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The surface dynamics of thin molten polystyrene films supported by nanoscale periodic silicon line-

space gratings were investigated with x-ray photon correlation spectroscopy. Surface dynamics over these

nanostructures exhibit high directional anisotropy above certain length scales, as compared to surface

dynamics over flat substrates. A cutoff length scale in the dynamics perpendicular to the grooves is

observed. This marks a transition from standard over-damped capillary wave behavior to suppressed

dynamics due to substrate interactions.
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The behavior of soft matter and liquids over surfaces
with nanoscale topography is an important area of active
investigation in condensed matter physics and biology,
with relevance to wetting phenomena [1,2], dewetting
[3,4], self-assembly [5,6], and cellular adhesion [7,8].
The nanoscale surface topography strongly influences
thin film wetting and morphology due to a confluence of
van der Waals (vdW) interactions and surface tension
effects. Examples include the wetting on complete [9] or
partial nanoscale capillaries [1]. Furthermore, thermal liq-
uid surface fluctuations (capillary waves) [10,11] can lead
to film rupture and dewetting with unique patterns and
morphologies [3,4,12,13]. The physics of liquid surface
dynamics are of special interest in ultrathin polymer melts
under vertical confinement where thicknesses approach the
radius of gyration, Rg, of the macromolecule and suppres-

sion (slowing) of dynamics due to viscoelastic effects
occurs [14]. Such confinement can alter film wetting
behavior [4].

Surface dynamics of molten flat, uniform-thickness sup-
ported polymer films above the glass-transition tempera-
ture, Tg, have been extensively studied [14–17]. For molten

polymer films, thick compared to the polymer radius of
gyration Rg, the isotropic surface dynamics agree well with

over-damped thermal capillary wave theory [15,18]. For
ultrathin molten polymer films, with thickness 1–3 times
Rg, viscoelastic effects suppress surface dynamics; when

the thickness reaches Rg, no dynamics are observed [14].

In the present study, we investigate surface dynamics in a
more complex thin polymer film system with laterally
anisotropic thickness defined by a nearly flat polymer-air
interface and a Si nanoscale line-space grating substrate
(see Fig. 1). To the authors’ knowledge, this is the first time
surface dynamics have been investigated in such a system,
though wetting in similar systems has been previously
studied [1,2,19,20]. This novel system makes possible
investigation of dynamics across ultrathin regions where

viscoelastic effects are paramount. Our system includes
ultrathin regions (� 3Rg) over the grating lines, where

one expects viscoelastic and confinement effects, and
thicker, bulklike (well above 4Rg) regions, where confine-

ment effects are expected to be negligible [14], and vdW
substrate interactions and surface tension forces together
induce an intrinsic periodic curvature to the polymer film
that is quasiconformal to the underlying nanoscale grating
[2,19]. X-ray photon correlation spectroscopy (XPCS) [21]
was used to measure the wave vector dependence of the
relaxation time for the capillary wave surface dynamics,
quantifying dynamics in directions parallel and perpen-
dicular to the long axis of the grating substructures over
a range of temperatures well above the PS Tg. The resulting

capillary wave dynamics are dramatically different in the
two orthogonal directions. Parallel to the channel direction,
our results can be described by the simple capillary wave
model for flat isotropic films [15,18] using an effective film
thickness as described below. In the perpendicular direc-
tion, however, we observed a characteristic length scale
above which surface dynamics are strongly suppressed.
This cutoff appears to be related to the capillary cutoff
wave vector where the surface tension and vdW compo-
nents balance [11] and is remarkably larger than the peri-
odicity of the underlying grating. This suggests that
capillary waves may propagate through ultrathin regions,
which show complete suppression in the flat film of the
same thickness.
Samples were prepared by spin-coating solutions of

3.7% by mass loading of PS with Mw ¼ 97 000 g=mol
and polydispersity index 1.05 (Scientific Polymer
Products Inc. [22]) dispersed in toluene over etched line-
space silicon diffraction gratings (Light Smyth) at
2000 rpm, 1620 rpm=s for 60 s. The corresponding PS
Rg is 8.4 nm [14]. Immediately prior to spin-coating,

gratings were cleaned with standard RCA1 and RCA2
processes [23]. AFM of the bare gratings reveal 112 nm
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tall lines with periodicity of 278 nm, a line-width of
129 nm, and a duty cycle of one. Spun-cast films on these
gratings were then annealed under vacuum at 180 �C (well
above the PS Tg ¼ 100 �C) for 20 h to remove residual

toluene and stress from the spin-casting process. AFM of
the post-annealed sample [Fig. 1(a)] shows that the PS
forms a continuous film without rupture over the nanoscale
channels. Periodic height fluctuations of amplitude 1–2 nm
in the PS film correlate with the periodicity of the under-
lying nanostructure and reflect a balance of vdW and
surface tension forces [19]. A cross section is illustrated
(with exaggerated curvature) in Fig. 1(b).

