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The authors describe in this paper a fast and cost-effective method to measure the viscoelastic proper-

ties of a thin polymer film from the reflow of nanoimprinted patterns. The material is spin-coated

onto a silicon substrate and specially designed nanopatterns are imprinted on the film using thermal

nanoimprint. A first measurement of the imprinted profile is done by atomic force microscopy

(AFM). The film is then heated at a definite temperature above the glass transition temperature during

a definite time. The film is rapidly cooled down and the reflowed profile is again measured by AFM.

Spectral densities of the profiles are computed using standard Fourier transform algorithms, and the

viscoelastic properties are computed as fitting parameters of an evolution model for the spectral

density of the topology. The originality of our method is based on the accurate spatial description

of the imprint rather than on its temporal decay. Using our approach, we measured the viscoelastic

properties of a 205 nm-thick polystyrene (molecular weight 130 kg/mol) film, assuming a single

relaxation time Maxwell model.VC 2012 American Vacuum Society. [DOI: 10.1116/1.3664088]

I. INTRODUCTION

NanoImprint Lithography (NIL) emerged in the mid-

1990 s1 and has been rapidly considered as a high resolution

and high throughput patterning technique. Despite a huge de-

velopment of imprinting equipments, stamp manufacturing

processes, imprint processes, dedicated materials, and me-

trology approaches, a complete simulation toolbox of NIL is

still lacking. Characterization of flow properties of melted

polymer at macroscopic scale is now quite an easy task to

perform from classical measurement devices devoted to vol-

ume rheology. However, in NIL processes, resist film thick-

ness is ranging from several tens of nanometer up to several

hundreds of nanometer. In such configuration, surface phe-

nomena play a decisive role with significant deviation for

viscous flows properties.2

Existing methods to measure the viscoelastic properties

of fluids at nanoscopic scale are usually based on the nuclea-

tion and growth rate of holes in a dewetting polymer film,3,4

atomic force microscopy (AFM) probing,5–7 or relaxation

dynamics of a surface relief. In the latter case, we can distin-

guish between methods where the topography is either

induced by thermal fluctuations,8,9 or imprinted by a mold,

using common nanoimprint techniques.10–14 The dynamics

is probed using x ray photon correlation microscopy, or

more generally by light scattering techniques. In this

approach, attention is given to the time evolution of the fun-

damental spatial frequency of the shape, and viscoelastic

properties are determined from the measured relaxation

time. In many cases, neither the exact topology nor the ther-

mal dependence of the optical index of the material are

known, and a delicate data processing is needed.

In this paper, we present a method to measure the visco-

elastic properties of a thin polymer film from the reflow of

nanoimprinted patterns. We focus our efforts on the accurate

spatial determination of the film surface, rather than on its

temporal evolution, and we extend the method formulated by

Leveder et al.15,16 AFM measurements with a spatial resolu-

tion lower than 1 nm are used to extract the spectral density of

the topography at two different times of the reflow. The me-

chanical properties of the film are extracted from the compari-

son of these two densities, with a robust analytical model. The

imprinted patterns are specially designed to provide relevant

spectral densities, in order to perform measurements in a large

range of mechanical properties and temperatures.

II. METHOD

In this section, we present the main steps of the method,

drawn in Fig. 1. The material (polymer) is spin-coated onto a

silicon substrate (a) and the film thickness is measured by

ellipsometry. We begin with imprinting the film by thermal

nanoimprint1 (b), using a specially designed mold which will

be described hereafter. After demolding at room tempera-

ture, a first measurement of the imprinted profile is done by

AFM (c). The film is then heated at a definite temperature

above the glass transition temperature (Tg) during a definite

time (d). The film is then rapidly cooled down and the

reflowed profile is again measured by AFM (e). Spectral

densities of the profiles are computed using standard Fourier

transform algorithms. The viscoelastic properties are fitted

from the spectral density evolution of the topology,

described in the next section.

At temperature above Tg, the film flows under surface ten-

sion15,17,18 and reaches a steady state when the surface

energy of the free interface is minimum; in other words

when the film is completely flat. During the reflow process,a)Electronic mail: etienne.rognin@cea.fr
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high frequency features tend to disappear faster than general

shapes, resulting in the smoothing of the patterns, which has

been observed in numerous experimental works.19–21 The

decay rate of each mode is given by the mechanical proper-

ties of the film. The measurement of this spatial filtering is

then used to compute the viscoelastic properties of the

material.

