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Thickness dependence of structural relaxation in spin-cast, glassy polymer thin films
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The isothermal structural relaxation of glassy, spin-cast polymer thin films has been investigated. Specifi-
cally, the thickness of freshly cast polgmethyl methacrylatethin films was measured over time using
spectroscopic ellipsometry. The spin-cast films exhibit a gradual decrease in thickness, which is attributed to
structural relaxation of the glass combined with simultaneous solvent loss. In all bages, found to be
greater than the equilibrium thicknéss, which is obtained by cooling slowly from the melt. It is observed that
both the rate of the volume relaxation and the fractional departure froneferred to asj,) increase with
increasing film thickness. In the limit of very thin films, the initkals close toh.,, and &y is small, whereas in
thick films (>500 nm), a plateau value o8, of 0.16 is observed, which is close to the volume fraction of the
solvent at the vitrification point. This dependencedgfon thickness is observed regardless of the substrate,
polymer molecular weight, or angular velocity during spin casting. Enhanced mobility near film surfaces could
be leading to greater relaxation in thinner films prior to, and immediately after, the vitrification of the polymer
during the deposition process.
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I. INTRODUCTION ds
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Structural relaxation of glassy polymers has been widely
studied in bulk materials, and it is now well understoodValues ofg can be used to compare two different polymers
[1-5]. Relaxation is important for explaining the long-term O to examine the effects of temperature or thermal history. A
changes in physical properti¢s.g., elastic modulus, dielec- limitation of this type of analysis, however, is that it cannot
tric strength, and refractive indgguring the aging of a glass distinguish a distribution of relaxation times from a time-
[1,2]. In bulk polymer glasses, temperature-volume relationdependents [3]. From measurements of volume in bulk
ships have been thoroughly studied and are well docusamples of quenched glassgshas been determined for sev-

mented. When a polymer melt is cooled rapidly through its

glass transition temperatuflg to a temperaturé, a volume Volume
of V is obtained. If the glass is annealed at a temperature of
T, the volume will slowly relax and will approach an equi- A\

librium volumeV,, over time.V,, corresponds to the volume
that the supercooled liquigbr glass if it passes through the
glass transition would obtain if it were cooled extremely
slowly [3]. Figure 1 schematically shows these relationships
between volume and temperature.

The relaxation process can be monitored by measuring
after a given time of annealingthe volume of the glasy..
The relative departure from the equilibrium volum®,can
then be defined3,5] as

() = (V- V.)IV,.. (1)

When abulk polymer is quenched from the mel,is typi- ~

cally on the order of 0.01. At macroscopic length scétev- I ’ I |
eral millimeters or morg such small fractional volume >
changes can be easily measured as a function of temperature To Ta Tg

and time through standard techniques of dilatometry. Typi- Temperature

cally, 6 approaches 0 over tens of hours.

A conventional way of analyzing relaxation kinetics isto  FIG. 1. Schematic illustration of the volume relaxation of a
plot 6 as a function of the logarithm of relaxation tirhéThe  glass at an annealing temperaturelg{3]. Over a sufficiently long
volume relaxation rat@ of a glass is then defing@®,5] from  time, its volume will decrease fron, to V.., which is the volume
the slope of such a plot: of the supercooled liquid &F,.
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eral homopolymer§3], including polymethyl methacrylate are characteristic of molecular mobility, their measurement

(PMMA) [6], in which B~4x10* when annealed al, can then be used as a probe at the molecular level in confined

=333 K after quenching from the melt at 393 K. systems. Because data are available for the relaxation of bulk
Polymer glasses in the form of thin films have numerousPMMA, it makes an ideal model system. The structural re-

technological applications and also constitute ideal systemgxation in thin films is conveniently measurédsitu using

for fundamental studies of confinement effects in metastablgpectroscopic ellipsometry at several wavelend8is The

soft matter. The relaxation of volumr thickness in thin  experiments that are described here explore the possible ef-

films of polymer glasses has been observed by several workacts of film thickness, interactions with the substrate, and
ers[7-12 in neat polymerg7,8] and in polymers containing - mojecylar entanglement on the measured paramegers
residual solvenf9-13. In these previous experiments, mea- S

