PHYSICAL REVIEW E 71, 061801(2005

Pattern formation in thin polystyrene films induced by an enhanced mobility in ambient air
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Thin polystyrene films(prepared in a sandwich geometry between two aluminum elecjrade®lop a
characteristic pattern in ambient air when kept above the glass-transition temperature, whereas they remain
unchanged in vacuum or in a pure nitrogen atmosphere. Measurements by broadband dielectric spectroscopy,
capacitive dilatometry, and AC calorimetry reveal that the pattern formation is initiated in ambient air by an
increase in the average relaxation rate of the dynamic glass transition, which results in a corresponding
reduction of the glass-transition temperature. Infrared measurements evidence that this is caused by a shift of
the molecular weight distribution to lower values as a consequence of oxygen-induced chain scissions.

DOI: 10.1103/PhysReVvE.71.061801 PACS nunider36.20—r, 64.70.Pf, 68.60.Dv

Dynamics in thin polymeric films is an actual topic for thickness, adjusted by varying the concentration of the poly-
fundamental research, as well as for technological applicamer solution, was determined by measuring the sample ca-
tions. The observations of a shift of the glass-transition tempacity at low temperature$30 °C) and high frequencies
peratureTy in confinemen{1-7] have stimulated many ef- (0.1 MH2), a spectral regime where no dielectric dispersion
forts in understanding the origin of the glass-transitionis observed.
phenomenon8—11], a still open challenge in contemporary ~ When kept at 180 °C in air, thin PS films undergo a
physics[12,13. Nevertheless, the overview emerging from gradual change of their initially flat geometry, which ends up
the data reported in the literature is controversial, since therith the formation of a specific pattern. A typical example is
are many studies indicating no shiftsGf in thin polymeric  given in Fig. 1, for a film thickness of 239 nm: after 4 h at
films [14-22. For example, Efremoet al. investigated the 180 °C in air, the initial sample geometffFig. 1(a)] is
glass-transition temperatufig of polystyreng(PS thin films ~ changed and an undulated pattern is develdpegl. 1(b)],
on a time scale of milliseconds using nanocalorimetry andvith a well-defined lateral wavelength. The insets in Figs.
found noT reductions down to a thickness of 3 nit4].  1(a) and 1b) show the corresponding surface topographies,
Shortly after, the authors reported another study in whicrmeasured by atomic force microscopy. With a typical initial
they modified their technique in order to investigate the glasyalue of 2—3 nm, the root-mean-square roughness increases
transition on a time scale of seconds rather than milliseconds
and found noT, reductions as wel[15]. The mobility of
polymers, whose change in confinement underlies the shifts
of the glass-transition temperature, appears to be a key factor
in the development of periodic patterns, as reported in the
literature for polymeric films capped between two metal lay-
ers[23-25.

Here we demonstrate that thin polystyrene films exhibit in 400
ambient air a reduction of the glass-transition temperature 3001© ater 4 h at 180 C in air
caused by a decrease of the average molecular weight as a 200 '

consequence of oxygen-induced chain scissions. This effect 100 ’\ /\ /\
0 -

(nrn]

causes an enhanced mobility and allows for the development § . ,

of a specific pattern. Hoqooq - v . v \
Thin films of polystyrene (molecular weight 200 - :

=700 000 g/mol, polydispersity 1.p5were prepared by 2 300 asprepared

after4 h at 180 Cin a pure N atmosphere

spin-coating from a toluene solution on a glass plate, onto -400 . : : :
which an aluminum electrod®.5 mm width, 60 nm height 0 10 20 30 40 50

had been previously evaporated. The samples were annealed lateral distance x [un]

for more than 12 h at 159 °C in high VaCU_L('IO_S mbay), FIG. 1. (a) Optical image(1x 1 mn?) of a 239 nm thin PS film
followed by the evaporation of a perpendicularly orientedpeqyeen two aluminum electrodes, as prepafedThe sample af-
second aluminum counterelectrode. Atomic force miCroster 4 h at 180 °C in air. The insets {g) and (b) represent measure-
copy revealed a typical roughness of 2—3 nm for the alumiments of the corresponding surface profiles by atomic force micros-
num electrodes, which assures a rather narrow thickness digopy (50 umx 50 um). (c) The vertical surface profile of the

tribution (having a half-width of 4 nmh and practically sample, as prepared, after 4 h at 180 °C in a nitrogen atmosphere
parallel interfaces(deviations less than one degredhe  and after 4 h at the same temperature in air.
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FIG. 2. Dynamic glass transitiofw relaxation at 123 °C ine” etry) and relaxation time- at 404 K as a function of annealing time

vs frequency for a film thickness of 75 nm after different annealing™ & at 18(_) C for a film thlckness.of_ 63 nm. _The dotte_d I|_nes
times at 180 °C in air, as indicated. Inset: the corresponding relaxS€rve as guidance for the eyes. Inset: dilatometric determination of

ation rate in dependence on the annealing time at 180 °C in air. the glas_s-t_ransition temperature. Uppelrvs tgmperature at f_(HZ
(the solid lines represent linear dependencies, the dotted line marks

