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A new experimental approach is introduced to probe the rheology of *100 nm-thick liquid polymer

films. As-cast films were found to have a substantially reduced effective viscosity compared to annealed

films. The reduced viscosity is explained in terms of nonequilibrium chain conformations giving rise to a

reduced entanglement density caused by the rapid quenching of the film during spin coating. Unexpec-

tedly long annealing times at high temperatures are required for the films to recover their bulk rheology.
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Spin-cast films are ubiquitous in polymer science and
technology. While relatively thick films (*100 nm) are
usually described in terms of the polymer bulk properties,
thinner films often break up at temperatures much below
their bulk glass transition temperature Tg [1–5]. Some

studies have reported a surprisingly abnormal rheological
behavior also for�100 nm thick films [3–5], while elastic
stresses were shown to drive the formation of holes in thin
supported films [6–9]. The control of the rheological prop-
erties is essential for many thin film technologies.

The present study addresses a system that is commonly
thought to possess a bulklike rheology: *100 nm-thick
spin-cast polystyrene (PS) films above the glass transition
temperature of PS (�105 �C). We use electric fields to
weakly perturb the free surface of the polymer melt [10].
By measuring the characteristic time for the formation of a
surface wave, we are able to directly probe the effective
viscosity of liquid polymer films. This experiment controls
the destabilization of films that otherwise stay intact upon
heating above Tg, thereby enabling the direct comparison

of as-cast with equilibrated films. This is in contrast to the
commonly used dewetting experiments which require in-
trinsically unstable films that cannot be equilibrated prior
to the measurement.

The experimental setup consisted of two parallel plates
which function as plate capacitor and optical cavity
(Fig. 1), a polished silicon wafer and an indium tin oxide
(ITO) covered glass slide. 90–148 nm thick PS films
(Table I) were spin cast from filtered toluene solutions
onto cleaned wafers. An electrically insulating layer
(SU8) was deposited onto the cleaned ITO slide, which
was then placed onto the silicon substrate with the ITO
facing the polymer film. A small air gap of �0:2–1 �m
was created between the plates by the sparse deposition of
silicon oxide colloids onto the film before assembly. The
device was placed in a homemade oven which was
mounted onto an inverted optical microscope with mono-
chromatic illumination (515 nm) for in situ observation of
the film. A slight misalignment of the two plates resulted in
a slight wedge geometry (�0:01�), giving rise to parallel
interference fringes in reflection [12]. The plate spacing d

was measured in situ by interferometry and after the ex-
periments by atomic force microscopy.
The assembly was heated to T > Tg and a voltage was

applied to the two plates, defining the start of the experi-
ment (t ¼ 0). The experimental parameters are given in
Table I and as insets in Fig. 2. The interference pattern was
monitored using a CCD camera. The onset of a surface
wave on the polymer film gave rise to a distortion of the
linear interference pattern, which was used to reconstruct
the real-space surface pattern. Local thickness changes as
small as 1 nm can be resolved by measuring the phase shift
in the interference pattern. This yields the time dependence
of the emerging surface undulation hðx; tÞ triggered by the
applied electric field [13].
The pressure arising from an electric field applied per-

pendicular to a liquid-air surface consists of the destabi-
lizing electrostatic pressure pel which is opposed by the
restoring Laplace pressure pLap [14]

pðhÞ ¼ pel þ pLap ¼ � "0"pð"p � 1ÞU2

½"pðd� hÞ þ h�2 �
�@2h

@x2
; (1)

with � and "p the surface tension and dielectric con-

stant of the polymer, respectively ("PS ¼ 2:5, �PS ¼
27:5–32:7 mN=m), and "0 the vacuum permittivity. This
pressure couples to thermal thickness fluctuations in the
film. In the limit where the surface amplitude is much
smaller than the wavelength of the instability � and the

FIG. 1 (color online). (a) Schematic of the experimental setup.
The polymer film is sandwiched between two parallel plates,
which serve simultaneously as plate capacitor electrodes and as
an optical cavity. (b) Image of the onset of an electric field driven
surface instability with �� 7 �m.
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film thickness h, the perturbation of the film is governed by
a linear stability analysis [14,15], resulting in the develop-
ment of a dominant mode with

