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Character of the glass transition in thin supported polymer films
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We have used ellipsometry to study the thermal expansivity of thin polystyrene films on silicon substrates
with thicknesses of 10–200 nm. We find well-defined glass transitions, and detailed analysis of the expansivi-
ties shows that for thinner films the transition width is broadened, while the strength of the transition, defined
by the difference between the expansivities in the liquid and glassy state, is reduced; the expansivity in the
glassy state is higher than in the bulk. These phenomena are consistent with the idea that a layer of roughly
constant thickness, of order 10 nm, near the surface of the film has liquidlike thermal properties at all
experimental temperatures.
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I. INTRODUCTION

The origins of the glass transition, despite its ubiquity
technology and everyday life, still remain mysterious. R
cently, substantial interest has been generated by the dis
ery that large shifts in the glass transition temperature ca
observed in small systems, such as thin films, either s
ported on substrates@1–5# or freely standing@6#, or glass-
forming liquids confined in nanoscopic pores@7,8#. These
experiments are conceptually attractive because finite
effects on the glass transition may yield clues about the
istence of a diverging length scale, which some theories p
tulate may underly glass transition phenomena@9,10#, and
which are difficult to probe in any other way. On the oth
hand, in practical systems pure finite size effects are inex
cably linked to surface and interface effects. The free surf
of a supported film may be intrinsically more mobile than t
bulk @11# while, on the other hand, strong interactions with
solid substrate may lead to a layer of the molecules of
glass-forming liquid being effectively immobilized@12,13#.
The potential importance of the substrate is revealed m
clearly by experiments on poly~methyl methacrylate!, which
show an increase inTg on a substrate with which the poly
mer segments may strongly interact@14#, but a decrease on
more weakly interacting substrate@2#. The importance of the
free surface is suggested by the experiments of Forrestet al.
on freely standing polystyrene films@6#, which revealed sub-
stantially larger depressions inTg than for supported films.

Thus, while the existence of large shifts in glass transit
temperature in small systems is not in doubt, it is not clea
this represents a uniform shift in the glass transition temp
ture throughout the system, or if this is a manifestation
spatially nonuniform mobility which results in some parts
the system falling out of thermal equilibrium before othe
To shed more light on this problem, we have examined
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character of the glass transition for supported polystyr
films in more detail. We find that in addition to the quan
tative changes in the glass transition temperature, the c
acter of the transition also changes in a systematic way, w
the width of the transition increasing and the strength of
transition decreasing as the films become thinner. We s
gest an interpretation for these findings in terms of a liqu
like layer, presumably at the surface of the film, of rough
constant thickness, which does not take part in the transi
at all.

Thin polystyrene films on silicon substrates are by far
most widely studied example of a spatially confined gla
forming liquid. Since the initial discovery by Keddieet al.
@1# that in films less than 40 nm in thickness depressions
the glass transition temperature of polystyrene are of or
tens of degrees, a number of other experiments, using a
riety of techniques, have yielded results in quantitat
agreement@3–5#. In Fig. 1, we show a comparison of a
previous results from the literature@16#. These show that
there is a considerable degree of experimental consen
different experimental techniques~e.g., ellipsometry, x-ray
reflectivity, and local thermal analysis!, different experimen-
tal conditions~e.g., in vacuum and in air!, different surface
treatments, and different polymer molecular weights all yie
very comparable results, with only one set of data@15# in
claimed disagreement.

The experimental glass transition manifests itself as a
continuity in second derivative thermodynamic quantitie
such as the thermal expansivity or the heat capacity, as
sample is heated or cooled at a controlled rate. The exp
mentally determined glass transition temperatureTg depends
on the rate of heating or cooling, because it marks the te
perature at which a relaxation time of the system becom
comparable to the experimental time scale. In our exp
ments, we follow the thickness of a thin polystyrene film
a function of temperature. In previous work, such data
been analyzed by drawing two straight line segments thro
the data points and defining the glass transition tempera
as the intersection of the lines. This procedure becomes

i-
2,
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SHIN KAWANA AND RICHARD A. L. JONES PHYSICAL REVIEW E63 021501
creasingly difficult for very thin films because, as we sh
see, the difference in slopes in the thickness/tempera
curves above and below the glass transition temperature
comes rather small. This difficulty is exacerbated when
number of data points is limited. The ellipsometry techniq
allows us to acquire data points almost continuously, a
therefore to derive and plot the expansivity as a function
temperature through the glass transition. Rather than cha
terizing the transition by only a single number,Tg , we also
determine the strength of the transition~i.e., the difference in
expansivities between the liquid and glassy states! and its
width.