Room temperature x-ray reflectivity (XRR) measure-
ments to extract the polymer film thickness profiles were
performed at the 8-ID-I beam line of the Advanced Photon
Source (APS), Argonne National Laboratory in the per-
pendicular configuration as shown in Fig. 1(c). The x-ray
energy was 7.35 keVand a representative XRR profile from
the sample is shown in Fig. 2(a). XRR is well suited for
measuring nanoscale patterns [24] and buried interfaces
providing the average electron density normal to the inter-
face. Using the standard Parratt [25] formalism with a

3-layer model for electron density, combined with AFM
data for linewidth and grating period, we extracted the film
thickness profile from XRR fitting. The top two layers
describe the PS above the nanoscale grating and the com-
bination of polymer and grating, respectively. A third layer
at the bottom of the channels, corresponding to bottom
curvature of the channels, was required for good quality
fitting. This bottom curvature was also observed with AFM
and was likely an etching artifact. Slight deviations
between the fit and the XRR data arise from nonzero
sidewall angles and details of the curvature at the bottom
of the channels that are not accounted for in the simple
3-layer model, which was primarily set up to determine PS
film thickness across the sample. The resultant 3-layer
model fit (normalized to the silicon electron density, �1)
is shown in Fig. 2(b), with corresponding AFM data (aver-
aged over several microns along the grating). The AFM
line profile combines measurements from the bare grating
and the PS film illustrated in Fig. 1(b). For visual compari-
son, the AFM data were shifted in the z direction to align
with the interfaces in the electron density profile. From
XRR fitting, the PS film thickness over lines is approxi-
mately 21� 5 nm (All uncertainties denote �1�) and
130� 5 nm over the channels. From AFM, the root
mean square roughness value is 0.3 nm and the height
variation is 1–2 nm over the PS surface, with the larger
XRR value of roughness due to variations in the PS film
averaged over large areas not accounted for with local
AFM measurements. Note that, as the coefficient of ther-
mal expansion for PS is roughly 7:5� 10�4=�C and 5:5�
10�4=�C below and above Tg, respectively [26,27], we

expect that these thickness values will expand by no
more than 5% as the temperature is increased to 180 �C
and thermal expansion will have a negligible effect on our
interpretation of the dynamics. The capillary wave relaxa-
tion dynamics [14,28] were measured by XPCS on the
8-ID-I beam line of the APS, at 7.35 keV. Beam dimen-
sions were defined with slits to be 20 �m� 20 �m, com-
parable to the x-ray coherent lengths of 7 and 200 �m in

FIG. 2 (color online). (a) XRR data and fit (solid line) based on 3-layer model for the PS-grating combination. [(b), top] Electron
density fit, normalized to Si. [(b), bottom] Corresponding AFM averaged line-profile data for the PS film (indicated by crosshatching)
and the bare grating have been plotted on the same scale for comparison. AFM line profiles have been shifted along z, to align with the
electron density profile.

FIG. 1 (color online). (a) AFM image of the annealed PS film
over the submerged nanoscale grating. ‘‘Hills’’ and ‘‘valleys’’
correspond to the lines and channels, respectively. (b) Cross-
section illustration of the sample. (c) XRR and XPCS geometry.
Note that for XPCS, the sample was measured in both perpen-
dicular (shown) and parallel (sample rotated in-plane 90�)
configurations.
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the horizontal and vertical directions, respectively. The
partially coherent x-ray beam scattered by the instanta-
neous arrangement of thermal capillary fluctuations pro-
duces ‘‘speckle’’ in the far-field scattering. By calculating
the temporal autocorrelation function of the speckle inten-
sities and fitting this with a single exponential decay
function, we extracted the time-dependent relaxation of
the capillary waves according to the procedure described
in Refs. [15,29] with additional detail given in the
Supplemental Material [30]. This single time-scale analy-
sis represents the most straightforward approach to fitting
the data. A more complex dual time-scale fitting analysis is
described in [30]. XPCS measurements were performed at
grazing angle with the x-ray beam either parallel or per-
pendicular to the grating lines as illustrated in
Fig. 1(c). These are referred to as the parallel and perpen-
dicular configurations, respectively. The grazing angle of
0.14� was below the PS critical angle, to ensure that XPCS
measurements only probed the polymer surface with a
penetration depth of 9 nm. Thus, x-ray speckle contrast
results from height fluctuations at the polymer-air inter-
face; static contributions from underlying Si topography
are negligible [15]. Two-dimensional grazing incidence
small angle x-ray scattering patterns were recorded on a
2D charge-coupled area detector 4 m downstream from
the sample. Scattering over the wave vector Q range of

1� 10�4 �A�1 to 1� 10�3 �A�1 was collected with acces-
sible time scales of 1 to 1000 s. XPCS data were collected
under vacuum at sample temperatures between 140 �C and
180 �C where the PS behaves as a viscoelastic liquid.