III. MODEL

We assume a two-dimensional flow [Fig. 1(f)] described

by the laws of continuum mechanics. The film thickness is

the local and instantaneous function hðx; tÞ, written:

h ¼ h0 þ ~hðx; tÞ, where h0 is the mean thickness of the film

(over time and space). In order to derive a simple analytical

model for the flow, we assume that the deviation of the free

surface from the mean thickness value is small; in other

words that ~h=h0 � 1. The standard boundary conditions are:

no slip at the bottom interface and surface tension at the top

interface. Here we neglect the disjoining pressure.22

This kind of microfluidics system was previously solved

by Henle and Levine23 for the characterization of spontane-

ous capillary waves, using a Fourier analysis. With the Fou-

rier transform hðxÞ ! ĥðkÞ, the evolution model for the

spectral density is

ĥðk; tÞ ¼ ĥðk; 0Þ � exp �
t

sðkÞ

� �

; (1)

where t is the duration of the reflow and sðkÞ is the decay

rate of the mode k. The decay rate s ¼ 1=ix is given by a

dispersion relation computed from the mechanical equations

and the boundary conditions

h0GðxÞ

c
þ f ðkh0Þ ¼ 0; (2)

where c is the surface tension, GðxÞ is the complex shear

modulus,24 and f is a dimensionless function of the normal-

ized wave vector kh0, given by

f ðkh0Þ ¼
sinh kh0 cosh kh0 � kh0

2kh0 cosh
2 kh0

k2h20: (3)

For a Maxwell fluid with a single mode, GðxÞ ¼ � ixg

/ð1� ixsxÞ; where g is the viscosity at slow strain and sx is

the relaxation time. Note that at rapid strain, the material

behaves like an elastic solid of shear elasticity G ¼ g=sx.
From the dispersion relation we get

sðkÞ ¼
gh0

cf ðkh0Þ
þ sx: (4)

Finally, Eqs. (1) and (4) give the theoretical damping

function

ĥðk; tÞ

ĥðk; 0Þ
¼ exp �

1

Ca� f ðkh0Þ
�1 þ De

!

; (5)

where the dimensionless parameters are the capillary number

Ca ¼ gh0=ct and the Deborah number De ¼ sx=t. The theo-

retical function of Eq. (5) can be fitted to the experimental

damping factors ĥðk; tÞ=ĥðk; 0Þ, and the two parameters g

and sx can then be extracted.

IV. MOLD

From the previous section and especially from Eq. (1), we

see that there are two ways to extract the mechanical proper-

ties of the film, by measuring either the exponential temporal

decay of a single mode,8–14 or the damping factor for each

mode at a given time. Since we focus on the second method,

in order to ensure relevant data, the spectral density of the

imprinted profile has to be as rich as possible, but keeping

the profile short enough to be measured by a single AFM

scan. We present below a patented approach to designing a

mold with such a profile.

We can define a pattern shape mðxÞ of length L, of depth

2 ~m by the modulation function

mðxÞ ¼ ~m� sign cos

ðx

0

kðnÞdn

� �� �

; (6)

where kðnÞ is the local wave vector. Note that if kðnÞ ¼ k1
(the pattern is periodical), then mðxÞ ¼ ~m� sign cos k1x½ �.
The choice of the function kðnÞ is essential to determine the

spectral density. A uniform spectral density (same weight

given to low and high frequencies) is achieved by

kðxÞ ¼ kmax þ ðkmin � kmaxÞ �
x

L
; (7)

where kmin and kmax are, respectively, the minimum and the

maximum local wave vectors. This function kðnÞ is relevant

FIG. 1. Main steps of the viscoelasticity measurement method: (a) Material

coating. (b) Nanoimprint. (c) First AFM measurement. (d) Reflow. (e) Sec-

ond AFM measurement. (f) Symbols use in the model description.
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for AFM scans, but other functions could be selected

depending on the measurement equipment.

The next section presents an implementation of the

method to measure the mechanical properties of a polymer

thin film

V. EXPERIMENTS AND DISCUSSION

Low molecular weight (Mw ¼ 130 kg �mol�1) monodis-

perse (Mw=Mn < 1:06) polystyrene (PS 130 k) solution is

spin-coated onto 8 in. silicon substrates. Prior to coating PS,

an O2/N2H2 (2150 sccm/240 sccm) plasma is performed dur-

ing 180 s at 543 K in order to obtain a homogeneous 4 nm-

thick SiOx layer. The glass transition temperature

(Tg ¼ 1026 1 �C) is measured by differential scanning calo-

rimetry (DSC). The value of the surface tension is given in

the literature24 and is c ¼ 326 2 mN �m�1. The thicknesses

of the coated polystyrene films were measured by ellipsome-

try and were h0 ¼ 2056 1nm. The imprints of the patterns

were made at 13 bars and at temperature Tg þ 80 �C where

the elastic stress relaxes quickly (measured by disk rheometry

to be less than 1 s) in comparison to the imprint time (which

was at least 10min). The mold was manufactured in CEA-

LETI clean room using electron-beam lithography and silicon

etching processes. This 8 in. silicon stamp was coated with an

anti-sticking layer.25 A constant residual layer is achieved

thanks to the small depth of the pattern (70 nm), and to the

small length of the pattern (40 lm) compared to the thickness

of the mold (750 lm). Demolding was performed at room

temperature. Figure 2 shows an AFM image of the imprinted

pattern just after demolding. The residual layer is 170 nm, and

the pitch of the lines ranges from 416nm to 4.5 lm.