�

�0

¼ 2�

�
Ep

E0

��3=2
; (2)

where Ep ¼ Uð"pd� ð"p � 1Þh0Þ�1 is the electric field in

the polymer layer. E0 ¼ U=�0 and �0 ¼ "0"pð"p �
1Þ2U2��1 are the characteristic values of Ep and �. �

accurately reflects the balance of forces acting on the
free interface, irrespective of the film rheology [14]. The
characteristic time for the onset of the instability

� ¼ �0�
4

�
Ep

E0

��6 ¼ 3

ð2�Þ4
�

�

�4

h30
; (3)

on the other hand, is proportional to the viscosity �. The
observation of the evolution of an electrohydrodynamic
surface wave therefore allows us to disentangle the force
balance driving the instability from the rheology within the
film, providing an effective way to probe the flow in thin
liquid layers.

The sample was observed until a small surface undula-
tion with wavelength � and height (peak to valley) of
�5 nm appeared after a time t. For these parameters, the
conditions for the linear stability analysis hold and Eq. (3)
can be used to calculate �. Because of the wedge geometry
of the two plates, a constant applied voltage U caused a
weak lateral variation of the electric field. Several values of
� and � can thus be measured at different lateral positions
on the sample as the instability develops.

Representative data sets are shown in Fig. 2 for films of
the four polymers used in this study. Figures 2(a) and 2(c)
correspond to as-cast films of PS27:5 and PS113. The dashed
lines are the predictions of Eq. (3) using tabulated values
for the surface tension and dielectric constant of PS and
measured viscosities. The two data sets fall significantly
below the prediction of Eq. (3), with a deviation that
increases with molecular weight. The reduced value in �
reveals an unexpectedly high mobility of the film.

The derivation of Eq. (3) assumes a zero flow velocity of
the polymer at the substrate. The inclusion of finite slip at
the liquid-solid interface into Eq. (3) is predicted to lead to

a reduction in �. We tested the role of the substrate by using
silicon wafers that were functionalized with a hexamethyl-
disilazane self-assembled monolayer, which reduced the
interfacial energy of the silicon substrate. Although the
functionalized substrate had a substantially lowered inter-
facial energy with PS compared to the bare silicon wafer,
the characteristic destabilization times are indistinguish-
able [Fig. 2(a)]. This indicates that the solid boundary does
not play a significant role during the early stage of desta-
bilization. A small undulation at the free surface does not
give rise to sufficiently high stresses at the substrate to
cause interfacial slip.
From Eq. (3), the only likely parameter that is able to

account for the increased film mobility is therefore the
effective viscosity �. For the as-cast films, the solid lines
in Fig. 2 are fits of Eq. (3) to the data, postulating a
viscosity reduction by factors of 5 and 6 for PS27:5 and
PS113, respectively. Experiments with a much higher mo-
lecular weight polymer in Fig. 2(e) show an effective
viscosity reduction by nearly 4 orders of magnitude.
Since the measured bulk viscosities agree with the litera-
ture values for PS, the only likely explanation for the
mobility reduction in Fig. 2 arises from nonequilibrium
effects caused by the film deposition procedure. To test this

FIG. 2 (color online). Characteristic destabilization time � vs
�. (a),(c) and (b),(d) compare films before and after annealing
for PS27:5 and PS113. The different symbols correspond to bare
and SAM covered substrates in (a), samples of different thick-
nesses in (b), annealed and as-cast samples in (f). The dashed
lines are predictions of Eq. (3) using the bulk viscosity, the solid
lines are fits of Eq. (3) by variation of � (Table I).

TABLE I. Experimental parameters of the data in Fig. 2.