The wave vector dependence of the capillary wave
relaxation time scales are shown in Fig. 3(a) for the parallel
configuration at 140 �C, 150 �C, 170 �C, and 180 �C.
XPCS measurements in this parallel configuration are
dominated by capillary wave dynamics along the channels,
while perpendicular measurements are dominated by dy-
namics perpendicular to the channels. Cross-correlation
between the parallel and perpendicular modes is not
assumed in this analysis. In the parallel direction, relaxa-
tion times were fit [Fig. 3(a), solid lines] as a function of
the in-plane wave vector Q, with the expression used for
flat-film relaxations [15,18]:

�½Q� ¼ 2�½cosh2ðQhÞ þQ2h2�
�Q½sinhðQhÞ coshðQhÞ �Qh� ;

where � and � are the bulk viscosity and surface tension,
respectively. For this flat-film approximation, h represents
an effective film thickness for the dynamics, which is
affected by the relative interactions of the capillary waves
with the channels. To determine hwe assigned �=� values
interpolated from the literature for this molecular mass of
PS as a function of temperature, leaving h as the only
free fit parameter. From Refs. [26,31] the values of �=�
are approximately 4:3� 10�2 s=nm, 7:8� 10�3 s=nm,
5:9� 10�4 s=nm, and 2:2� 10�4 s=nm, for T ¼ 140 �C,

150 �C, 170 �C, and 180 �C, respectively. Fit values for
the effective thickness are then 168� 2 nm, 153� 3 nm,
141� 7 nm, and 104� 6 nm, respectively, for T ¼
140 �C, 150 �C, 170 �C, and 180 �C. These effective film
thickness values are of the same order of magnitude as
the thickness measurements over the channel of
130 nm � 4Rg. At 140

�C, h is approximately 130% the

maximum thickness, decreasing to 80% at 180 �C. This
cannot be accounted for by polymer thermal expansion
(5% at 180 �C, with the opposite trend), but may be due
in part to the assumption of bulklike viscosity, as thin film
confinement is known to affect this parameter [33].
Another issue arises from the first-order nature of our
approximation of the nanostructured surface as an effective
surface. The decrease in h with increasing temperature is
indicative of a secondary effect. In particular, decreasing h
may be caused by increased capillary wave amplitude and
thus increased substrate interactions at elevated tempera-
tures, leading to additional dynamics suppression at lowQ.
Relaxation time constants as a function of wave vector

Q, measured in the perpendicular configuration, are shown
in Fig. 3(b) for temperatures of 140 �C, 150 �C, and
170 �C. Data at 180 �C was not measured in this geometry
due to the close similarity between the results observed in
the parallel configuration between 170 �C and 180 �C.

FIG. 3. (a) Capillary relaxation time constants as a function of
wave vector Q for temperatures T ¼ 140 �C, 150 �C, 170 �C,
and 180 �C in the parallel configuration. Solid lines are fits to the
data based on the flat-film model. (b) Capillary relaxation time
constants for temperatures T ¼ 140 �C, 150 �C, and 170 �C in
the perpendicular configuration. Solid lines are the fit curves
from the parallel data. The vertical dashed line represents the
cutoff wave vector Qc calculated in the text.
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In this configuration, XPCS probes dynamics propagating
perpendicular to the channels, across the submerged cor-
rugations. It is apparent from the data that the relaxation
dynamics in the perpendicular configuration are radically
different from those in the parallel configuration. A strik-
ing cutoff is observed for all temperatures at low Q. Fits
(solid lines) from the parallel configuration data for the
three temperatures are shown superimposed over the
perpendicular data without modification, in the high Q
range with good agreement. However, for low Q values

below approximately 4:3� 10�4 �A�1 (a length scale of
�1:45�m), the time scales for all temperatures superim-
pose and indicate dramatically suppressed dynamics. This
transition is more pronounced at higher temperatures,
though even the 140 �C data does not agree well with the
‘‘flat-film’’ model at the low-Q values. Moreover, the
temperature dependence in the low Q range is negligible,
indicating static or pinned behavior of the polymer. The
low Q data cannot be fit well with the flat-film capillary
wave model with any value of effective thickness. Since
previous XPCS studies [14] have observed significantly
suppressed dynamics in films with thickness 1–3Rg, we

expect that dynamics at low Q (larger length-scales) are
governed in part by regions over the lines where the
thickness is 2–3Rg. When the film thicknesses drop below