surements of thickness have been made as a function of in-

creasing temperature, and it was observed that the change in

thickness(volume) due to relaxation occurs simultaneously Il. EXPERIMENTAL PROCEDURE

with a change resulting from thermal expansivity. Studies of )

isothermal relaxation in polymer thin films are much more PMMA (Polymer Laboratories, Church Stretton, U).éf
rare[9,10,13. The possible effects of molecular confinementseveral different molecular weightd,, was used: 8.0
and attraction to interfaces on the dynamics of relaxation in< 10* g mol'* (polydispersity index oM,,/M,=1.02; 1.42
polymer thin films are largely unexplored. X 10° g mof* (M,,/M,=1.02; 7.72x 10° g mol* (M,,/M,,

Thin films are usually deposited by spin casting from a=1.02; 1.25x1(° g mol’* (M,,/M,=1.07. According to
dilute solution in a volatile solvent. During this deposition the suppliers, the PMMA was 80% syndiotactic, 16.5% iso-
process, solvent evaporates, and Tyeof the solution in-  tactic, and 3.5% atactic. Thel, for the M,=1.42
creases until it reaches the ambient temperature, at whicR 10° g mol* polymer was determined by differential scan-
point the solution vitrifies[14,15. In a direct analogy to ning calorimetry to be 382 K. Polymer films were spin cast
vitrification by reducing the temperature of a polymer meltfrom dilute solutions in AnalaR grade toluene ontt00)

(i.e., via a thermal quenghthe vitrification of a polymer sjjicon wafers. In an effort to study film relaxation at the
solution occurs by reducing the concentration of the solvenyjiest stages of spin casting, the spin time was set to only
(le., \ﬂa a "solvent quench’ The solvent volume fraction 3¢ the fims were spin cast at spinning rates between 1900
¢so When theT, of the solution is at the temperature of the and 4000 revolutions per minuggpm), with 2000 rpm being

solution during casting, designated hereinggs can be es- used for most experiments. The film thicknesses were varied

timated via an equation derived from free volume argument - ! .
[16]. For a PMMA solution in toluene at room temperature%y aQJustlng the polymer volume fractiagq in the polymer
solution between 0.003 and 0.065.

295 K), ¢, is estimated to be 0.19, taking tfig of toluene . . .
( ), b gtg ! In most experiments, the polished silicon substrates were

to be 117 K[17]. perin e polis :
It has been argued that whelgo < ¢,, the rate of solvent used as received; the native QX|Qe was intact, an_d the sub-
loss should be considerably slowed down, because to losiiate is referred to here as SiGi. In some experiments,

further solvent would require either the compression of thdh€ surface of the silicon was modified by grafting octyl
glassy matrix or the introduction of voids, both of which trichlorosilane onto the native oxide of silicon using standard
have an energetic coft4]. Specifically, the energy required techniques described elsewhdtEd]. This substrate is re-
to compress the glask, is proportional to the compressive ferred to as C8. In other experiments, a thin film of gold
modulus of the glassK, as E~K(¢pg—¢so)? [14]. Several (200 nm thick was thermally evaporated onto glass slides
authors[11,14,15 have commented that polymer glasses ob-prior to the PMMA film deposition.
tained via a solvent quench will undergo a substantial vol- Film thickness as a function of time was determined using
ume change. At the point of vitrificatiod~ ¢,. Hence, after ~ a rotating analyzer spectroscopic ellipsomédeA. Woollam
a solvent quench of a polymer solutios, can be much Co., Inc., Lincoln, NB. To control the temperature, sub-
higher than after a thermal quench, in whiéhis typically  strates were mounted on a heating stdgekam, Tadworth,
0.01. If a polymer glass is constrained in one or more dimenU.K.) placed in the ellipsometer beam. To measure the fast
sions, significant mechanical stress could be generatechanges in film thickness immediately after spin casting, el-
[10,11,14,1% lipsometry parameterg) and A) were acquired at four dif-
Studying the relaxation behaviour in unannealed, spinferent wavelengths as a function of time at intervals of about
cast films is potentially very useful because it may help t020 s. (The use of four wavelengths enables more reliable
explain a number of phenomena such as deweftlfjand  thickness and index measurements in comparison to data col-
stress relaxatiof18]. In our previous experimentf®,1Q], lection at a single waveleng)hwhen the rate of change of
solvent-cast, glassy polymer thin films have been found tdilm thickness was slower, spectroscopic scans over the
undergo slow relaxation with a reduction in thickness and avavelength range from 400 to 800 nm were obtained at
corresponding release of solvent. The rate of relaxation isegular time intervals, allowing both and refractive index
expected to be influenced by the polymer segmental mobilityo be obtained with confidend®]. In modeling the data, the
[3]. Hence, measurements of relaxation in spin-cast thimefractive index dispersion was described by a Cauchy equa-
films provide a means of probing molecular mobility in con- tion [20]. The film thicknes$ was obtained from the best fit
fined systems. to a model using a Marquardt algorithf2l]. In a one-
One aim of the present work is to measy#eand 6 for ~ dimensional analogy t¥v.., an equilibrium thicknesh,. was
spin-cast glassy polymer thin films. As these two parametergefined as the film thickness that was obtained after heating
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the film on the hot stage to a temperature of 423vkell
aboveT) for 10 min and cooling slowly to 298 K at a rate
of 2 Kmin™. For a thin film, § is then defined in this work
as

