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In this paper, we address the reflow behavior of polymer thin films, focusing our effort on the accuracy of

surface shape recognition. Although much work was already performed to control resist reflow during

lens manufacturing for instance, our approach is significantly different since no contact line (substrate/

polymer/atmosphere) needs to be considered. Here, a linear stability approach is successfully developed

to describe the thin film evolution which is also compared with experiments. Polystyrene films, with

thickness ranging from few tens of nanometers up to several hundred of nanometers were patterned with

NanoImprint lithography technique. Atomic force microscopy measurements were used to characterize

smooth or steep shapes, respectively. Mechanical measurements of earlier stages of pattern reflow were

directly accessible without any assumption, contrary to the diffraction method usually employed. We

show that by controlling the reflow process of any complex surface shape during the course of time, mea-

surements of material parameters such as thin film viscosity, surface tension, or even Hamaker constant

can be made possible.

1. Introduction

Surface dynamics of viscous polymer films have been widely

studied for fundamental purposes [1] and microelectronics appli-

cations as well [2,3]. Ultra-thin film manufacturing appears to be

a key point of nanotechnology engineering and numerous studies

have been recently led in order to exhibit driving parameters of

viscous smoothing dynamics of a nanopatterned thin film. Charac-

terization of flow properties of polymer melts at macroscopic scale

is easily performed by classical measurement devices devoted to

volume rheology. In NanoImprint Lithography (NIL) processes, re-

sist film thickness is ranging from several tens of nanometer up

to several hundred of nanometer. In such configuration, surface

phenomena increasingly play a decisive role which induces signif-

icant deviation for viscous-driven flows properties. Several exper-

imental approaches, mainly based on scattering correlation

methods onto iso-dense patterns (line width = space width), have

been carried out [3–6]. These techniques provide a very high time

resolution, but data on shape evolution depends on ab initio geo-

metrical models used for the diffraction analysis. To our knowl-

edge, up to now, no study had associated detailed theoretical

aspects and specific nanoscale experiments.

In this paper, we address the reflow behavior of thin polymer

films, focusing our attention on the accurate detection of surface

shape during the course of time. Although a large amount of work

was already performed to understand and control resist reflow for

lens manufacturing [7], our approach distinguishes itself from

existing state of art since dynamics of the contact line (substrate/

resist/atmosphere) does not need to be considered in order to

model our system based on a supported thin film. An analytical

solution describing the system evolution is proposed in this paper

and compared with experiments. Although this work was per-

formed on polystyrene two-dimensional patterns, our approach

may be extended to any kind of viscous material and feature

shapes.

2. Experiments

A low molecular weight ðMw ¼ 27:5 kg mol
�1
Þ monodisperse

ðMw=Mn < 1:06Þ polystyrene (PS) solution is spin-coated onto 8 in.

silicon substrates. The glass transition temperature ðTg ¼ 102 �

1 �CÞ is measured by Differential Scanning Calorimetry (DSC). The

thickness of coated polystyrene films ranges from h0 ¼ 27 nm up

to 237 nm and is measured by ellipsometry. Polystyrene films are

subsequently patterned with NIL technique [8,9] (Fig. 1). Iso-dense

line gratings with a pitch ranging from 2 lm up to 8 lm are

imprinted at 145 �C under a pressure of 3:18� 105 Pa, during

300 s. The imprinted lines are 30 nm high. Contrary to standard
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NIL processes, the residual layer is not removed by plasma etching

and resist features as-imprinted will be used in this study. Given

the mold design (printed line size = spacing between two lines),

the residual layer thickness is ranging from 12 nm (for

h0 ¼ 27 nm) up to 222 nm (for h0 ¼ 237 nm). PS features are then

annealed above Tg and cooled down to room temperature in less

than one second. Patterns are further characterized by Atomic Force

Microscopy (AFM) measurements performed at a spatial resolution

lower than1 nm.As previously shown [2], for the temperature range

considered in this work, pattern shapes are not significantly modi-

fied by a quench. Both usual conic and flared tips [10,2] are used to

characterize smooth or steep shapes, respectively (Fig. 1). Therefore,

mechanical measurements of earlier stages of pattern reflow are di-

rectly made possible without any assumption, contrary to diffrac-

tion method usually employed [3].