2Rg, chain confinement effects become important. The

chains in such thin films are highly confined and have
much greater surface interactions, similar to those of a
grafted polymer brush [14,32]. In the case of grafted
polymer brushes, long-wavelength (� � Rg) fluctuations

require relatively large lateral chain displacement to main-
tain monomer density and therefore have a high entropic
penalty [34]. This penalty suppresses long-wavelength
dynamics relative to Rg. A more complex treatment of

the XPCS data for the perpendicular geometry using two
time scales is given in the supplemental materials section.
This alternate analysis suggests a possible combination of
fast and slow dynamic behavior, where the slower dynam-
ics dominate the behavior at low Q.

In our system, the nonuniform thickness introduces
lateral anisotropy due to locally varying vertical confine-
ment of the polymer. The nanoscale grating channel width
is 129 nm, and yet we do not observe the transition to
suppressed dynamics until much larger length-scales of
1:45 �m, which is roughly 5 periods of the underlying
grating. This suggests that shorter wavelength modes may
propagate across the ultrathin regions with thick-film-like
dynamics. Otherwise, a transition length scale of approxi-
mately 129 nm should be observed. This adds new insight
to previous studies [14] where all capillary wave dynamics
were found to be significantly suppressed in ultrathin
polymer films with thicknesses of 1–3Rg.

The interplay between surface tension and vdWpolymer-
substrate interactionsmay also contribute to the transition to
suppressed dynamics along the perpendicular direction.

This is evident by the sinusoidal surface undulations in the
PS filmmeasured with AFM and shown in Fig. 1(a). Surface
tension acts to smooth or flatten the PS film, as there is an
energetic penalty for film curvature, while the vdW
polymer-substrate interactions act to make the film nearly
conformal to the underlying structure [19]. Thus, the meta-
stable [35] equilibrium state of the PS film over the sub-
mergednanoscale grating is not flat, but has theweak surface
corrugation correlating with the substrate. At small length
scales and high Q, the surface tension dominates. At some
value of Q ¼ Qc, however, there is a crossover to a vdW
interaction dominated region at low Q. For Q<Qc the
substrate interactions add additional penalty to surface
height fluctuations. In the ultrathin region this Qc corre-
sponds to a cutoff length scale, � ¼ 2	=Qc, which is
given by [11]

� ¼ d2
�
2	�

Aeff

�
1=2

;

where Aeff is the effective Hamaker constant for PS on
silicon. The parameter d is the PS film thickness over the
grating lines since the vdWeffects from the channel bottoms
are negligible [2]. Based on an effective Hamaker constant
[36] Aeff ¼ 1:8� 10�20 J, surface tension � ¼ 31 mN=m,
and film thickness of 21 nm over the lines, � � 1:45 �m
which agrees remarkably well with the observed transition
from fast to slow dynamics. The corresponding Qc is
denoted in Fig. 3(b) as a vertical dashed line. We point out
that this is only a first-order approximation, and full analysis
must include the system’s periodic geometry. Nonetheless,
this simple approximation elucidates fundamental physical
behavior of the system.
We have used XPCS to investigate capillary wave dy-

namics of thin molten polymer films coated over sub-
merged nanostructured gratings. This is a novel area of
investigation where the vertical confinement is no longer
uniform. The polymer film thickness over the tops of the
grating lines is 2–3Rg, which is known to significantly

suppress dynamics in the flat uniform-thickness films due
to viscoelastic confinement effects [14]. Film thickness
over the channel regions is considerably thicker, roughly
130 nm � 16Rg, where confinement effects and vdW sub-

strate interactions are negligible. Capillary wave dynamics
propagating parallel to the channels are in good agreement
with the simple viscous film model, with an effective
thickness close to the film depth over the channels.
However, the capillary wave dynamics across the channels
are dramatically different due to the combination of the PS
film curvature and confinement effects arising from the
vdW interactions with the substrate and the ultrathin nature
of the PS film over the tops of the silicon lines. Below
a cutoff length scale (Q>Qc), dynamics are nearly iden-
tical to the parallel direction dynamics; above it, the dy-
namics are markedly suppressed and nearly temperature
independent. The cutoff length-scale is remarkably well
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represented by the crossover from surface tension domi-
nated to vdW dominated interactions between the PS and
the substrate. This value is several times the periodicity of
the grating, indicating that capillary waves may propagate
through ultrathin regions of the polymer film, which has
not been observed previously. These observations may
have important impact on the design of nanoscale topog-
raphy for template dewetting [4] of nanoscale patterns and
on the understanding of the ultrathin polymer film physics.
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