II. EXPERIMENT

Samples were prepared by spin coating polystyrene@Mw
52.753105, Mw /Mn51.04: PS275K; 1.953106, Mw /Mn
51.04: PS1950K, both from Polymer Laboratories~UK!#
directly onto silicon wafers at 2000 rpm from the tolue
solution with polymer concentrations of 0.3–3.0 % w/w. T
silicon ~111! wafers were first immersed in
NH4OH(3.0%)/H2O2(4.3%) aqueous solution at 75 °C fo
10 min to remove organic impurities. After rinsing and dr
ing, the wafers were immersed in a solution of buffered
at room temperature for 1 min. Subsequently, films w
annealed at 150 °C for 24 h~PS275K!, and 170 °C for 24 h
~PS1950K! in vacuum to remove the residual solvent and
get equilibrated, then quenched to room temperature.

The film thickness as a function of temperature was
tained by ellipsometry. The details of the spectroscopic
lipsometer ~Jobin-Yvon Uvisel! are given in other paper
@1,2#. The essence of this method is that a small chang
the film thickness,dh, is proportional to a change in th
ellipsometric angle,dC or dD. The ellipsometric angle is a
function of h3n, with h being the film thickness, andn

FIG. 1. Previously measured values of the glass transition t
perature of polystyrene supported on silicon. Circles are from R
@1,3–5,26–28#, filled triangles are from@15#, while filled squares
show the midpoints of the transition determined in this work. T
solid line is the empirical fitting functionTg(h)5Tg(`)@1
2(A/h)d#, where the bulk glass transition temperatureTg(`)
5374 K, the characteristic lengthA58.3 nm, and the exponentd
51.1.
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being its refractive index. Although bothh and n are func-
tions of temperature, the resulting change in ellipsome
angles can be approximated by a simple linear function oh.
We verified this relationship experimentally for samples w
a thickness of 10–200 nm by acquiring full spectrosco
scans between 1.5 and 4.5 eV at every 10 °C from 150 °C
30 °C after keeping samples at 150 °C for 1 h on the hot
stage. The thickness and the refractive index at each t
perature are uniquely determined by fitting the spectrosco
data to the classical model of the dielectric dispersion.
example of the result for the 64-nm film atl53.0 eV is
shown in Fig. 2. This confirms that after taking the tempe
ture dependence of the refractive index into account, we
conclude that the ellipsometric angle is proportional to
film thickness throughout the temperature range
30– 150 °C.

Using this relationship, we measured the film thickne
continuously upon cooling by monitoring the ellipsometr
angle at a single wavelength. Usually a few seconds of sig
integration time is sufficient to obtain enough quality of
pair of C and D so that we can monitor the film thicknes
almost continuously upon heating or cooling at the rate co
parable to the conventional measurement ofTg . We chose
2.5 sec for the signal integration time and 2 °C/min for t
cooling rate, corresponding to data acquisition intervals
0.08 °C.

For a cooling scan from the liquid state, we first annea
the sample again on the hot stage at 150 °C for 1 h to e
any thermal history. This procedure is also effective in
moving any influence by water molecules adsorbed onto
film surface, which affect the values ofC andD. We con-
firmed that there is no effect of water adsorption within t
experimental time scale of this study, about 1 h. After co
firming thatC andD were stable with time, the cooling sca
was initiated.

We also checked that repeated heating to 150 °C in air
not lead to significant changes in the observed thermal
havior by carrying out the above procedure repeatedly on
same sample. We observed no significant difference
temperature-C curves up to the fifth scan for all sample
Thus we concluded that films were free from significant th

-
s.

FIG. 2. An example of the linear relationship between the fi
thickness and the ellipsometric angle for 64-nm film;l53.0 eV.
The thicknesses and the refractive indices are calculated by fi
the full spectroscopic data, acquired at every 10 °C from 150 °C
30 °C, to the classical model of the dielectric dispersion.
1-2
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mally induced damage within the temperature range e
ployed in this study.

III. RESULTS AND DISCUSSION

Scans ofC as a function of temperature for 15-nm film
obtained by cooling at 2 °C/min from 150 °C to 30 °C we
very similar to previously published data~but with better a
signal-to-noise ratio due to instrumental improvements! @1#.
Our data show a distinct kink separating two regions
roughly constant expansivity; this kink marks the experim
tal glass transition. By fitting straight line segments to t
data above and below the glass transition one can obta
value forTg . Unfortunately, this method of determiningTg
is relatively imprecise because the temperature-thickn
curve belowTg has a slight curvature. Thus the obtain
value of Tg is sensitive to the temperature range belowTg
over which the curve is fitted. However, our data are of s
ficient quality to allow numerical differentiation and to ob
tain a curve of expansivity versus temperature. We calcu
a(T) by

a~T!5

hS T1
DT

2 D2hS T2
DT

2 D
h0DT

, ~1!

