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ABSTRACT: The near-surface rheology of polystyrene films at temperatures around Tg was probed via
the decay kinetics of shallow, nanoscale surface corrugation gratings. The gratings were created via hot
embossing with a stepped silicon template. The wavelengths are distributed in a range between 25 and
60 nm and have a modulation depth of about 0.8 nm peak-to-peak. Upon heating, one observes a surface
tension-driven decay of the surface corrugation at temperatures more than 30 deg below the bulk Tg.
Such a fast decay is unexpected and indicates a strongly lowered glass temperature near the surface.

Introduction

Adhesion and friction on polymer surfaces are to a
large extent governed by the flow properties of the
material close to the interface.1,2 For example, the
energy required to separate two soft polymer surfaces
usually exceeds the thermodynamic free energy by
orders of magnitude.3 The excess debonding energy is
spent on plastic deformation, often connected to the
formation of filaments. A similar statement holds for
sliding friction.4 The dissipated energy is mostly spent
on the deformation of small asperities across which the
contact is made. Frictional resistance and wear strongly
depend on the mechanical properties of the material
close to the interface. In particular, they depend on
whether the surface is glassy or soft.

As has been discussed in detail in the recent years,
the glass temperature, Tg, of polymers can be affected
by geometric confinement.5 Free-standing films showed
a decrease of Tg of up to 40 K.6 Many of these experi-
ments were carried out on thin films. Both from a
fundamental perspective and from the viewpoint of
application, it seems attractive to perform experiments
on the surfaces of bulk polymers rather than on thin
films. Kajiyama and co-workers have performed friction
force microscopy on polymer surfaces at various tem-
peratures around Tg.1 They find a decreased near-
surface Tg in most cases. However, in friction force
microscopy the local stress exerted by the tip is often
very high and may therefore cause stress-induced
softening. Tsui and co-workers have followed a similar
approach, but they base the analysis on adhesion
hysteresis rather than sliding friction.2 Shear force
modulation is another option.7 Forrest et al. have probed
the embedding of small particles into the polymer
surface. They decorated polystyrene films which had
been spin-cast onto quartz crystal resonators with small
glass beads.8 When heating the sample to the glass

transition, the bandwidth of the resonance decreases,
which is explained by an embedding process. Faupel and
co-workers have investigated a similar phenomenon by
photoelectron spectroscopy on metal clusters deposited
on polymer films.9 The reorientation of polymer seg-
ments close to the interface has been probed by near-
edge X-ray absorption fine structure (NEXAFS).10 These
authors did not find complete relaxation below Tg. Tolan
and co-workers have used capillary waves monitored by
X-ray reflectivity to probe the near-surface dynamics of
glass-forming liquids.11 The capillary waves on glycerol
were found to freeze much above Tg. In related work
employing specular and diffuse X-ray scattering on
polystyrene films, they find that capillary wave calcula-
tions assuming van der Waals substrate-film inter-
actions cannot satisfactorily explain the data.12

We report on surface-rheological experiments, where
the polymer flow is given by the surface-tension-driven
decay of imprinted surface corrugation gratings. By
nature, this is a very gentle process. One can be sure to
be in the regime where linear stress-strain relations
hold. Kerle et al. have used atomic force microscopy to
investigate the decay of surface roughness on the
nanometer scale as a function of annealing time.13 They
find a partial annealing at T < Tg, on one hand, and an
incomplete decay even for long annealing times at
temperatures much above Tg, on the other. Li and co-
workers have observed the decay of surface waves of
thin films on patterned silicon gratings.14 They found
that the apparent diffusion coefficient was smaller than
in the bulk. Johannsmann and co-workers have used
the decay kinetics of shallow sinusoidal surface waves
to probe the near-surface rheology of polystyrene (PS)15

and poly(methyl methacrylate) (PMMA).16 In these
investigations the wavelength of the roughness was in
the micron range. The master used for imprinting had
been produced by photolithography, and the observation
of the decay was done by optical diffraction. Shallow
periodic structures are attractive for interface rheology
because the flow field is known and a quantitative
analysis is possible. It turns out that the penetration
depth of the surface wave is equal to the wavelength of
the corrugation grating divided by 2π. For a wavelength
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of 600 nm, this amounts to a penetration depth of about
100 nm. When using optical gratings with a wavelength
in the micron range, the technique is not very surface-
sensitive since it probes a depth which is considerably
larger than the characteristic length scales commonly
encountered in polymers (such as the radius of gyration,
Rg).

