductions for  that theh, value increases with the size of the polymer mol-
freely standing PS films has two important implications. Firstecyles.

of all, since largeT 4 reductions are obtained in freely stand-
ing films only for h=<Rgg for both M,, values, these results
provide strong evidence that the lar§ig reductions are di- )
rectly related to the perturbation of the polymer molecules by BLS can be used to measufg for very thin, transparent
confining them within films with thicknessés<Rge. Sec- supported f|_Ims; howev_er, it is not ideal becal_Jse of consid-
ond, since a lowefl, value is obtained for the highev,, erable heatmg of the film due to the absorption of the fo-
value for a given film thickness, the lardg reductions ob- cused Iaser light by the underlying substrate. Instead, we
served for freely standing films cannot be due to segregatioHS€d ellipsometry to measure thg values for uncapped and
of the chain ends at the surface of the filpa8], since there ~Capped supported films. Because, in the ellipsometry experi-
is a smaller density of chain ends for the highgy, polymer. ~ Ment, the laser Ilght. is not focussed qnd the laser power is 50
The largeM,, dependence of the freely standing film datatimes smaller than in the BLS experiment, there is no mea-
can also be used to address several concerns about our int§Hrable heating produced by the laser light in the ellipsom-
pretation of our data. The most serious of these concerns RIfY experiment. _
the possible effect of oxygen or water absorption at the PS- WO representative samples of ellipsometry data for un-
air interfaces. Although it is possible that surface reaction§apped and capped supported films with=2240x 10° are
occur that change the chemical properties of the thinnesthown in Fig. 4. As discussed in Refd] and[37], for small
films, a difference of these reactions for two chemically iden-changes in the film thickness both the polariZéj @nd ana-
tical polymers of different lengths is highly unlikely, and lyzer (A) angles are linear functions of the film thickness in
therefore this effect cannot be used to explain our data. Alsdhe glass and melt regimes. By performing linear fits toRhe
as the film thickness is reduced, in-plane stresses produceédnd/orA angles versus temperature data in the glass and melt
within the films due to the surface tension of PS in the freelyregimes, a direct measure ©f is obtained as the tempera-
standing film and the interfacial tension of PS and wateture corresponding to the intersection of the two straight
during the water-transfer process may increase. Howevelines. This method allowed us to determiiig to within
these in-plane stresses will not depend on Mhg value of ~ *1 K. Alternatively, calculation of the numerical derivative
the polymer, so that this effect is also not consistent with oupf the ellipsometry angles with respect Tocan be used to
data. To assess the contribution of surface tension to thdetermineT, [5]; this resulted inTy values that were within
observed reductions iy, it is useful to calculate the mag- *+1K of those determined using the intersection of the two
nitude of the associated in-plane stress. If the surface tensidimear fits. It is worth noting that the data in Fig. 4 for the
force is distributed uniformly across the thickness of the filmcapped supported film were obtained from a multilayered
for small h, the in-plane stresg is given by o=2v/h,  sample consisting of two polymer layers, one which was spin
where vy is the surface tension. For a PS film with thicknesscoated and the other which was deposited using the water-
h=500 A, 0=1.6 MPa. To estimate the effect of this in- transfer technique. The fact that such samples possess a
plane stress off;, one can compare this value with hydro- single T4 value provides further evidence that the water-
static pressure values needed to shijft increasing the hy- transfer procedure is not responsible for the laFgehanges
drostatic pressure of bulk PS by 100 MPa incredgglsy 28 reported previously for freely standing filnj8]. For both
K [31]. Therefore, the small in-plane tensile stress due to/alues of M, the ellipsometry data were accurately de-
surface tension should redu€g by less than 1 K. This small scribed by an isotropic film material with index=1.59.
shift in T4 due to the in-plane stress is likely an overestimate In Fig. 5 we present the dependence of measiigedal-
for the following reason. The shift ifi, for bulk hydrostatic ~ ues on room-temperature film thickness for the uncapped and
pressures is due primarily to changes in density, whereas, f@apped supported films, together with the data for the freely
a freely standing PS film, the film will thin in response to standing films, forM,,=767x10°. For film thicknesses
in-plane stress, maintaining its density to be very close to ith<h,=691 A, the T4 reductions are much larger for the