Figure 3 gives an example of a reflow experiment. The

PS 130 k film was annealed at 140 �C during t ¼ 30 s. The

low-pass filtering behavior of the reflow is clearly confirmed

on Fig. 3, both by the AFM profiles and the spectral densities

where high order modes disappeared after annealing.

The damping factor ĥðk; tÞ=ĥðk; 0Þ is computed from the

spectral densities, and the parameters of the damping model

[Eq. (5)] are fitted to the experimental points (Fig. 4). The ex-

perimental result of Fig. 4 shows that a viscoelastic Maxwell

model is more relevant to describe the flow than a purely

viscous model, especially for high spatial frequencies. The

result of the fitting is Ca ¼ 0:996 0:20 and De ¼ 0:36
6 0:086. The final parameters are g ¼ 5:7 6 1:2� 106 Pa s

and sx ¼ 106 2:4 s.
The method was used to measure the viscoelastic proper-

ties of PS 130 k at various temperatures. Results are reported

in Fig. 5. Both the viscosity [Fig. 5(a)] and the relaxation

time [Fig. 5(b)] exhibit an exponential decrease as tempera-

ture increases, which is consistent with the time-temperature

equivalence.26 A specific comparison with bulk rheology

based upon the work of Majeste et al.27 can be made. The

authors studied the viscoelastic properties of polystyrene

samples of numerous molecular weights. They extracted the

parameters of the Vogel model giving the viscosity g of

polystyrene of molecular weight Mw as a function of

temperature:

FIG. 2. AFM images of an imprinted pattern just after demolding. The

imprinted depth was 70 nm.

FIG. 3. Single temperature measurement example. Polystyrene (Mw ¼ 130

kg �mol�1) was annealed at 140 �C during 30 s. (a) AFM Profiles of the

imprinted profile before and after annealing. (b) Fourier transforms of the

AFM profiles.

FIG. 4. Damping factor ĥðtÞ=ĥð0Þ as a function of the normalized wave vec-

tor. Experimental points are fitted with two models: a purely viscous model

(sx ¼ 0) and a viscoelastic single mode Maxwell model. Inset: arbitrary lev-

els of the cost function v2 (least squares fitting of the Maxwell model) show-

ing a single minimum. The fitted parameters are Ca ¼ 0:996 0:20 and

De ¼ 0:366 0:086.
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gðMw; TÞ ¼ Aref exp
B

af ðT � T1refÞ

� �

�
Mw

Mref

� �3:4

; (8)

where Aref , B, af , and T1ref are the parameters of the model

for a given referenced molecular weight Mref . The exponent

3:4 accounts for the dependence of viscosity on molecular

mass above the critical mass Mc � 35 kg �mol�1. Table I in

Ref. 27 gives for Mref ¼ 110 kg �mol�1: Aref ¼ 3:691
�10�2 Pa s, and T1ref ¼ 49:6 �C. The parameter B=af does

not depend on mass, and is B=af ¼ 16206 50 K. The model

curve (8) is plotted on Fig. 5(a) and reasonably accounts for

experimental data above 120 �C. We can also estimate the

shear modulus G ¼ g=st associated with the terminal relaxa-

tion time st of polystyrene in the entangled regime, given by

the following equation:

GðTÞ ¼
qðMw; TÞRT

Me

; (9)

where qðMw; TÞ is the mass density of polystyrene [given by

formula (19) in Ref. 27], R is the gas constant, and

Me � 17 kg �mol�1 is the entanglement molecular mass.

Curve (9) is plotted on Fig. 5(b). Although the computed mod-

ulus does not exactly fit with the experimental values, it gives

a consistent order of magnitude and accounts for the low de-

pendence of the experimental shear modulus on temperature.

The terminal time stðTÞ ¼ gðTÞ=GðTÞ is also plotted on

Fig. 5(b). The large discrepancy with experimental data for

low temperatures suggests that the observed relaxation time

at these temperatures may not be the terminal time but a

relaxation time (or a combination of times) associated to

faster dynamics.27

VI. CONCLUSION

In this paper, we presented a method to measure the

viscoelastic properties of polymer thin films from the reflow

of nanoimprinted patterns. We derived a complete and accu-

rate model for the spectral density evolution of the topology.

Contrary to previous similar approaches, emphasis was put

on the spatial description rather than the temporal decay of

the patterns. With this model, we could develop relevant

stamp designs with spatially modulated patterns to optimize

experimental measurements and to ensure fruitful data proc-

essing. Our approach was then successfully applied to mea-

sure the viscoelastic properties of PS 130 k. Our method

does not require a dedicated equipment since it makes use of

imprint tools and AFM. It is then a fast and cost-effective

method to measure the rheologic properties of polymer thin

films.
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