8= (h,—ho)/h,.. 3)

In these measurements, the light beam probed the same
area of a film when measurirty andh,,. This methodology
ensured that errors were not introduced by any lateral non-
uniformity of film thickness. In some preliminary experi-
ments, some films were heated a second time to 423 K for
10 min and then cooled again. It was found that the same or
highly similar values oth,, (within 0.1% in all caseswere
obtained. That is, all of the measured thickness decrease oc-
curred within 10 min of reaching the annealing temperature
(423 K); a longer heat treatment did not cause further relax-
ation. The result was found to be the same for films ranging
in thickness from 39 to 640 nm. This finding gave us con-
fidence in referring to the thickness after annealindn.as

Some experiments to determin@ were carried out at
room temperature, but because the relaxation was so slow, it
took four or more days beforg approachedh... Most mea-
surements were therefore performed at 328 K. In these ex-
periments, the film was placed on the heating stage immedi-
ately after spin casting and heated to 328 K at a rate of
50 K mint. Data collection was commenced as soon as the
experimental temperature was reached. The film was then
maintained at the temperature over a period of about 20 h,

until the film thickness approached its equilibrium value. Af- h(nm)

ter each relaxation experiment was complete, the film was
annealedn situ at 423 K for 10 min and then cooled slowly
to 328 K at a rate of 2 K mift. A further spectroscopic scan
was carried out to determirfe, at 328 K.

A special procedure was carried out to obtain an accurate
value for the initial thickness, i.e., immediately after spin
casting. Dynamic scans were made for 10 min and then fol-
lowed by a single spectroscopic scan. The Cauchy constants
determined from the best fit of the data from the spectro-
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scopic scan were then used to fit the dynamic data. Prelimi- FIG. 2. The evolution ofa)  over time andb) A over time for
nary experiments justified the modeling of the dynamic daté freshly cast PMMA film(M,,=142 000 deposited on Si from
by fixing the value of the Cauchy constants. The refractivd©luéne at room temperatu(&T), shown at four different wave-

indices of toluene and PMMA are very similar. As solvent is
lost from the film and the glassy matrix decreases in thic
ness, independent measurements found that the change

lengths: 600 nmunfilled circleg; 610 nm(filled circles; 620 nm

k_(unfilled triangle$, 630 nm (filled triangleg. (c) Corresponding

qFlst-fit thickness as a function of time after starting the scan.

refractive index was negligible because of the index matchted for the first 10 min after castingnless stated otherwise,

ing. To allow for the variable time lag between initiating the

M,,=1.42X 10° g mol'Y). The standard deviations aof and

ellipsometry scan and collecting the first data point, theA are typically 0.05 and 0.5°, respectively, and so the
thickness obtained at 2 min after starting the ellipsometethanges in the parameters are easily resolved in this mea-

was arbitrarily taken to be the initial thicknelss Using this
value ofhy, theinitial departure from equilibriumg,, could
be calculated.