Comparison of freely standing film and supported film data
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with M,,=2240x 10°. The data for freely standing, uncapped sup-
ported, and capped supported films are represented by triangles,
Temperature (K) squares, and circles, respectively. The dashed curves represent the
spread and uncertainty of data for uncapped supported PS films on

FIG. 4. Ellipsometry polarizer angle vs temperature far a . .
capped supported PS film consisting of two identical PS filmsSI [4], which have been decreased by 5.6 K so thatTihealues

M. —2240x 10 andh=624 &) in a PS/Si il - and(b obtained for thick films in Ref[4] agree with those measured for
(M= andn= ) na IQ multilayer; and(b) the M,,=767x 10° polymer. The vertical arrow indicates th&-¢
an uncapped supported PS filiil,,=767x 10° and h=290 A). —

The vertical arrows indicate thg, values for each film. value for theM,,=2240x 10> polymer.

340 360 380

freely standing films than for both the uncapped and cappeff€- [4] for uncapped supported PS films. Our data for un-
supported films. Also, the data for the uncapped and cappedfPPed St,Jpportgd films are consistent with Keddie, Jones,
supported films are quantitatively the same. In addition tg?nd COry's previous ellipsometry measuremef#y This
our data, in Fig. 5 we also display two dashed lines whichsimilarity between the two sets of results provides some evi-

represent the spread and uncertainty in the results obtained f§nce that the films of Ref4] were on oxidized Si sub-
strates, as proposed in R§8).

In Fig. 6 we show the results of BLS and ellipsometry
SN measurements of uncapped supported and capped supported
1 PS films, together with the data for freely standing films, for
- M,,=2240x 10°. As for the results obtained for the lower
360 - M,, value, for film thicknesseh<h,=796 A the measured
[/ 1 T4 values for the freely standing films are much lower than
] those measured for either the uncapped supported films or
340 - A ] capped supported films. The measuigdvalues for the un-
- 1 capped supported films are again consistent with the results
I A ] of Ref.[4], and those of the uncapped and capped supported
320 - ] films are essentially the same, except for the two thinnest
films (h=390 and 500 A for which theT, values for the
[, ] capped supported films are4 K lower than those for the
300 - R767410° ] uncapped supported films. These small differences between
o ¢} ] the uncapped and capped supported film results are much
200 400 600 800 1000 1200 18002000 smaller than those between the results for the freely standing
h(,&) films and either of the other film geometries.
We have investigated the possibility that the properties of
FIG. 5. T, vs room-temperature film thicknebsfor all PS films ~ the PS films were modified by the incident Riarticles
with M,,=767x1C°. The data for freely standing, uncapped sup- during the evaporative deposition of the Ji€apping layer.
ported, and capped supported films are represented by triangle§he deposition of SiQcould affect the underlying PS film in
squares, and circles, respectively. The dashed curves represent 0 different ways. First, it is possible that the local heating
spread and uncertainty of data for uncapped supported PS films doroduced by the hot SiQparticles could cleave the PS
Si [4], which have been decreased by 5.6 K so thatTthealues  chains which would reduce thd,,. Second, the implanta-
obtained for thick films in Ref[4] agree with those measured for tion of SiQ, particles into the film could form defects in the
the M,,=767x 10° polymer. The vertical arrow indicates tie  film. This plasticizing effecf32] increases the local free vol-
value for theM,,=767x 10° polymer. ume which decreas€b;. We have addressed this issue of

380 e

T, (K)
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2 e ey A computer simulation$21,22 it is known that, because of
: ] packing constraints, the effect of a hard neutral wall is to
0r AT ¥ ‘3:-::5_ orient the major axis of the ellipsoidal molecules parallel to
} /// O B ] the wall, reducing the configurations of ellipsoids next to the
20/ + o ] wall. This loss of orientational entropy for molecules next to
< f / B o ] a hard neutral wall results in the radius of gyration perpen-
P> 4 f/ Doy / ] dicular to the wall,R, , , smaller than that parallel to the
£ / , ] wall, Ry (see, e.g., Ref39]). Also, for molecules next to a
E 6 / ] hard neutral wall, there is a corresponding enhancement of
2 P / ] the chain mobility parallel to the wall which extends a dis-
Br o // o b tance approximately equal g from the wall[26,27].
PP ] The free surface of a polymer is a very good approxima-
-10 - / 7 tion to a hard neutral wal[40]. Near a free surface, the
Fod ] monomer density profile varies from zero to the bulk value
12 bl over a distance which is very small compared with the size
200 400 600 800 1000 1200 18002000 of the polymer molecule for higM, values, corresponding
h{A) to a sharp polymer-air interface. For freely standing films,