Here, we describe an extension of these measure-
ments, where the lithographic master has been replaced
by a nanoscopically corrugated silicon wafer17,18 and the
detection is performed using atomic force microscopy.
The average wavelength of the master was 40 nm,
which corresponds to a penetration depth of about 7 nm.
In consequence, the surface sensitivity of the technique
is considerably improved compared to earlier studies.

Theory
In the following we briefly outline a continuum

description of the decay of shallow sinusoidal surface
waves with wave vector q.19,20 If the surface is not
sinusoidally corrugated, the surface structure can be
Fourier-decomposed. The analysis below then holds for
the individual Fourier components. The medium is
assumed to be homogeneous, isotropic, and incompress-
ible with the complex shear modulus G(ω) entirely
determining its rheology. Effects of gravity, external
pressure, and inertia are neglected. We assume a linear
stress-strain relationship. The flow field v(x,z) is
governed by the continuity equation

and the Laplace equation

where x is the coordinate in the plane of the sample
along the grating’s wave vector and z is the coordinate
normal to the surface. Since there is no flow along the
third axis, this index (“y”) was dropped. Equation 2
follows from the Navier-Stokes equation where all
terms apart from the viscous drag η∇2ν (η the viscosity)
have been neglected. For the displacement pattern we
make the ansatz

where u is the displacement of a given volume element
from its equilibrium position. The continuity equation
implies that ux,0(t) ) uz,0(t) ) u0(t), where u0(t) is a
prefactor depending on time. From the Laplace equa-
tion, we infer that R ) q. The penetration depth of the
surface wave R-1 ) q-1 is therefore equal to the lateral
wavelength divided by 2π (Figure 1). The penetration
depth quantifies the meaning of the term “near surface”.

In the following, we calculate the decay rate (du(t)/
dt)/u(t). The decay kinetics is governed by the balance
between the vertical stress exerted by the corrugated
surface, Pγ, and the stress caused by the gradients in
the flow field, Pzz. The vertical stress from the surface
is equal to the Laplace pressure. We have19

where γ is the surface tension u0(t)q2 cos(qx) is the
curvature of the surface. The viscous stress caused by
gradients of the flow field is given by19

Equating these two stresses, we arrive at

This differential equation is solved by exponential
decays of the form

where u0,0 is the initial amplitude. The decay rate, R,
is given by

As expected, the decay rate is proportional to the surface
tension and inversely proportional to the viscosity.

Equation 9 can be inverted to calculate an effective
viscosity as

The viscosity in eq 10 is termed “effective viscosity”
because the model makes two assumptions which are
not necessarily fulfilled in practice: first, the viscosity
may not be homogeneous in space as assumed in eq 6:
it may vary with depth, z, if there is surface-induced
softening. Our results, in fact, indicate that this is the
case. Second, polymers show viscoelastic dispersion: the
viscosity is a complex function of frequency. As a
consequence, the decay curves are not exponentials but
more complicated functions. In ref 15, we have elabo-
rated on the fact that the complete viscoelastic spectrum
can be derived from the decay curve. Here we confine
ourselves to an evaluation of the initial slope (500 min).
This part of the decay is governed by the high frequency
viscosity, which, in turn, is governed by local inter-
actions (as opposed to the dynamics of entire chains).
It is generally assumed that the glass transition is a
local phenomenon unrelated to chain entanglement,
which justifies the use of the initial slope.

In principle, this analysis holds for a superposition
of different surface waves as well. Since eq 7 is linear
in u0, different surface waves decay independently. The
decay rate may depend on the q-vector for two reasons.
The first one is explicitly captured in the analysis
provided above. While the Laplace pressure scales as

Figure 1. Decay pattern of surface waves on a highly viscous
liquid. The penetration depth is equal to the wavelength
divided by 2π.
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q2, the viscous stress only scales with q (eq 6). Since
the speed of the decay results from the competition
between surface tension and viscosity, there is a factor
of q in the decay rate (eq 9). However, the decay rate
may also depend on wavelength because the penetration
depth of a surface wave is proportional to its wave-
length. If the surface-induced softening is limited to a
shallow region beneath the surface, only the surface
waves with a small penetration depth (that is, a short
wavelength) will feel it. Comparing the decay rates for
different q-vectors therefore amounts to a depth profil-
ing.

Sample Preparation
The polystyrene samples (Mw ) 65 kg/mol, Mw/Mn )

1.02; PSS, Mainz, Germany) were prepared by spin-
casting a 90 g/L toluene solution at 400 rpm on a silicon
substrate. The substrate had been cleaned by sonication
in Hellmanex (HELLMA, Germany), rinsing in Milli-Q
water, ultrasonic cleaning and rinsing in ethanol, and
drying with N2. To remove residual solvent, the cast
films were vacuum-annealed for 12 h at 100 °C.

