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In nanoimprint lithography �NIL� viscous flow in polymeric thin films is the primary mechanism for
the generation and the relaxation of the structures. Here we quantify the impact of confinement on
the flow rate. Pattern relaxation experiments were carried out above the glass transition temperature
as a function of film thickness. The results are adequately fitted by a simple expression for the flow
rate valid at all confinements. This expression, based on Newtonian viscosity, should be of use in
NIL process design and for the measurement of the rheological properties of confined polymers.
© 2011 American Institute of Physics. �doi:10.1063/1.3535614�

Surface textures offer an interesting paradigm for ad-
vanced properties in the areas of optics,1 adhesion,2 and
wetting.3 Efficient processes must be found for fast and low
cost production of elaborate surface textures on large sub-
strates. Nanoimprint lithography �NIL� potentially fulfills
these requirements.4–9 When pressing a textured mold onto a
soft film �resist� deposited on the surface, the film material
flows into the mask features. If the system is crosslinked or
quenched before the mold is released, permanent surface fea-
tures are obtained. Material flow in viscous thin films is the
primary mechanism for the generation and the relaxation of
the structures.

The effect of confinement on the flow in thin films is
twofold. On the one hand it has been demonstrated that the
intrinsic rheological properties of polymers may be altered
by confinement due to modifications of structure of the
material close to interfaces.10–14 On the other hand, confine-
ment will also directly impact the flow pattern. This param-
eter is prominent in a number of numerical studies of
embossing15,16 but there is still a good deal of confusion over
this issue. On the one hand, some studies of NIL reflow17,18

completely neglect the direct impact of confinement on flow
rate. On the other hand a model has recently been developed,
based on the lubrication approximation19 but its validity in
realistic cases has not been assessed. In this paper we mea-
sure the impact of confinement on the reflow of structures
imprinted on a low molecular weight polymer and propose a
simple analytic model valid in all confinement regimes to
account for the data.

The experiments were carried out on poly�methyl meth-
acrylate� �PMMA� �Sigma-Aldrich, St Quentin Fallavier�
�Mw=15 kg /mol, entanglement molecular weight �Me

=10 kg /mol�, bulk Tg=96 °C�. The bulk viscosity was
measured on macroscopic pellets by oscillatory frequency
sweep and strain sweep ��bulk=1.2�107 Pa s at 120 °C and
4.5�105 Pa s at 130 °C�. Thin films were spin-coated onto
clean Si�100� wafers. Thicknesses H �0.2, 0.3, 0.4, 1.0, 1.4,
and 2.0 �m� were adjusted by dilution in methyl-isobutyl-
ketone. The residual stresses and residual solvent in the film
were minimized by annealing at 170 °C during 20 min and
cooling down to room temperature in 4 h. A rectangular grat-

ing �wavelength ��2� /k=1.5 �m, amplitude 2h0=50 nm�
was generated by nanoimprint lithography using a 1 cm2

polydimethylsiloxane �PDMS� stamp. The stamp was ap-
plied on the film with a 50 N load, and imprint was carried
out at 170 °C for 1 h before cooling to room temperature in
15 min. The stamp was easily removed from the surface of
the film. Atomic force microscopy �AFM� scans of the sur-
faces attest that the amplitude of the replica is equal to the
mask feature amplitude. We then measured the relaxation
rate of the structures at constant temperature �above the glass
transition temperature Tg� as a function of film thickness.
Series of samples were annealed at Tr=120 °C or Tr

=130 °C and quenched to room temperature at regular inter-
vals. The final profiles were measured by AFM �Fig. 1�. We
found that the modulation amplitude decreases exponentially
as observed previously17,18,20 and that the relaxation rate de-
creases strongly when the thickness of the layer decreases.

The driving force for relaxation is the Laplace pressure
due to the curvature of the surface with surface tension �.
For small modulation amplitude h�t�sin�kx� the modulation
is expected to decrease exponentially with rate �−1, which is
consistent with the observations. For a half-space �uncon-
fined relaxation� it is found12 that
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FIG. 1. Decay of structure amplitude 2h as a function of annealing time for
various film thicknesses. The amplitudes are normalized by the initial value
2h�0�=50 nm. The annealing temperature is Tr=120 °C. The straight lines
are exponential fits from which the relaxation rate as a function of film
thickness is derived.
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�	
−1 =

�k

2�
. �1�

To account for the marked drop of the relaxation rate with
decreasing film thickness, we considered the lubrication
approximation19 which predicts a very sharp reduction of the
relaxation rate �lub