steeply and reaches 129 nm after the formation of the pafl’® position of the glass-transition temperajui®wer: the corre-
tern. As explained in the literatuf@3,25), the pattern devel- spon_dlng first and second derivative &f (in arbitrary unit$ as a
opment is caused by the compressive stress originating frofiction of temperature.
the difference in the thermal-expansion coefficients between o )
the polymer and the upper metal layer. In contrast to théréases in time by more than one decade when the sample is
measurements performed in air, in a pure nitrogen atmokept in air at 180 °QFig. 2). Using the usual fitting proce-
sphere, under theameexperimental conditionsio pattern is ~ dure [26],_ the relaxation rate as a function of inverse tem-
developed: both optical microscopy and atomic force microsPerature is extracte@rig. 3. While unchanged in a nitrogen
copy reveal in these cases similar results as in Fig), thus aj[mosphere, the dynamic gla_ss transition becomes faster in
no deformations of the sample geometry. This is clearly il-&if, which corresponds to a shift to lower temperatures of the
lustrated in Fig. (c), which shows the vertical surface pro- Maximum position of thex relaxation peakinset in Fig. 3.
files measured by AFM for the sample of 239 nm as prepareffh'_s causes a reduction Qf the glass-transition temperature,
and after 4 h at 180 °C in a nitrogen atmosphere and in aitvhich was measured by dilatometry as weiig. 4). Its prin-
respectively. This finding suggests that the mobility of thinCiPle is schematically illustrated in the inset of Fig. 4: the
PS films is enhanced in ambient air in comparison to that ifkink in the temperature dependencesofeflects a change in-
a pure nitrogen atmosphere. the thermal-expansion coefﬁment. _from a glassy to a Iqu|d

In order to analyze the molecular dynamics of PS thinState and by that marks the position of the glass-transition
films, broadband dielectric spectroscof6] is employed. temperature. The usual algorithm calculates the valugyof

The average relaxation rate of therelaxation process in- @S the intersection point of two linear dependencies. How-
ever, if the accuracy of the measurements permits, a much
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FIG. 3. Relaxation rate vs inverse temperature for a 63 nm thin
film as prepared, after 24 h annealing at 180 °C in a pure nitrogen FIG. 5. Glass-transition temperatufg (determined by tempera-
atmosphere, and after 1, 2, 5, and 10 h annealing at the same temwre modulated calorimetry at 20 Hfor a film thickness of 93 nm

perature in airthe logarithm is in decimal bagelnset: the corre-
spondinga relaxation at 1.2 kHz ir” vs temperature. If not speci-

time [h]

in dependence on the annealing time at 200 °C in ambient air. Inset
the real and the imaginary part of the complex heat capduaity

fied otherwise, the errors are comparable with the size of tharbitrary unitg at 10 Hz as a function of temperature.

symbols.
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FIG. 6. Infrared spectréspectral resolution of 8 cm) for a PS
film of 4 um: (1) as prepared(2) after 24 h at 200 °C in a pure FIG. 7. The dynamic glass transition of an 86 nm thin PS film at
nitrogen atmospheré3) after 24 h at 200 °C in air. The curves are & constant temperature of 414 K, as prepared, in a pure nitrogen
vertically shifted for clarity. atmosphere and in air as a function of time, as indicated.

better way is represented by the numerical calculation of thgo s, Additionally, infrared measurements confirm the for-

first and second derivative ef as a function of temperature. ation of the C-O band in the spectrum of auh-thick PS
The position of the kink in the’ versus temperature depen- fim kept 24 h in ambient air at 200 ° (Fig. 6), a clear proof

dency corresponds to the minimum in the temperature deyt 5 chain scission effect, since oxygen is not present initially

2 2 .
pendence oti%s’/d°T. _ in the structure of the polystyrene macromolecule.
The aluminum electrodes appear to play no role in the  as g collateral aspect of our work, an increase of the

observedT, reductions. Measurements by ac calorimetryayerage relaxation rate in thin PS films in air is also observed
[27] for thin PS films prepared by spin coating on & SiN 4t much lower temperatures, i.e., 414(Kig. 7). Such tem-
membrane and not covered by an upper aluminum layer r&seratures are comparable with those currently reached in
veal similar results as f_or t_he samples prepared in a sandwigkost of the studies investigating tHig reductions in thin
geometry: a decrease in time of the glass-transition tempergy|ystyrene films, many of them being performed in ambient
ture in ambient aifFig. 5). o air. It is of course not excluded that the effects reported in the
The origin of the enhanced mobility is suggested by sevyresent paper occur below 414 K, too, when the samples are
eral studies |nvest|ga.t|ng_the viscosity of bulk PS at temperaéxposed to the presence of oxygen. Besides this, even more
tures above 260 °C in high vacuui@8—30: a pronounced ronounced effects are expected for thin films having a free
decrease of the sample viscosity is observed_ in time, causeherface, that is, not covered with a thin upper aluminum
by a decrease of the average molecular weight induced byjectrode Whetherand to what extent the results indicating a
chain scissions. Since there is a significant dependence of thgsier dynamics in thin films are caused by chain scissions in
glass-transition temperature on the molecular wqght of P$he presence of oxygen, as suggested in the present study,
[31], a consequenTy reduction and a corresponding faster 5 especially whether there is a thickness dependence of

dynamics is implied. In ambient air, this is expected to takeyjs effect, is currently investigated and will be published in
place at much lower temperatures than in high vacuum bey separate paper.

cause of the presence of oxygen, which diminishes the prob- |, conclusion, we show that already at 140 °C the glass-

ability of chain recombination after scission. The effectansition temperature of thin polystyrene films decreases in
should be even more pronounced in thin films, since th§jme in the presence of oxygen because of chain scissions.

surface-to-volume ratio increases here by many orders ofpjs |eads to an enhanced mobility, which allows for the
magnitude, which enhances strongly the exposure area PBEvelopment of a period pattern.

volume unit. This hypothesis has been checked by keeping
PS thin films at 180 °C in a pure oxygen atmosphere: a The authors thank Otto van den Berg for fruitful discus-
similar pattern to that in Fig. (b) is developed after a few sions.
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