IIl. RESULTS AND DISCUSSION

A. Relaxation in glassy thin films

An example of a typical dynamic ellipsometry scan is
presented in Fig. 2. The ellipsometry parametgrand A
obtained from a PMMA film spin cast from toluene are plot-

surement. Greater confidence in the thickness values is
achieved by acquiring measurements at four different wave-
lengths of light rather than just one. The corresponding best-
fit film thickness, which is also shown in the same figure,
decreases by 4 nm to a thickness of 228 nm. This decrease in
thickness is much greater than the precision of the measure-
ment(about 0.2 nm

The thicknesses of spin-cast PMMA films were found to
continue decreasing over several days. The spectroscopic
data in Fig. 3, obtained from the same film on three different
occasions, reveal how this thickness decrease can be readily
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FIG. 3. Ellipsometry spectra showing (unfilled symbol$ and Logy, [time(min)]
A (filled symbolg for a PMMA film on Si at RT: 1 h after spin
casting(circles); 4 days after spin castinggquares and after an-
nealing at 423 K for 10 min and cooling at 2 K minto RT (tri-

angles. The angle of incidence was 72°.

FIG. 5. § versus the logarithm of time at 328 K for a 150 nm
PMMA film (triangleg compared to a 130 nm PMMA film which
has been annealed and quenclieiicles. The number of data
points has been reduced for clarity. Inset: data for annealed and

resolved. An analysis of these and intermediate spectra, uguenched sample plotted on an expanded scale.
ing the Cauchy model for the PMMA refractive index, is
presented in Fig. 4. It is seen that this particular film wasform of a thin film or if it is characteristic of the solvent
165.5 nm thick after casting and decreased in thickness tquench during spin casting. A comparison was therefore
154.0 nm after four days at room temperat(@85 K). De- made between the results for the film shown in Fig. 4 and a
spite this significant decrease in thickness, the film decreasdidm of similar thickness that was quenched from the melt. To
even further toh,,=153.2 nm after heating at 423 K for prepare a thermally quenched sample, a spin-cast PMMA
10 min and then cooling to room temperature. Using thisfilm was equilibrated on the hot stage at 423Well above
value ofh.., the measurements bfwere converted té. The its Ty) and then quenched by immersion in liquid nitrogen.
resulting values are presented in the inset of Fig. 4 as dhe comparison of the data is shown in Fig. 5. The thermally
function of the logarithm of the aging time, which is the quenched film was found to decrease in thickness slowly
conventional way of presenting relaxation dg@a It is seen  over time, but the value of was much lower in comparison
that 6 decreases from an initial value af,=0.10. At a  to the solvent-quenched film, with,~ 0.002.
higher temperature of 328 K, a film with a similar thickness From the data in Fig. 5, the relaxation rg@@et 328 K for
relaxes by the same amount but at a faster rate in comparisdhe freshly cast film was calculated to be 2.50°% whereas
to the room temperature measurement, as also shown in tifier the thermally quenched filmB=7.0x10* Solvent
inset of Fig. 4. This result is consistent with experiments onquenching results in a relaxation rate that is at least two
bulk systemg3] in which the maximum value oB is ob-  orders of magnitude greater than what is obtained with ther-
tained when the annealing temperature is approximakgly mal quenching. Th¢ value for the thermally quenched thin
-50 K. An annealing temperature of 328 K for a PMMA film is comparable to what has been found elsewliéjéor
film is equivalent toTy—54 K. bulk samples of thermally quenched PMMA at a similar tem-
It was not known with certainty whether the large value perature(333 K), where 3=4x 107%. Thus it is seen thag
observed fors was a general characteristic of PMMA in the for glassy PMMA in a thin film is on the same order of
magnitude as in the bulk.
164 The data in Fig. 5 clearly illustrate th#k for a solvent-

quenched polymer film is significant, but little is known
162 about what affects3 in such systems. Further experiments
h 160 5 were therefore conducted to explore the extent to wigich
(nm) a solvent-quenched film is influenced by the film thickness.
158 Figure 6 compares relaxation data obtained at 328 K from