Mw (kg=mol) Figure 2 � (kPa s)a Tann (�C) tann (h)

PS27:5 27.5 a 2.2b � � � � � �
PS27:5 27.5 b 10.6c 145 �22
PS113 113 c 5.5b � � � � � �
PS113 113 d 32.3d 155 145

PS655 655 e 0.2b,e � � � � � �
PS10 10 f 13c 120 h 40 h

aAt the temperature given in Fig. 2.
bFit to data of Fig. 2.
cMeasured using a plate rheometer.
dFrom [11].
eBulk viscosity: 1:3 MPa s calculated from [11].
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hypothesis, films cast from PS27:5 and PS113 were heated at
T > Tg for times between 22 and 145 h (Table I). The

comparison of destabilization experiments in Fig. 2(b) with
the prediction of Eq. (3) confirms that bulk viscosity in the
films is recovered after annealing. The good agreement of
experiments and prediction validates our experimental ap-
proach. It also indicates that high molecular weight poly-
mer chains in spin-cast films have a quenched structure that
gives rise to a significantly lowered effective viscosity. The
long time annealing of the film removes this nonequilib-
rium effect. The destabilization of PS10 films which have a
Mw below the entanglement molecular weightMe of PS in
Fig. 2(f) does not show this effect: the data for as-cast and
annealed films are both described by the bulk viscosity.

The sketch in Fig. 3 illustrates a possible mechanism
that is able to account for the nonequilibrium behavior in
spin-cast films. In the initial phase of spin coating the
polymer forms a semidilute solution in a good solvent.
During spinning, the solvent rapidly evaporates, increasing
the polymer concentration in the film. In thermal equilib-
rium, the number of entanglements per chain with sur-
rounding chains increases with polymer concentration.
This leads to an increasingly entangled semidilute solution
with decreasing solvent concentration. Since this increase
in entanglements can only occur by chain reptation, the
mobility of the chains must be high enough for the entan-
glement density to increase further. With increasing poly-
mer concentration this process is progressively slowed
down and comes to a stop when the glass transition of
the coils is reached. At this point, the film still contains
ð10–20Þ%vol solvent, which mostly evaporates during the
late stage of spin coating [16]. The slowdown of chain
mobility and chain collapse is therefore likely to give rise
to an entanglement density per chain which is lower com-
pared to the melt equilibrium. Since the melt viscosity of
polymers arises from the entangled nature of the chains,
this qualitatively explains the lowered effective viscosity of
the as-cast films. Annealing the film at T > Tg for times

exceeding the reptation time equilibrates the chains to their
fully entangled nature of the equilibrated melt.

The results in Fig. 2 indicate that the times required
to destabilize the films were below the relaxation times
of the chains. Careful examination of the data in Figs. 2(a)
and 2(c) shows that the data for large values of � (low

applied electric fields) lie above the curve fitted to the
data with small �. This is probably due to chain relaxa-
tion during the experiment. This effect is better seen
when plotting the two PS113 data sets in terms of the
stress-strain relation in Fig. 4(a) for the onset of the insta-
bility. The lateral stress arises from the difference in pres-
sure [Eq. (1)]:� ¼ 2½pðhmaxÞ � pðhminÞ�, where hmax, hmin

correspond to lateral locations x of adjacent undulation
maxima and minima. This pressure difference gives rise
to a relative thickness change of 2�h ¼ hmax � hmin over a
lateral distance �=2 during the time interval �, defining the
strain rate.
The linear stress-strain relation extracted from the data

in Fig. 2(d) for the annealed PS113 films is characteristic for
a Newtonian liquid [15] with a viscosity of � ¼ 29 kPa s,
in good agreement with the literature value (Table I). The
data of Fig. 2(c), for the as-cast film, on the other hand,
shows a nonlinear stress-strain variation with a much
smaller slope. In this representation, high strain rates cor-
respond to small values of �, while long destabiliza-
tion times give rise to low strain rates. The lowest value
of the slope at high strain rates corresponds to the much
lowered effective viscosity of the data in Fig. 2(c) for
small values of � (high destabilizing fields). The increase
in slope (i.e., increase in viscosity) with decreasing strain
rate (i.e., low fields and high values of �) is indicative of an
increase in relaxation of the quenched polymer chains,
giving rise to increasing values of the effective viscosity.
The two curves approach each other in the limit of very low
strain rates.
The connection between the reduction in entanglement