3. Model

Pattern reflow may be seen as a process driven by a minimiza-

tion of the surface free energy slowed down by the viscous shear

across the polymer film [4,11]. Assuming a two dimensional

pattern with a mean thickness h0 and a surface topography charac-

terized by the local instantaneous surface elevation hðx; tÞ ¼ h0 þ
~hðx; tÞ, the reflow can be described frommomentum equation com-

pleted by mass conservation equation. As shown by Oron et al. [1],

due to the creeping kinetic of flow at large viscosity and the small

angles thin film geometry, the momentum and mass conservation

equations reduce to the Reynolds lubrication equation:

@th ¼ @x

h
3
@xp

3g

 !

ð1Þ

where @xp is the pressure gradient and g is the Newtonian viscosity.

For nanoscopic isothermal thin films, the pressure gradient is usu-

ally created by two types of forces: the van der Waals forces

(long-range molecular forces) and the surface tension [1]. It can

be written as:

@xp ¼
A

2p
�
@xh

h
4
� c� @3

xh ð2Þ

where A is the Hamaker constant related to the van der Waals forces

in the system Si–PS–Air and c is the surface tension. Using this

expression for the pressure gradient into Eq. (1), we get:
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The resulting evolution equation for the thickness h is a non-linear

equation which generally cannot be solved analytically. In order to

obtain an analytical expression for h at any time, given any initial

shape, we must linearized the evolution equation under the

assumption that ~h � h0. We get:
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The solving of Eq. (3) by a spectral approach is then straightforward.

The thickness is expressed as a Fourier series in space whose coef-

ficients depend on time:

hðx; tÞ ¼
X

þ1

�1

anðtÞ exp in
2p
k

x

� �

where k is the period of the imprinted grating (or in the case of a

non-periodic patterns, it is the length of the whole sample) and

anðtÞ is the complex amplitude of the mode n. According to Eq.

(3), each Fourier mode of order n follows an exponential decay

whose relaxation time sn is given by:

1
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¼ n
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Finally, the evolution of the film is described by:

hðx; tÞ ¼
X

þ1

�1

anð0Þ exp �
t

sn
þ in

2p
k

x

� �

ð5Þ

The coefficients anð0Þ are given by the Fourier transform of the ini-

tial thickness.

Fig. 1. NanoImprint process (a and b). Reflow experiment (c–e) and atomic force microscopy measurements with flared and conic tips.
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From Eq. (4) we can state that if the dimensionless ratio

Ak2=ð8p3ch4
0Þ is much smaller than 1, the van der Waals forces

can be clearly neglected. If we consider a typical order of magni-

tude for the Hamaker energy, A ¼ �10�19 J [12], and for the PS free

surface tension c ¼ 34 mNm�1 [13], then in our experimental lay-

out van der Waals forces have an insignificant contribution to the

flow except for the largest pattern ðk ¼ 8 lmÞ imprinted in the

thinnest film ðh0 ¼ 27 nmÞ.

Provided that the van der Waals forces can be neglected, Eq. (4)

reduces to:

sn ¼
3g

ch3
0

�
k

2pn

� �4

ð6Þ

Eq. (5) clearly points out the fact that the flow smoothes the high

wavelengths of the film geometry.

4. Results and discussion

Fig. 2 shows AFM views of typical imprinted patterns used in

this study. Fig. 3a reports the surface profile reflow at an annealing

temperature of Tg þ 43 �C of a k ¼ 2 lm iso-dense imprinted line

array and confirms that surface effects tend to smooth the film.

Iso-dense pattern is a special case where high spatial frequencies

quickly disappear in favor of a monochromatic topography. It is

possible to plot the decrease of the pattern height versus the

annealing time (Fig. 3b). That decrease is consistent with the law

of Eq. (6), and the decay time s1 can be extracted and the viscosity

finally computed. We get s1 ¼ 369 s, and with c ¼ 34 mNm�1 it

follows that g ¼ 3:0� 104 Pa s.