: 1 2 spin-cast PMMA films with three different equilibrium thick-
159 Loaqo (time) nessesh,, =35, 69, and 138 min3 was calculated from the

Coo o initial linear regions of the data, as shown in the figure by the
1% ©©00 000000 0000 straight lines. The results reveal thatincreases with ir)wl-
152 . - . - creasing film thicknessg is twice as great in the 138 nm
0 2000 4000 6000 8000 10000 film in comparison to the 35 nm film. But even in the case of
Time (min) the 35 nm solvent-quenched filng, is one order of magni-
tude higher than in the thermally quenched film.
FIG. 4. The continuous decreasehirover time at RT after spin An obvious explanation for this trend is that the thicker

casting for a 150 nm PMMA film. Inseth as a function of films are observed to have a high&y: Further experiments
log;(time) for the same film at RT and compared to a 150 nm film on spin-cast films over a wider range of thicknesses going
at 328 K. In all plots the number of data points has been reduced fdirom 30 to 300 nm were conducted, and this trend was sup-
clarity. ported. As g, increasesg likewise increases, as shown in
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FIG. 8. The thickness dependence &jffor spin-cast PMMA
Fig. 7. This behavior was predicted by Kovd€§ who pre-  fims on three different substrates: Si®i (unfilled triangles;
sented a relationship in which, is proportional, to a first cg-Si(filled triangles; and Au(filled squarg. On the Au substrate,
approximation, toS through a constant. This relationship there is greater uncertainty in the thickness measurements, resulting
was verified experimentally in bulk samples of peipyl in a larger error bar in the plot.
acetate [5]. Physically, this correlation means that a glass . . )
that is further away from its equilibrium volume will relax @S 9auged byy, is not affected by interactions between the
faster. Hence, in order to understand the observed thickne&9lymer and the substrate.

. : : In previous work, Fernandeet al. [13] measured the
dependence g8, it is necessary to explain whg, increases : P !
with increasing thickness. thicknesses of PMMA filmgspin cast from cyclohexanone

or para-xylene before and after annealing at 393 K. They
likewise observed a thickness decrease upon annealing. Al-
though the number of films studied was limited to seven,
there is some evidence for a thickness dependenég &for

The dependence o, and hence the structure of the @ film with h,=156.8 nm, their results are consistent with
polymer glass, on film thickness is an intriguing result. Fur-%=0.123, whereas whein..=40.0 nm, 5,=0.048. These
ther experiments were conducted to understand this phenorfinding are broadly in line with the present results.
enon. One possible explanation could be that the polar meth- The thicknesses of the films in Fig. 8 were adjusted by
acrylate groups of PMMA are attracted to the native oxideVa"ying the concentration of the solution used for spin cast-
surface of silicon. As a result of this attraction, a denser layei9- It has been found recently that when glassy polymers are
might then be formed along the substrate during the filmPrecipitated from d|Iute_ solt_mons, below the polymer overlap
deposition. Thinner films would have a greater average denolume fraction¢*, their T is reduced below the bulk value
sity, and they would therefore show a smaller fractional de{22,23. This result was attributed to a lower extent of en-
crease in thickness. This hypothesis was tested through tri@nglement in the polymers obtained from dilute solution.
use of two other substratéau/Si and C8/9) that are less The concept thqt red_uced entanglement density is responsible
attractive to PMMA. for a reduction inTg is not supported by the work of other

Figure 8 compares measurementssgfit room tempera- authors[24,23, however. Nevertheless, it has been pointed
ture for spin-cast film on three different types of substrate: SPut that since the polymer molecules fill all available space,
with a native oxide(SiO,/Si), C8/Si, and Au/Si. Regardless When they are not entangled their conformation will be com-
of the substrated, increases with,. in an identical way. The ~Pacted from a random coil to a smaller, tighter cf2P].