density of the chains in the as-cast films and their lowered
viscosity can be quantified in terms of the reptation model
[17], � ¼ �0ðMw=MeÞ� with the intrinsic viscosity of the
unentangled melt �0. Comparing two polymer melts with
the same chain length but different degrees of entangle-
ment, Me and M0

e, can therefore be described by the
relation M0

e=Me ¼ ð�0=�Þ�k, with k ¼ 1=ð�� 1Þ. Using
the commonly accepted values of � ¼ 3:4 and Me �
17 kg=mol for PS, an increase in M0

e to � 29 kg=mol
and �36 kg=mol account for the effective viscosity de-
crease in the PS27:5 and PS113 films, respectively.
The viscosity reduction in our experiments is likely to

arise from a reduced entanglement density. However, an-

FIG. 3 (color online). Model for the reduction in effective viscosity in spin-cast films. (a) Starting from a semidilute solution, (b) the
chains start to entangle as the concentration increases. (c) The slowdown and collapse of the chains for high polymer concentrations
prevents the full equilibration of the chains. Thermal annealing equilibrates the chains, restoring the melt entanglement density (d).
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nealing times significantly exceeding the reptation time
were needed to recover bulk rheology in the thin films.
In particular, the annealing of PS655 films for over one
week did not recover the PS bulk viscosity. This indicates
that the thermal equilibration of very high Mw films by
thermal annealing cannot be achieved in technologically
practical times. Despite the high film thickness, the
quenched polymer chains seem to equilibrate substantially
more slowly than predicted by the reptation model.
Relaxation processes exceeding the reptation time have
previously been observed in a number of systems [18–
21], but remain unexplained.

The spin-cast chains may have quenched conformations
that cannot be equilibrated by a standard reptation process.
The Edwards reptation time is the characteristic time for
tube renewal of a Gaussian coil in an equilibrated melt. The
equilibration of quenched chains may, however, be kineti-
cally hindered. In particular, chains that have internal
entanglements (knots) may have relaxation times much
above the Edwards reptation time [22]. While the detailed
entanglement dynamic of chains during spin coating is
unknown, our experiments indicate that frustrated coil
structures are formed, which equilibrate much slower
than predicted by reptation theory.

A further aspect of nonequilibrium chain formation is
frozen-in in-plane stresses, found in much thicker films
[16] and in dewetting experiments [9]. A recent theoretical
study predicts that in-plane stresses in thin films can drive a
film instability [23]. In our experiments the presence of in-
plane stored tensile stresses in the as-cast films is therefore
expected to act as an additional driving force. Compared to
the annealed, stress-free films this should result in a film
instability with smaller values of � in the as-cast film.
Figure 4(b) compares the experimentally determined in-
stability wavelength of as-cast and annealed films as a
function of the electric field Ep. While the data for the

annealed films are well described by the prediction of the
linear stability analysis (line), the values of � are system-
atically larger in the as-cast film, indicating a stabilizing
pressure. Possible explanations for this stabilizing pressure
include a variation of the entanglement density normal to
the film surface caused by solvent evaporation or by poly-

mer adsorption at the substrate, overpowering destabilizing
in-plane stresses that may form during spin coating.
In conclusion, we have used an electric field technique to

weakly perturb the surface of�100 nm thick PS films. As-
cast films of sufficiently high molecular weight exhibit a
faster than expected mobility. Long time annealing of the
films reduces their mobility to the expected value. The
mobility reduction is explained in terms of nonequilibrium
conformations of the chains in the as-cast films, caused by
the rapid solvent evaporation during spin coating, which
results in a lowered entanglement density and in a reduced
effective viscosity. The reentanglement of the chains by
annealing was found to be substantially longer than the
reptation time. The experiments also show an unexpected
weak stabilization of the as-cast films. The substantial
change in viscosity in polymer films compared to their
bulk rheology is likely to significantly influence the pro-
cessing of deposited films.
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FIG. 4 (color online). (a) Lateral stress vs strain rate induced
by the film destabilization in as-cast (w) and annealed (d) PS113
films. (b) Characteristic wavelength vs the electric field, Ep, for

as-cast (d) and annealed (�) PS113 films.
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