which consist of polymer molecules confined between two
free surfaces, we observe very large reductionBgifor film
thicknesseh=<Rgg, which implies an increased segmental
o = mobility of the molecules relative to that in bulk. Since these
squarels M,,=767x10°, capped(solid circles; M,,=2240< 10" films consist only of molecules which are significantly per-
uncapped (open squargs and M,,=2240<10°, capped (open  yhoq by the presence of the free surfaf28,27, our re-
circles. An error bar which is representative of all of the data is sults provide experimental evidence that segmental mobility
shown for one of the data points. The dashed curves represent tkllg increased by confining the polymer molecules with hard
spread and uncertainty of data for uncapped supported PS films Or?eutral walls in very thin polymer films
Si [4]. L . ) .

(41 An attractive interaction between the polymer chains and

possible PS film modification during the evaporation proce_the hard wall will increase the number of contacts between

dure by varying the SiQdeposition rate, and therefore the the chains and the wall, decreasing the chain mobility and

. segmental motion of the molecules. For thin films the pres-
temperature and flux of the SiQmolecules. We prepared ence of an attractive interaction will produce smaller reduc-
two identical uncapped PS films with,=767x10° and n

h=700 A The films were then capped with Si@sing tions inTy relative to those for films with hard neutral walls,

deposition rates which differed by more than an order o’ perhaps even an increase iy for a strongly attractive

magnitude(0.4 and 6 A/ The measured, values were the polymer-wall interaction. In addition, because of tht_a in-
same to within 0.1 K for the two films %hese results ShOWcreased number of contacts between the polymer chains and

, : . . the wall, the polymer-wall interaction will mask thé,, de-
rgscta:hdeegjs]i::ronns are not altered substantially during the, SIOpendence of the results. Our results for PS films supported on

Although one can see large differences between the meaS-'OX substrates, for which there is a weakly attractive inter-

suredT 4 values for the freely standing films and those for theaCtIon between the polymer and the substrate, as well as the

uncapped and capped supported films in Figs. 5 and 6, OIiTr_esults of other studiggl], are in agreement with this expla-

ferences between the results obtained for uncapped an tion. For the case of a strongly attractive polymer-substrate

. . Interaction an increase iRy with decreasing film thickneds
capped supported films for the twd,, values are not obvi- has been observed experimentdlK
ous. In Fig. 7 we plot the shift i, relative to the corre- P y

sponding bulkT, value versus the room-temperature film unfaecaeudsesxve (;?tee %s;lirlﬁqSessslwsll)éothfirsfar@a'eedge;fororte d
thickness for all of the supported films. As in Figs. 5 and 6 PP bp bp bp

the dashed lines correspond to the spread and uncertainty f||rl]ms, this suggests that the length scale of the polymer-

Keddie, Jones, and Cory[¢] data. The data are consistent substrate Interaction is equal to or greater g The
) . . results of lateral diffusion coefficient measurements for PS
with that of Keddie, Jones, and Cory. No evidence &flg

; films on SiGQ also suggest that the length scale of the
dependence of thg, values can be seen in our data for both polymer-substrate interaction is larfL, 17,
types of supported films.

In previous experiments on uncapped supported films de-
scribed in the Introduction, it is interesting to note the rela-
tionship between the film thicknebsandRgg. Almost with-

To understand all of our data for freely standing, un-out exception, eachiy study involved films that were both
capped supported and capped supported films we propose ttfécker and thinner thaiRge. In contrast, almost all of the
following explanation. The instantaneous shape of the conmobility experiments were performed only on films with
stituent molecules in a polymer melt or a polymer glass ighicknesses greater th&ge. For some of the mobility stud-
well described as ellipsoid@P4]. In a bulk sample, the el- ies[11], there was insufficient sensitivity in the experiment
lipsoidal molecules are randomly oriented, and for many purto probe thinner films. Given that we observe large reduc-
poses can be thought of as spheres, which are characterizeans inTj for freely standing films only for film thicknesses
by an average value of the radius of gyratiBy. From h=<Rgg and much smaller reductions ify for supported