The master for the hot-embossing process was formed
by ultrahigh-vacuum annealing of a silicon single-
crystal surface with its surface normal pointing some
3° off the 〈113〉 direction toward the 〈001〉 direction.
Upon thermal annealing, the surface energy is lowered
by the formation of facets of (113) and (114) orientation,
respectively. The resulting grooves between the (113)
and (114) facets all point along the (11h0) direction,
leading to a macroscopically large area of uniformly
oriented surface corrugation. The lateral size of the
terraces perpendicular to the groove direction can be
adjusted via the annealing time, the annealing temper-
ature, and the particular protocol used for sample
preparation. Once the desired lateral size of the grating
is reached, the resulting structure is frozen by cooling
the sample to room temperature. Subsequently, the
ultrahigh-vacuum chamber is vented and the silicon
surface is rapidly covered by a layer of native silicon
oxide. However, since the thickness of the native oxide
layer amounts to only some 1-2 nm, the corrugation is
conserved.17,18

To reduce adhesion of the polymer on the master
during imprinting, the master was coated with a self-
assembled monolayer of fluorosilane ((tridecafluoro-
1,1,2,2-tetrahydroctyl)triethoxysilane (C14H19F13O3Si);
ABCR, Karlsruhe, Germany). The deposition was car-
ried out from the vapor phase in an argon atmosphere.

Since the angle between neighboring (113) and (114)
facets on the corrugated silicon surface is fixed, the
vertical amplitude of the grating is proportional to its
mean lateral spacing, and the ratio between the peak-
to-peak amplitude and the average spacing is about
1/50. The profile in Figure 2 shows an indication of an
underlying triangular pattern. Since the terrace forma-

tion is a statistic process, the induced surface grating
is not periodic. From the structure factor of an AFM
micrograph taken of the embossed surface (Figure 4a)
one infers a spread ∆q/qmax of about 1, where qmax is
the wave vector corresponding to the maximum of the
structure factor and ∆q is the half-band-full-width of
the peak.

For hot-embossing both the master and the sample
were heated to the embossing temperature of 160 °C.
When the embossing temperature had been reached, the
master was lowered into the soft polymer melt. After
an embossing time of 2 h, the temperature was lowered
to room temperature at a rate of 3 °C/min. The master
was lifted off at room temperature. The embossing
temperature of 160 °C was chosen in order to allow for
a fast polymer flow while staying safely away from the
decomposition temperature of PS. The embossing time
of 2 h was much longer than the terminal relaxation
time of the polymer. This procedure ensures that the
polymer chains near the surface are relaxed after the
imprinting process.

Experimental and Data Analysis

The AFM measurements were performed with a
MultiMode scanning probe microscope (NanoScope III
controller) equipped with a temperature control unit
(Nanoscope MMHTRS) from Digital Instruments. We
have independently calibrated the temperature scale
with a PT100 sensor placed at the location of the
sample. The effect of the laser on the sample temper-
ature was less than 0.5 °C.

We used the TappingMode with cantilevers of 125 µm
length (Nanosensors). All images were taken under
“light tapping conditions”21 (amplitude A0 ≈ 70 nm; Asp/
A0 ≈ 0.8, with Asp the set-point amplitude) to minimize
the influence of the imaging process onto the sample
properties. We checked for tip-induced modifications of
the sample by increasing the size of an image after a
certain central area had been imaged for an extended
period of time at 70 °C. The central area of this enlarged
area was in no way different from the rest of the image,
which makes us conclude that the imaging process is
nondestructive.

An image size of 3.5 µm × 3.5 µm (corresponding to a
pixel size of 6.8 nm) was found to be the best compro-
mise between the need to resolve the grating and the
need to image large enough areas for statistical analysis.
The scanning direction was perpendicular to the grooves.
The cantilever was retracted when changing the tem-
perature. Occasionally, the parameters of operation had
to be readjusted after a temperature step in order to
ensure optimum operation.

For analysis, the one-dimensional structure factor
S(q) was computed by fast Fourier transformation (FFT)
and accumulated for all lines of an image (full line in
Figure 4). The structure factor contains the squares of
the moduli of the Fourier components. There is a
substantial background, which increases with decreas-
ing q. The background can be independently determined
by repeating the analysis for the columns of the image,
where the columns run along the grooves (dashed lines
in Figure 4). Note, however, that the analysis holds for
any kind of surface structure: background subtraction
is not needed. The analysis presented below is based
on the spectra derived from the horizontal lines.