The decay time s1 was easily determined from a significant

height decrease of reflowed patterns. However, even for larger per-

iod and shorter corresponding annealing times, height evolution

may be used to determine characteristic reflowing time more pre-

cisely. Indeed, neglecting van der Waals contribution, and using

simplified Eq. (6), knowing the relaxation time sn, for a given pro-

file of the initial pattern k, it is possible to calculate the relaxation

time s0n for any other geometry of spatial periodicity k0, because the

temporal and spatial scales are directly connected. Since all arrays

are iso-dense line grating, there are described by the same anðtÞ

coefficients. All arrays of different periods will go through the same

reflowing shapes during annealing, but with different velocities. In

order to compare different geometries, the time scale may be thus

renormalized using the following ratio:

sðk2Þ
sðk1Þ

¼
k1

k2

� �4

ð7Þ

We use Eq. (7) to normalize the annealing time of 4, 6 and 8 lm line

gratings, respectively, to get the same time scale as the one of the

2� lm line grating. In other words, a feature with a period

k1 ¼ 2 lm exhibiting a given reflow shape for an annealing time t,

will present the same shape as a feature with a period k2 at an

annealing time of t�, provided that:

t� ¼
k1

k2

� �4

� t

Fig. 4 represents the height evolution of patterns for normalized

annealing times ranging from 0:02 s (corresponding to 50 s for

Fig. 2. AFM images of two typical imprinted patterns.

Fig. 3. Reflow of a 2 lm line grating. The annealing experiments were performed at

145 �C ðTg þ 43 �CÞ between 50 and 1200 s. (a) AFM (3D and 2D) cross section

profile evolution of the pattern. (b) Decrease of the pattern height fitted with the

spectral model.

Fig. 4. Height evolution of the pattern for an annealing process ranging from 50 up

to 1200 s. The real annealing times for the 4, 6 and 8 lm are normalized by the

factors 1=24; 1=34 , and 1=44 , respectively. The annealing temperature is Tg þ 43 �C.
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8 lm line grating) to 1200 s. On the same figure, the spectral model

is represented making use of the time scale s1 ¼ 369 s. The pattern

amplitude evolution is well described by our spectral approach with

a correlation coefficient of 0.97 over the whole profile. This demon-

strates that our approach allows us to describe any reflowing

shapes even at early annealing time, which was not possible with

previous works.

The viscosity of polymer melts can be extracted using the pre-

viously described technique at various temperatures. A similar

experiment was performed at Tg þ 15 �C and exhibits a much high-

er viscosity. This thermodependence of viscosity corresponds to a

well-known behavior of a polymer material validated at macro-

scopic scale (polymer bulks). Extensively studied by William

et al. [14], these authors proposed a constitutive law well adapted

to describe thermal behavior for most of amorphous polymers:

gðTÞ
gs

¼ exp �c1
T � Ts

c2 þ T � Ts

� �

ð8Þ

with c1 and c2 two parameters and gs the dynamic viscosity at the

temperature Ts. Results are summed up in Fig. 5 and are consistent

with data from previous authors.

5. Conclusion

In this paper, we proposed a new and accurate approach for di-

rect polymer thin film viscosity measurement. We monitor pattern

reflow manufactured by NanoImprint lithography to extract the PS

viscosity from relaxation kinetic. Using PS films thick enough com-

pared to pattern height, low molecular weight and low imprint-in-

duced stresses, we demonstrated that even the first-stages of

reflow were faithfully described by a dedicated viscous model.

Our results clearly demonstrate that the whole reflow process is

dominated by viscous damping. With the spectral analysis of the

reflow dynamics proposed in this paper, we show that this ap-

proach provides two main advantages: first, whatever the initial

surface shape is, the spectral decomposition of topography can

be computed; and then, whatever the pattern wavelength and film

thickness are, the decay time of the reflow process can be deduced

from the quasi-ideal configuration of long-time reflow of iso-dense

patterns. As a consequence, viscous reflow of organic or mineral

material may be rigorously computed and profile evolutions can

be predicted with a very high precision within an error less than

3%. As a way to validate this new methodology, we determine

the viscosity of a low molecular weight (27.5 kg/mol) thin PS film

(from 27 up to 237 nm) at a different temperature and we find

good agreement with WLF law and data in literature.
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