FIG. 7. Shift inT, (relative to the bulkT, valug vs room-
temperature film thicknedsfor capped and uncapped supported PS
flms. Data are shown forM,=767x10° uncapped (solid

General discussion
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films of comparable thicknesses, it is perhaps not surprisingvo different PS molecular weigh¥l,, values. Three differ-
that increases in chain mobility are not observed for thickeent film geometries were studied: freely standing films, films
supported films. supported on a SiQsurface with the other film surface free
An examination of how our experimental results for freely (uncapped supportgdand films supported on a Sj@urface
standing films scale with the degree of polymerizathons  and covered with a SiQlayer (capped supportéd Large
perhaps unwarranted, since we have studied only two valuggqyctions inT, were observed for the freely standing films:
of M,, . Notwithstanding this caveat, we can use the data thafe measured, values decreased linearly with decreasing
we obtained for freely standing films of two differem,, for h=Rge (thg average end-to-end distance of the unper-
values to obtain approximate scaling laws for the two paramy b polymer moleculgsThis M,, dependence of the,

- h_._nN0.13+0.07 __N—0.42+0.11
iest?rzse (:jfeE?é(?.ofhoolNmerizatioar?d'rghel\\llveak de ’e\;lvggrftg of reductions suggests that chain confinement effects are impor-
g poly ' P tant. Smaller reductions iff; were measured for both un-

on N is an indication that there is not a simple relationship . . L
. s . capped and capped supported films, with no significant de-
%Pév?ﬁ;ﬁhinsgﬁg 73 d\;vsﬁiléf]sres ?ebszvnet'slihlz 'gg;i?itg:]gi;o pendence of the results dvi,, and little difference between
T i fil f 0 glth' K s[p Eq.(2)] | the results obtained for the two types of supported films. The
g for a Iim Of z€ro INICkNesysee Eq.1)l, scales as similarity of the uncapped and capped supported film results

__N0.55+0.13 H ; _ 8 3
holé N - Therefore, the_scalmg dfig/{ is essen suggests that the spatial extent of the polymer-substrate in-
tially the same as that for the size of the polymer m°|eCUIe[eraction is equal to or greater th

E.

Ree. Measurement of freely standing films of additiond),
values will be necessary to determine if a detailed scaling

analysis is warranted and, if so, to obtain accurate scaling
laws. ACKNOWLEDGMENTS

We thank Waterloo Digital Electronics for the use of their
SUMMARY AND CONCLUSIONS . .
EXACTA 2000 ellipsometer. We thank Dr. B. G. Nickel for
We have measured the glass transition temperdtyfer ~ many insightful discussions. Financial support from NSERC
polystyrene(PS films as a function of film thicknesk for ~ of Canada is gratefully acknowledged.

[1] Physics of Polymer Surfaces and Interfagcedited by I. C. Sands, and S. K. Kumar, Natuteondon 374, 709 (1995.
SanchezButterworth-Heinemann, Boston, 1992 [15] M. G. Samant, J. Sto, H. R. Brown, T. P. Russell, J. M.

[2] Polymers at Interfacesedited by G. J. Fleer, M. A. Cohen Sands, and S. K. Kumar, Macromolecul%; 8334(1996.
Stuart, J. M. H. M. Scheutjens, T. Cosgrove, and B. Vincent[16] Y. Liu, T. P. Russell, M. G. Samant, J."8tpH. R. Brown, A.
(Chapman and Hall, London, 1993 Cossy-Favre, and J. Didanpublishedl

[3]J. A. Forrest, K. Dalnoki-Veress, J. R. Stevens, and J. R[17] D. B. Hall, J. C. Hooker, and J. M. Torkelson, Macromol-
Dutcher, Phys. Rev. Letf7, 2002(1996. ecules30, 667 (1997).

[4] J. L. Keddie, R. A. L. Jones, and R. A. Cory, Europhys. Lett.[18] A. M. Mayes, Macromolecule&7, 3114(1994.
27, 59 (1994). [19] P.-G. de Gennes, C. R. Acad. S@rarig 307, 1841(1988.