amount of structural relaxation during and after spin castingf€nce, less entangled PMMA molecules should be more
compact and perhaps better able to pack into a dense film

during the deposition process. A simple scaling argument

B. Thickness dependence o,

0.05 ) ' ; ;
[26] predicts that¢* varies with the degree of polymeriza-
0.041 tion N as given by¢* = va3N"#/°. Here, v is the volume of
B0_03_ A B the repeat unity=0.147 nni for PMMA), anda is the ef-
A fective length per repeat unitreported as 0.65 nm for
0.02 an A PMMA [27]). Thus, forM,,=1.42x 10P g mol%, the predic-
0.011 o o tion is ¢* =1.61x 1073, Experimentally, it was found that to
spin-cast a film thicker than 10 nm, howevek,, must be
0 o 0'05 0‘1 0.15 greater than X 10°3. Hence, in our experimentsh, o > ¢*,

& and there is always some molecular overlap in the solutions
used for spin-casting PMMA with thisl. Thicker films will
FIG. 7. The dependence gfon &, for PMMA films spin caston ~ require solutions that are well within the overlap region.
Si substrates. The thicknesses of the films vary from 35 to about The thickness of a spin-cast filrh, is predicted[28] to
200 nm. vary as(1+k/7)™%® wherek is a constant that depends on
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FIG. 9. The variation ingy with the solvent volume fraction 000 o s0 . (nm) fo0 " e
(¢pyo) used m_the soluthns for spin-casting PMMA f|Ir_ns on Si 0 200 400 500 800 1000
substrates using four different PMMA molecular weights: 8.0 heo (M)
o0

X 10* (circles; 1.42x 10° (triangley; 7.7x 10° (filled triangles;
1.25x 10P (squaresg mol L. The dashed and solid lines are guides  gig. 10. A summary of the thickness dependencé,afbserved
for the eye for the 1.410°g and the 7.%10° gmol™ data,  for spin-cast PMMA films using a variety of spin speeds, solution
respectively. concentrations, molecular weights, and substrathk,=1.42

X 10° g molt, 1900 rpm (filled squarey 2000 rpm (filled tri-
the square of the angular velocity of the spinning arid the  angles, 3000 rpm(filled circles, 4000 rpm(diamonds; other M,,
viscosity of the solutioriwhich changes over timeln dilute  at 2000 rpm(unfilled triangles. The solid line is a guide for the
solutions of a polymer in a solvent with a viscosity @f,,,  €Ye- The inset shows the data for thinner films.

7 will increase with the volume fractiol; occupied by iso- di

. g ifferent 0.050 and 0.02@but comparablén,, (262 and
Iated. polymer coils as= 7730"’(.1+2'a/f)' In turn, _\{f ISa 276 nn).(éll')ﬁle( & values arezi%entical f%A and B((0.1319,
function of the number density of moleculésN™) and  jgicating that they are not influenced by the difference in
hence scales withl as(N*°)® [26]. Thus, in the dilute limit,  film C (111 nm thick and film D (102 nm thick, which
when entanglement effects can be neglecketias this de-  have very differentp,, but comparable values a%, (0.097

pendence omb,, andN: and 0.101. On the other handy, is sensitive to changes in
h~ (1 +K paN¥5)12, @) t;; wh(e)zréébgpo, is fixed. FilmsB andC have nearly the same
pol (0. and 0.027yet very differentd, (0.134 and

indicating that—as is commonly observed in the0.097 and dissimilarh.. Likewise, filmsD and E have
laboratory—a film of a given thicknesscan be cast from a Nearly the samef, (0.017 and 0.01Byet very differenté,
more dilute solution of a hight polymer or from a more (0101 and 0.06g It is apparent thad, increases when.,
concentrated solution of a loW-polymer. To explore the NCréases, even whefy,, stays roughly constant.
possible effect of molecular overlap and entanglemedys, Nevertheless, er]tanglement effect_s _canno_t be ruled. out by
was determined for spin-cast films of PMMA with four dif- the data. To deposit thin films of sufficient thicknegg, is
ferentN. In these experiments, films of approximately the réquired to be greater thapt in all cases(such as illustrated
same thickness were deposited from solutions of differenpY values listed in Table)l For a givend,,, however, solu-
concentration. The experiments are thus designed to separdtens With a highei are farther fromg* compared to solu-
out the effects of entanglement from true thickness effects.ions with a lowerN. Hence, the lowerd, values that are
Data obtained from PMMA of four different molecular ebserved for filmC in comparison toB, and also inE in
weights are shown in Fig. 9. There is a clear trend in whicHcomparison td, could be relaied to the fact that the solu-
& increases with increasingy, for all four N. Although ~ tions forE andC are closer tag*, and hence the molecules
there is some scatter in the data, a second general trend 3&€ 1€sS overlapped in comparison to the more concentrated