Neither the resolution of the AFM nor its calibration
affects the outcome of the analysis much. The derivation

Figure 2. A vertical cut through the surface of the master.
The wavelength of the corrugation grating is about 40 nm, and
the modulation depth is about 0.8 nm peak-to-peak. Clearly,
the grating is not periodic.
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of the effective viscosity is based on the decay rate of
the gratings. As long as the gratings are clearly visible
(which is the case) quantification of the topographical
information is unessential.

Results and Discussion

We report on two sets of experiments. In a first
temperature ramp experiment, a freshly prepared grat-
ing was heated to its glass temperature in steps of 10
K. At temperatures of 40, 50, 60, 70, 80, 90, and 100 °C
the heating process was interrupted for about 30 min
while images were taken. Figure 3 shows a selection of
AFM images of the temperature ramp. Subsets of 1.5
µm × 1.5 µm size have been enlarged for clarity. Figure
4 shows the structure factor derived from Figure 3a-c.
For Figure 3d (T ) 100 °C) the feedback loop of the
instruments started to oscillate with a period corre-
sponding to about 3 pixels. This artifact prevents a
statistical analysis. Visual inspection of the AFM images
shows that the grating has disappeared.

In the following we discuss the roughness as a
function of temperature. We display data for tempera-
tures larger than 40 °C. Actually, there is a slight
increase in the amplitude of roughness when we start
the experiment, heating from room temperature to 40
°C. Figure 5 shows partial root-mean-square (rms)

roughnesses vs temperature. By a partial rms roughness
we mean the square root of the integrated structure
factor, where the integration is only carried out over a
certain limited q range. If the range of integration is
unlimited, the conventional rms roughness results
because of the relation δzrms ) (∫|δz(q)|2 dq)1/2, where

Figure 3. AFM micrographs of an embossed polystyrene surface at 40, 70, 90, and 100 °C. For clarity, only a part of the original
image with a size of 1.5 µm × 1.5 µm is shown. The location remained unchanged as indicated by the spots on the right-hand
side. The spots have disappeared at 100 °C. The bar corresponds to 300 nm. The gray scale covers a vertical range of 10 nm.

Figure 4. Structure factor of the AFM images of from Figure
2: full, accumulated structure factor of all horizontal lines;
dashed, accumulated structure factor of all vertical columns.
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|δz(q)|2 is the structure factor. Figure 5 shows the partial
root-mean-square roughness where the ranges of inte-
gration are 125-157, 157-209, 209-314, and 314-440
µm-1. These q ranges correspond to average wave-
lengths of 44, 34, 24, and 16 nm, respectively. The
average penetration depths are 7.1, 5.5, 3.8, and 2.6 nm.
At a temperature of 70 °C (which is 30 °C below the
bulk Tg), the rms roughness has decayed to about half
of its value at 40 °C. The different wavelengths do not
decay at the same rate: as expected from eq 9, the high-
frequency components decay first. At 90 °C the decay
is almost complete, although some structure remains.
These data show that the material close to the interface
flows much faster than expected. This is a very general
statement which does not make use of the theory
outlined above.

To make the analysis more quantitative, we have
performed a kinetic experiment at a fixed temperature
of 70 °C. Figure 6 shows the partial root-mean-square
roughness in the same q ranges as in Figure 5. As in
the temperature ramp experiments, the high-frequency
waves decay faster than the waves with a small fre-
quency (long wavelength). Panel b displays the initial
part of the decay (t e 500 min) in a semilogarithmic
plot, where all roughnesses have been normalized to
their initial value. Evidently, there is some arbitrariness
in the definition of the “initial” slope. Had we confined
the analysis to the first 60 min, the decay rates would
have been larger and the derived effective viscosities
would have been even smaller. The dotted lines in

Figure 6b are best fits to exponential decays in the range
of 0-500 min. The decay rates are 4.2 × 10-6, 9.6 ×
10-6, 16.5 × 10-6, and 19.8 × 10-6 s-1 for the q ranges
of 125-157, 157-209, 209-314, and 314-440 µm-1,
respectively. Using eq 10 together with a surface tension
of polystyrene at T ) 70 °C of 37 ( 1 mN/m,22 one
derives an effective viscosity of 6.2 × 1011, 3.6 × 1011,
3.0 × 1011, and 3.6 × 1011 Pa s for the different q ranges,
respectively (Table 1 and Figure 7). The error bars on
the viscosity originate from the uncertainty in the
determination of the decay rate from Figure 6b.