with h0 being the thickness at reference temperature, wh
we set to 30 °C, andDT being set to 4.2 °C. From th
thickness-temperature curves obtained for a variety of fi
thicknesses of the two molecular weight films, we show
values of expansivity,aLiq , deduced for the polymer me
state as a function of thickness. Here we defineaLiq as the
average value of a over the temperature range o
113– 120 °C. Values ofaLiq are shown as a function o
thickness in Fig. 3. They fall within the range 5.8– 7
31024/K, consistent with the literature values 5.1– 6
31024/K @17# and, within error, independent of film thick
ness. The scatter inaLiq originates from the experimenta

FIG. 3. Expansivity of ultrathin polystyrene films supported
silicon, measured at liquid state and at 40 °C by ellipsometry.d,
aLiq for PS275K;m, aLiq for PS1950K;s, a(40 °C) for PS275K;
n, a(40 °C) for PS1950K. Solid line represents the theoreti
expansivity at 40 °C calculated from Eq.~2! with hLiq(40 °C)
510 nm.
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error in determination of thicknesses at 30 °C and 150
from which we calculatedaLiq . We can cancel out this ex
perimental error by using the ratioa(T)/aLiq . Since
a(T)/aLiq is enough information on the character of gla
transition as long asaLiq is independent of the film thick-
ness, we will conduct our discussion usinga(T)/aLiq rather
thana(T) itself.

Shown in Figs. 4~a!–4~e! are the changes in the rati
a(T)/aLiq upon cooling at 2 °C/min from 150 °C fo
PS275K with thicknesses of 10 nm, 16 nm, 29 nm, 66 n
and 164 nm. For films with thicknesses of 66 nm and 1
nm, there is a steplike change ina(T)/aLiq , characteristic of
a glass transition. We will denote the temperatures of
onset and of the endpoint asT1 and T2 , respectively.T1

and T2 for the 66-nm and 164-nm film are independent
thickness and are approximately 105 °C and 90 °C, resp
tively. These temperatures are consistent with those obta
for bulk polystyrene at comparable cooling rates@18#. Al-
though the data are somewhat noisy, the steplike chang
a(T)/aLiq for the 29-nm and 16-nm films is still clear. How
ever, T2 seems to be lower than those of 164- and 66-
films, while T1 is almost the same as those of the thick
films. Thus for thinner films the glass transition broadens
lower temperatures. For the 10-nm film,a(T)/aLiq seems to
continue to decrease even at 30 °C; thusT2 cannot be deter-
mined from these experiments. Nonetheless,T1 is the same
as or slightly higher than those of thicker samples. Sim
behavior was observed for higher molecular weight sam
~PS1950K!.

In Fig. 5 we show the values ofT1 andT2 obtained from
the fits to the above data using three straight lines for the
molecular weights, PS275K and PS1950K. Both molecu
weights behave in the same way;T2 decreases substantiall
for thinner films, whileT1 remains constant or slightly in
creases. The glass transition temperatureTg would typically
be determined as the midpoint of the onset and endp
temperatures, so these data are in agreement with the fo
results of Reiter@19,20#, Keddieet al. @1,2#, Forrest and co-
workers@3,6#, DeMaggioet al. @4#, Fukaoet al. @5,26#, Rus-
sell @27#, and Fryeret al. @28#, indicating a decrease ofTg for
thinner films. However, our more detailed analysis reve
that what takes place is not simply a decrease inTg but a
broadening of the transition in the direction of lower tem
peratures.

One possible explanation for a broadening of the tran
tion is that the thin film is not uniform with respect to it
mobility properties. As a consequence, different parts of
film fall out of thermal equilibrium at different temperature
One can envisage, as proposed by DeMaggioet al. @4#, three
layers, each of which has a different thermal property. In t
picture we would associate the decrease inT2 with a sub-
stantial layer with mobility increased over bulk values, pr
sumably at the surface of the polymer. Similarly, a layer n
the substrate, with mobility substantially less than bulk d
to strong interactions between the polymer and the subst
would lead to an increase inT1 . Interestingly, we do ob-
serve some evidence of such a rise, although it is much
pronounced than the decrease inT2 .

l
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FIG. 4. Relative expansivity of thin polysty
rene films, molecular weight 275 000, as a fun
tion of temperature, as measured by ellipsomet
The film thicknesses are~a! 10 nm,~b! 16 nm,~c!
29 nm,~d! 66 nm, and~e! 164 nm.
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Additional evidence for this model is obtained if we stu
the changes in strength of the transition as the films bec
thinner. It is clear from Fig. 4 that the thinner the film, th
larger the value of the expansivity below the glass transit
temperature. This can be understood in terms of the la
model. Neglecting for the moment any effect of the su
strate, we assume that the expansivity is simply the ave
of the value in the bulklike part of the film, with the value
the higher mobility surface layer weighted by the relati
thickness of the surface layer. Thus

a~T!5
hLiq~T!