observed. For a particular range @, a higherN tends to solutions. , ,

yield a higherd,. In turn, higherN values for a particular Further experiments were cond_ucted to determmelthe rea-
épol result in thicker films, indicating that a thickness depen-SONS for the variation i,. For a fixedN and ¢, the thick-
dence is observed in the data. To demonstrate this depen- TABLE I. Influence of polymer concentration and film thickness
dence, the data from Fig. 8 and 9 are replotted in Fig. 10. Albn volume relaxation in spin-cast PMMA thin films.

of the &, values are seen to follow an identical dependence

Kln film thickness, regardless of the combinationggf, and Film M, (gmorY  h, (nm) & ool &
Although &, is seen to vary with bothp,, and h.., the A 8.0x 10* 262 0.134 0050 2810°
dependence oh,, is the dominant factor. The data in Table| B 1.2x10° 276 0.134 0.029 2910*
illustrate this point for PMMA films cast from lowN (M,, C 8.0x 10% 111 0.097 0.027 28103
=8.0x10* gmorl") and highN (M,,=1.25x 10° g mol?) D 1.2x10° 102 0101 0017 2810
solutions. It is seen thaf, is insensitive to changes i, E 8.0% 10% 66 0062 0018 28K10°3

when h,, is fixed. For instance, film#& and B have quite
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ness of a thin film can also be varied through the rotationatiecreases as the thickness decreases. A decréagethin-
velocity of spin casting. Whereas the data presented in Figser films in our experiments would lead to a decreased value
8 and 9 were obtained from films deposited at 2000 rpmof ¢, which would then presumably result in a decreaggd
some of the films in Fig. 10 were deposited at 1900, 3000, oAs an example, if thel, of PMMA in the thinnest film is
4000 rpm. Consequently, any dependence on thickness capressed by 30 K from the bulk val(es found by Grohens
be attributed neither to differences ifq nor to entangle- et al), then it is predicted thag, decreases from 0.19 to
ment effects. The decrease finwhen increasing the speed (.13 Thus, the observed decreas@gf 0.135(from 0.161
from 2_000 to 4000 rpm is relat|vely_ small, but ne_verth_eless[0 0.026 is even greater than what is predicted from the
there is an observable corresponding decreasg, ithat is previous data onTg(h). Our observations cannot be ex-

consistent with the previous findings obtained at varying . :
épo- This result provides further evidence for a true thick- E:Z;nzdpgft the effects oTy(h) alone, although they might

ness effect on the value @, .
Further insight can be obtained from Fig. 10 through the, Grohensetal.also reported that thg; of the PMMA thin

examination ofd, in the limits ofh— 0 andh— = (bulk). In films was a spror}g functlon'of the tacticity and the type of
the limit of very thin films, &, approaches zero. Physically, Solvent used in film depositiof83]. It was argued that mo-
this result makes sense, because it means that films that mdggular conformations in the solution persisted in the solid
consist of a single, flattened layer of molecules will be un-films. In the present work, these factors were not explored.
able to decrease in thickness after annealing. In an ultrathifoluene and syndiotactic PMMA were used in all experi-
film, molecules cannot relax to a flatter conformation. In thements. We point out, however, that tfig of solvents can
limit of thick films, & is seen to approach a plateau value ofspan a wide range of values, and hence the valug,dér a
0.16. At the point of vitrification ¢y~ 0.19. The loss of this  given polymer will vary with the solvent used in the solution.
volume fraction of solvent, without the introduction of voids, If the argument that, in the thick-film limit approaches,
would yield a fractional volume change of 0.19, which is justis correct, then one would expect th&f would depend on
slightly higher than what is found fos, in the limit of  the solvent in a predictable way. Further work is under way
thicker films. We suggest that the initial conformational statein our laboratory to test this hypothesis.