[5] J. L. Keddie, R. A. L. Jones, and R. A. Cory, Faraday Discuss[20] W. Zhao, X. Zhao, M. H. Rafailovich, J. Sokolov, R. J. Com-
Chem. So0c98, 219(1994. posto, J. J. Smith, W. D. Dozier, J. Mansfield, and T. P. Rus-

[6] W. E. Wallace, J. H. van Zanten, and W. L. Wu, Phys. Rev. E sell, Macromolecule®6, 561 (1993.
52, R3329(1995. [21] J. Baschnagel and K. Binder, Macromolecul28, 6808

[7] J. H. van Zanten, W. E. Wallace, and W. L. Wu, Phys. Rev. E (1995.
53, R2053(1996. [22] T. Pakula, J. Chem. Phy85, 4685(1991).

[8] L. Xie, G. B. DeMaggio, W. E. Frieze, J. DeVries, D. W. [23] G. ten Brinke, D. Ausserre, and G. Hadziioannou, J. Chem.
Gidley, H. A. Hristov, and A. F. Yee, Phys. Rev. Le#4, Phys.89, 4374(1988.
4947(1995. [24] See, e.g., J. Mazur, C. M. Guttman, and F. L. McCrackin,

[9] G. B. DeMaggio, W. E. Frieze, D. W. Gidley, M. Zhu, H. A. Macromolecules, 872 (1973.
Hristov, and A. F. Yee, Phys. Rev. Lei#t8, 1524(1997). [25] K. F. Mansfield and D. N. Theodorou, Macromoleculgs

[10] G. Reiter, Europhys. LetR3, 579 (1993. 4430(1990.
[11] B. Frank, A. P. Gast, T. P. Russell, H. R. Brown, and C.[26] K. F. Mansfield and D. N. Theodorou, Macromolecul&

Hawker, Macromolecule9, 6531(1996. 6283(1991).

[12] X. Zheng, B. B. Sauer, J. G. Van Alsten, S. A. Schwartz, M.[27] J. Baschnagel and K. Binder, J. Phys, 11271(1996.
H. Rafailovich, J. Sokolov, and M. Rubinstein, Phys. Rev.[28] P. Lambooy, J. R. Salem, and T. P. Russell, Thin Solid Films

Lett. 74, 407 (1995. 252, 75 (1994.

[13] K. Tanaka, A. Taura, S.-R. Ge, A. Takahara, and T. Kajiyama[29] R. W. Coakley, R. S. Mitchell, J. R. Stevens, and J. L. Hunt, J.
Macromolecules29, 3040 (1996; T. Kajiyama, K. Tanaka, Appl. Phys.47, 4271(1976.
and A. Takaharaipid. 30, 280(1997). [30] J. E. Masnik, J. Kieffer, and J. D. Bass, J. Chem. PAg8

[14] M. F. Toney, T. P. Russell, J. A. Logan, H. Kikuchi, J. M. 9907(1995.



5716 J. A. FORREST, K. DALNOKI-VERESS, AND J. R. DUTCHER 56

[31] J. R. Stevens, R. W. Coakley, K. W. Chau, and J. L. Hunt, J[35] J. R. Dutcher and K. Dalnoki-Veregsnpublishegl

Chem. Phys84, 1006(1986. [36] J. A. Forrest, K. Dalnoki-Veress, J. R. Stevens, and J. R.
[32] See, e.g., J. M. G. Cowi®olymers: Chemistry and Physics of Dutcher, inDisordered Materials and Interfaced®Ref. [33)),

Modern Materials 2nd ed(Chapman and Hall, New York, p.131.

1991). [37] G. Beaucage, R. J. Composto, and R. S. Stein, J. Polym. Sci.
[33] A. Sahnoone, F. Massines, and L. PicheDisordered Mate- Polym. Phys. Ed30, 131(1993.

rials and Interfacesedited by H. G. Stanley, H. Z. Cummins, [38] Waterloo Digital Electronics, Waterloo, Ontario, Canada N2J

D. J. Dorian, and D. L. Johnson, MRS Symposia Proceedings  3HS8.

No. 407 (Materials Research Society, Pittsburgh, 1995 [39] H. R. Brown and T. P. Russell, Macromoleculgs, 798
[34] G. W. Farnell and E. L. Adler, ifPhysical Acoustics, Prin- (1996.

ciples and Methodsedited by W. P. Mason and R. N. Thur- [40] D. T. Wu, G. H. Fredrickson, J.-P. Carton, A. Ajdari, and L.

ston (Academic, New York, 1972 Vol. 9, Chap. 2. Leibler, J. Polym. Sci. Polym. Phy83, 2373(1995.