h
aLiq~T!1S 12

hLiq~T!

h Daglass~T!, ~2!

whereh is the total film thicknesshLiq(T) is the thickness of
the surface liquidlike layer andaLiq(T) and aglass(T) are
the expansivities in the liquid and glass states, respectiv
We take these to be temperature dependent, as suggest
the nonzero gradients in Fig. 4. If we regard the behavio
the 164-nm film as being essentially bulklike, we can use
values ofaLiq(T) andaglass(T) deduced from these curve
to invert Eq.~2! and use it in conjunction with experiment
expansivity-temperature data to deduce the thickness of
putative surface liquidlike layerhLiq(T).
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The results of such an analysis are shown in Fig.
Within the limits of scatter, a consistent interpretation
these data can be made by assuming that at all experim
temperatures there is a layer of material around 10 nm
thickness which has an expansivity characteristic of the po

FIG. 5. Onset and endpoint temperatures,T1 and T2 , for the
glass transition in thin polystyrene films on silicon, as deduced fr
ellipsometric measurements of expansivity.s, T1~PS275K!; n,
T1~PS1950K!; d, T2~PS275K!; m, T2~PS1950K!.
1-4
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CHARACTER OF THE GLASS TRANSITION IN THIN . . . PHYSICAL REVIEW E63 021501
mer melt. Thus at low temperatures, the observed ther
properties of the film are weighted averages of a liquidl
surface layer and a glasslike bulk. AssuminghLiq(40 °C)
510 nm, we calculateda(40 °C) from Eq.~2! as a function
of thickness, and show the result as a solid line in Fig.
together with the observed values. This shows that the t
layer model withhLiq(40 °C)510 nm works well through-
out the thickness range examined.

Within the limits of the data there is no strong eviden
that the thickness of the liquidlike layer depends either
temperature or on the total thickness of the film. The rema
der of the film goes through a transition from liquidlike b
havior to glasslike behavior at 98 °C. The dependence of
transition temperature on thickness, if any, is not resolva
in our data, while its width is around 20 °C.

The suggestion that the observed decrease in glass tr
tion temperature in supported and freely standing films
be accounted for by a liquidlike surface layer has been p
viously made@1,4# on the basis of the observed shift in gla
transition temperature. Forrest and Mattsson have arg
that the existence of a liquidlike layer whose approximat
constant thickness is in the range that we report here is t
expected on the basis of a cooperativity volume picture
the glass transition@21#. Another approach, due to de Genn
@22#, explicitly identifies the cooperative mechanism
which the extra dynamical freedom associated with segm
at the surface is transmitted to segments deeper in the

FIG. 6. Thickness of the portion of a thin, supported polystyre
film with liquidlike thermal expansion properties as a function
temperature. Solid lines are guides to the eye.
ss

e

.R

02150
al

,
o-

n
-

is
le

si-
n
e-

ed
y
be
f

ts
m.

This leads to a prediction for a depth-dependent glass t
sition temperature. Our more detailed analysis of the tra
tion in thin films has allowed us to test these suggesti
much more critically, and we believe that our results le
considerable credibility to the idea. However, a number
important questions remain. In particular, while the idea o
surface with liquidlike thermal properties implies that
some sense the mobility of the polymer is greater at
surface than in the bulk, as suggested by some comp
simulations@11#, it is not clear that the overall chain mobilit
at the surface is greater than in the bulk. Arguing against
are experiments studying the relaxation near the surfac
oriented polystyrene chains, which show complete relaxa
only above the bulk glass transition@23#. On the other hand
temperature-dependent lateral-force microscopy meas
ments suggest that segmental motion associated with
tional losses at the surface of polystyrene, rather than follo
ing the bulklike Williams-Landel-Ferry~WLF! kinetics @29#
that lead to glass transition behavior, instead follow a sim
Arrhenius temperature dependence. This implies that
glass transition of the surface region, if it exists, is at
below room temperature@24#. A macroscopic manifestation
of this effect is found in the kinetics of adhesion betwe
polymers at or below the bulk glass transition temperatu
whose temperature dependence also does not follow bulk
WLF kinetics @25#.

IV. CONCLUSIONS

Our experiments clearly show that the glass transit
temperature in thin polystyrene films supported on silicon
not simply reduced but becomes broader and weaker.
broadening is more pronounced at low temperature, in
sense that while the onset temperature of the transition
mains almost constant, the completion temperature is s
stantially reduced in thin films. The strength of the transitio
in the sense of the difference between the expansivities
the glass and liquid sides of the transition, decreases w
decreasing film thickness. A consistent interpretation
these results is possible by supposing that a layer with
uidlike thermal properties exists, presumably at the surf
of the film, with a constant thickness of order 10 nm.
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