of the films in the thick-film limit corresponds to that &, Our analysis of the ellipsometry data did not consider any
whgre_ the f|_Im vitrifies. In a thick film, mterface.s W.I|| .have.a radient in the refractive indegor density with depth into
diminished influence, and so the state of the film is identicafye fijm. However, previous studies of spin-cast PMMA films

to that at the point of vitrification. This result suggests that,sing neutron reflectivity have found that the density of poly-
thick films display bulk behavior as a result of a diminished o, changes with depth into the surface. There are conflict-

Inﬂ(u)e?Cri:fltlgt;?%eo?s'stent ith measurements of densith@ findings, however, as to whether the denser layer is at the
profilues in ;MMA thin fiI:ns us\mg neutrorl: and x-ray reflec i surfacg13] or near the substraf@9] and whether thinner
- ’ L " films are more dens or less densg29] than thicker
tivity and reported elsewherg29,39. The density near the iims. Likewise thereefr)]e some theore?ica]l predictigdd4]
interface with the substrate was greater than near the mtep— : '

face with air. A denser structure would be expected to un_of nonuniformity in solvent concentration in spin-cast films

dergo a lesser amount of relaxation. A larger proportion ofat depend on the conditions of spin casting. The presence
the molecules in a thinner film are near the substrate, whicRf such small variations in refractive index, however, is not
could provide an explanation for their lowéy values. Our ~ €xpected to alter significantly the values &f that are ob-
results indicate, however, that any interface effect is insensitained in our experiments. In our experiments, an average

tive to the composition of the substrate. refractive index for each film was fitted to the data.
During spin casting, a dilute solution is transformed very
quickly to a glass. Molecules that are expanded from a ran- IV. CONCLUDING REMARKS

dom coil conformation in a good solvent are presumed to
entangle with others and collapse to a random coil. This In summary, the magnitude of the structural relaxation in
transformation requires molecular mobility, and it will ceasespin-cast films of PMMA, as measured througf) has been
when mobility is lost at the point of vitrification. A liquidlike found to depend strongly on the film thickness. In very thin
layer with enhanced molecular mobility near a film surface films (h. <20 nm), & was found to be less than 0.06. The
as has been proven conclusively to exist in neat, glassy hdim thickness is relatively stable, and it decreases only
mopolymer films[31,32, could conceivably result in an en- slightly after annealing aboveT,. In thicker films
hanced rate of this transformation. The lowsgrobtained in  (>500 nm, & reaches a plateau value of 0.16. When a
thin films could indicate that this transformation goes furtherPMMA solution in toluene at a temperature of 295 K passes
to completion prior to vitrification. Alternatively, in thin through the glass transitiogy will be 0.19. Thus, the ob-
films there might be some very fast relaxation after vitrifica-served change in thickness is close to the change expected
tion, which takes place prior to the measuremendpfThe  for the loss of the toluene.
thinner films are therefore closer to their equilibrium thick- ~ Film thickness was adjusted through,,, PMMA mo-
ness at the time of the measurement. In any case, these flecular weight, and the rotational velocity during spin cast-
sults provide clear evidence for greater stability of film thick- ing. Regardless of how the thickness was adjusted, the thick-
ness in thinner spin-cast films. ness dependence aof, was the same. In all cases, the
Recent experiments by Grohems al. [33] have found solutions used for spin casting were above the overlap con-
that the Ty of equilibrated syndiotactic PMMA thin films centration. Thicker films are cast from more concentrated
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solutions, however, and one might speculate that this factosult has implications for applications that use glassy polymer
plays a role in determiningy,. However, the experiments thin films. The data reveal that thinner films will be more
show thatd, depends much more strongly on film thicknessstable and undergo less relaxation in comparison to thicker
than ongy,. One explanation for the results is that there isfilms. When polymer films are used for lithography and op-

enhanced mobility near the film surface, and during the earical coatings, dimensional stability is highly important
liest stages of film deposition the molecules are able to relax

to a greater extent.
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