The derived effective viscosities are slightly below 1012

Pa s. This is less than the viscosity of the bulk polymer
at Tg, where we adopt the definition of the glass
temperature, according to which the viscosity is 1012 Pa
s at Tg. The equivalent temperature (where the bulk
material would yield the same decay rate) therefore is
slightly above the bulk Tg of 103 °C. Given that the
experiment was carried out at 70 °C, the decrease of Tg
near the surface amounts to about 30 K. Interestingly,
there is a q dependence of the effective viscosity,
meaning that the effective viscosity depends on the
penetration depth. The shallow (high q) waves probe a
region closer to the surface, whereas the low-q waves
probe a region that reaches farther into the bulk. There
is a slight increase of the viscosity for the largest
penetration depth investigated, meaning that the deep-
est wave already probes the increase of the viscosity
with depth.

Our findings are in line with many of the studies on
thin films5 and also with the results obtained with
friction force microscopy on polymer surfaces.1 They are
at variance with previous work on the decay of surface
roughness13 and reorientation upon buffing,10 where
there was no or little evidence for a decreased Tg near
the surface. As pointed out before, the depression of Tg
near the surface depends on details of the experiment.
In particular, we cannot rule out an influence of the
imprinting procedure. Although the imprinting was
carried with long imprinting times at a temperature
much above Tg, the memory may not have completely
been erased. Note, however, that our experiment mimics
the hot embossing process as it is performed in many
technical environments. We report a decreased Tg of a
polystyrene sample which has undergone a gentle
imprinting process. This result applies to many practical

Figure 5. Partial root-mean-square roughness, where the
integration has been limited to certain q ranges: (3) q ) 125-
157 µm-1, λav ) 44 nm, êav ) 7 nm; (4) q ) 157-209 µm-1, λav
) 34 nm, êav ) 5.5 nm; (0) q ) 209-314 µm-1, λav ) 24 nm, êav
) 3.8 nm; (O) q ) 314-440 µm-1, λav ) 16 nm, êav ) 2.6 nm.

Figure 6. Decay of the partial root-mean-square roughness
with time: (0) q ) 125-157 µm-1, (4) q ) 157-209 µm-1, (O)
q ) 209-314 µm-1, (3) q ) 314-440 µm-1. The temperature
of the sample was 70 °C. Panel b shows the initial range, where
the roughness was normalized to its value at t ) 0. The dashed
lines are fits to an exponential decay.

Table 1. Parameters and Results of the Kinetic
Experiments at T ) 70 °C

λ [nm] q [106/m]
penetration
depth [nm]

decay rate
R [10-6/s]

viscosity ηa

[1011 N/m]

40-50 125-157 6.4-8.0 4.2 ( 0.5 6.2 ( 1
30-40 157-209 4.8-6.4 9.6 ( 1.1 3.6 ( 0.6
20-30 209-314 3.2-4.8 16.5 ( 1.5 3.0 ( 0.8
14-20 314-440 2.3-3.2 19.8 ( 2.7 3.6 ( 0.8

a The viscosity is derived from the initial decay rate by eq 10.

Figure 7. Effective viscosities derived from the initial decay
rates (Figure 6) and eq 10 vs penetration depth.
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situations because all technical materials have been put
into their shapes in one way or another.

Conclusions
Nanoscale corrugation gratings which have been

imprinted into a glass-forming polymer surface were
found to decay at elevated temperature due to surface
tension. The decay is much faster than expected. The
near-surface Tg is more than 30 K below the Tg of the
bulk. The technique allows for depth profiling. The
acceleration of the decay is less pronounced for waves
which extend deeper into the bulk. The available
spectrum of surface waves covered a range of penetra-
tion depths between 2.6 and 7.1 nm. The fact that the
effective viscosity depends on the penetration depth
indicates that the surface-induced softening is confined
to the first few nanometers below the surface.

Acknowledgment. We thank Tadeusz Pakula for
providing the rheological data on the bulk polystyrene
and Svetlana Gourianova for help with the experiment.
Part of this work was funded by the Deutsche For-
schungsgemeinschaft in the frame of the Sonderfor-
schungsbereich 262, D13. The corrugated silicon sur-
faces were developed with the financial support by the
Deutsche Forschungsgemeinschaft (Schwerpunktpro-
gramm “Benetzung und Strukturbildung an Gren-
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