−1 with confinement

�lub
−1 = 3

2 �kH�3�	
−1. �2�

Figure 2 compares the measured relaxation rates as a func-
tion of normalized film thickness kH for annealing tempera-
tures equal to Tr=120 and 130 °C with the predictions from
the lubrication approximation, which demonstrates that a
more complete model is needed. Following Huang,21 we
have developed a two-dimensional model assuming Newton-
ian viscosity. No-slip boundary conditions at the interface
with the solid were assumed due to strong anchoring of
PMMA on the silicon surface.22,23 For arbitrary confinement,
the relaxation rate is found to scale down from the uncon-
fined relaxation rate �	

−1 as �−1=R�kH��	
−1, where

R�kH� =
exp�2kH� − exp�− 2kH� − 4kH

exp�− 2kH� + 2 + exp�2kH� + 4�kH�2 , �3�

which is typical for two interacting parallel interfaces.24,25 In
the half-space limit R�kH� goes to 1 �unconfined� while Eq.
�2� is recovered for small kH.

Comparing Eq. �2� and Eq. �3� �Fig. 2�, we find that the
lubrication approximation is valid for small wave vectors
kH
0.3, i.e., for feature periods large compared to the film
thickness H
� /20. For a less severe confinement the relax-
ation rate grows more slowly than �kH�3 finally saturating at
the unconfined limit �	

−1 when 3
kH �or �
2H�. R�kH� fits
our data reasonably well with no other adjustable parameter
than the unconfined flow rate �Eq. �1��. Using a surface
tension26 �=41 mJ m−2 we infer viscosities �relax=5.2
�107 Pa s for PMMA at 120 °C and �relax=6.0�106 Pa s
at 130 °C.

Reasonably good agreement is obtained although the re-
duction of the flow rate in the confined regime is somewhat
more progressive than the simple Newtonian fluid prediction.
We note that the material viscosity evaluated from the fit,
which mainly reflects the flow rate in the thick film limit
kH�1, is one order of magnitude higher than the measured
bulk viscosity, quite similar to other literature results.27 Al-
though the Tg of such thick films is not expected to be af-
fected by interface effects,10,14 film material may differ from

bulk due to fast drying conditions during spin coating, short
annealing time28 and possible impact of the embossing pro-
cess, such as diffusion of the smaller PMMA molecules in
the PDMS stamp. However the differences between films
should be limited, so that it is the thickness variation which
primarily impacts the flow rate and Eq. �3� provides an ad-
equate approximation for the impact of confinement as
shown on Fig. 2.

Impact of confinement can be visualized on representa-
tive horizontal velocity profiles taken at x=0 where the hori-
zontal component of the velocity is maximum �Fig. 3�. For
large values of kH �here for kH=10� the flow extends into
the film over a penetration depth commensurate with the
period � and the interface does not impact the flow distribu-
tion. Confinement �here for kH=1� results in a marked dis-
tortion of the flow, pushing the flow maximum to the surface
and resulting in a drop of the flow rate �Fig. 2�. Severe con-
finement �kH=0.1� results in the quadratic in-plane velocity
distribution characteristic of the lubrication approximation.
We insist that the relevant measure of confinement is the
ratio of the feature wavelength to the film thickness �kH�−1.
In contrast, the structure amplitude h�0� does not impact the
relaxation rate at this level of modeling.

As a conclusion, we have demonstrated that direct con-
finement effects on the flow pattern can be taken into account
in flow rate prediction using a simple analytic formula for
the flow rate. This equation holds for all degrees of confine-
ment, including many realistic NIL configurations. The
model has been validated through flow rate measurements as
a function of film thickness. It may be used for flow rate
assessment both for structure stability against reflow and for
material flow into the structures during embossing or to iden-
tify dominant flow modes.16 In another area, it may also be
of use for the assessment of the rheological properties of
very thin polymeric films per se.

We thank Stéphane Roux, Elin Søndergård, and Aurélie
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project �Contract No. NMP2-LA-2008-214249� for funding.
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FIG. 2. Normalized flow rate measured in relaxation experiments performed
at Tr=120 °C �open square� and at Tr=130 °C �closed square� are plotted
as a function of normalized film thickness. Models: lubrication approxima-
tion �Eq. �2�, plain line� and full confinement model �Eq. �3�, dashed line�.
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FIG. 3. Horizontal component of the velocity profile at x=0 for unconfined
flow �kH=10�, intermediate confinement �kH=1�, and confined flow �kH
=0.1, inset�. The flow profiles directly illustrate the transition between half
space flow distribution with penetration depth of the order of the pattern
period to the parabolic profile characteristic of the lubrication
approximation.
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