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Abstract 
We investigated the deformation of the viscoelastic 

polymethyl methacrylene (PMMA) resist wherein a rigid 
SiO2 stamp with a rectangular line pattern is imprinted 
for thermal nano-imprint lithography (NIL). We 
calculated the stress distribution in the polymer resist 
during the molding process by finite element method 
(FEM). Our simulation results revealed asymmetric von 
Mises stress distribution for the polymer around the 
external line, which is due to the squeezing flow under 
the flat space. The stress seems to concentrate at the 
sidewall which is close to the centerline of the whole 
structure. Our simulation revealed that micro gap is 
formed between the replicated structure and the outer 
wall of the mold. 
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I. INTRODUCTION 
One of the most important micro/nanofabrication 

technologies is lithography, which transforms 
micro/nano-scale patterns to certain substrate, such as 
silicon, metal, and polymer. Conventional lithographic 
methods, such as electron beam lithography, focused ion 
beam lithography, optical projection lithography, 
extreme UV lithography and X-ray lithography, have 
been widely used in the fabrication of nano-scale devices. 
However, there are a lot of issues yet to be resolved in 
these methods. The cost of these conventional 

lithographic methods is also extremely high for most 
potential applications [1]. 

In this sense, nano-imprint lithography (NIL) is one of 
the most promising techniques for pattern transfer. NIL 
relies on a direct mechanical deformation of the resist 
material and can therefore achieve resolutions beyond 
the limitations which are set by a light diffraction or a 
beam scattering. It enables both high resolution up to 
sub-25 nm which is not accomplishable in 
photolithography and fast throughput compared to serial 
processing methods such as electron beam or scanning 
probe microscopy (SPM) lithography, so it is expected as 
an alternative lithography method to conventional ones 
[2]. In addition, NIL is expected to realize a low cost and 
high-throughput production. In the thermal NIL process, 
a high speed imprinting was reported such as a role-to-
role imprint. In order to improve the NIL technology, it 
is essential to understand the deformation behavior of 
polymer during the imprinting process. Success of the 
pattern transfer in NIL depends on exact deformation of 
a polymer resist according to stamp patterns and clear 
separation of a stamp from a polymer resist [3]. 

Despite the prospective potential for nano-scale 
pattern transfer, there are few literature publications on 
the numerical modeling on NIL processes [4-6]. The goal 
of this study is to study the mechanical behavior of 
imprinted polymer resist during molding in thermal 
imprint lithography. Basic rules of stress distribution and 
evolution were extracted from the results of finite 
element method (FEM) simulation and explained in the 
light of viscoelastic property of Polymethyl 
methacrylene (PMMA). 
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In this work, we modeled the NIL process and 
employed commercially available software, COMSOL 
Multiphysics, for the implementation of our model. In 
this paper, we report the stress distribution of the 
polymer deformation process on the imprinting pressure. 
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II. SIMULATION METHODOLOGY 
Where ε and γ are the normal strain and shearing 

strain. 
In this computational study, an implicit algorithm was 

employed for solving the following governing equations. 
[7] 

 
Strain compatibility equation 
Strain compatibility equation is based on the 

consideration of the continuum assumption. When we 
analyze the strain-displacement behavior, we must 
ensure the continuity of material before and after 
deformation. [8] 

 
The continuity equation 
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The Navier-Stokes momentum equation 
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In these equations, t is the time, 
 

is the velocity 
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ix , ρ  is the density, μ  is the 

dynamic viscosity, if is the body force component in 

ix and ijσ , 
 
denote the stress and strain tensors, 

respectively. 
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Strain-displacement equation 
Strain-displacement equations describe the basic 

relations between displacement and strain. 
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In summary, to obtain the stress distribution by finite 
element method (FEM), firstly, the force load is 
transferred to strain load, then displacement load by 
constitutive equation and strain-displacement equation, 
respectively. Then, the continuity equations and strain 
compatibility equations are solved by finite element 
method (convert differential equation to linear equation 
group) and we calculate the displacement for each 
element. Finally, the strain and stress for each element 
are derived from displacement data by strain-
displacement equation and constitutive equation in 
sequence. 
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III. SIMULATION RESULTS AND 
DISCUSSION 

 Figure 1 is a schematic diagram illustrating the 
physical model for imprinting process. The mold has five 
line patterns with 800 nm wherein the width is 50 nm 
and the height is 50 nm. Each line pattern is at interval of 
50 nm. The polymer materials we employed in our 
simulation were PMMA and the imprint temperature was 

140℃. The SiO2 mold was modeled as a rigid body, and 

the PMMA resist was modeled as a visco-elastic material. 
Table 1 shows the material constants used for our 
numerical analyses. The pressure of 50 MPa was applied 
on the top of the mold and kept constant for various time 
periods during pressing process. After the pressing 
process, PMMA specimens were quickly cooled down so 
that the specimens almost preserve the shape at the end 
of the pressing process.  

 
Fig. 1. Schematic diagram illustrating the physical model. 
 
Table 1. Material constants of PMMA resist. 

Material constant Value 

Young’s modulus 3 GPa 

Poisson’s ratio 0.4 

Heat capacity 1420 J / K 

Thermal expansion coefficient 7.0 107 K-1 

Thermal conductivity 0.19 W / (m K)

Density 1190 kg / m3 

 
The simulated 3-dimensional profile of stress 

distributions on the polymer are shown in Figure 2. The 

contour of simulated results represents the residual von 
Mises stress. The major cause of the residual von Mises 
stress is the thermal shrinkage in cooling process 
uniformly. The nonuniformity of the residual von Mises 
stress is caused by the distribution of viscous strain at the 
end of the pressing process. 

 
Fig. 2. Simulated 3-dimensional profile of stress 
distribution on the polymer. 

Figures 3(a), 3(b) and 3(c) are cross-sectional profiles 
of von Mises stress distribution of the polymer on x-y, y-
z and z-x plane, respectively. These calculated results 
exhibits asymmetric von Mises stress distribution of the 
polymer around the external line caused by the squeezing 
flow under flat space. Referring to Figures 3(a), 3(b), and 
3(c), we can see that the local stress reaches maximum 
near each contact interface, from symmetric centerline to 
the edge. Similarly, the stress concentrates locally both at 
the corner of transition zone between the replicated 
patterns and residual layer. However, different highest 
local stress values are revealed depending on the relative 
distance to the symmetric centerline. 

Considering a certain micro cavity which is located 
away from the symmetry center, our simulation result 
shows that both sides of the walls of the micro cavity are 
highly stressed. The stress is concentrated at the sidewall 
close to the centerline of the whole structure and micro 
gap was formed between the replicated structure and the 
outer wall of the mold. 
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We proposed a numerical model for imprinting a rigid 
SiO2 stamp into a visco-elastic polymer resist, which is 
essential for simulating the pattern transfer and for 
figuring out its related phenomena in thermal NIL. The 
behavior of polymer deformation was investigated in 
detail by means of stress distribution analysis. In the 
imprint process, significant compressive stress was found 
to be generated under the stamp pattern due to the 
compression of the polymer resist, which causes the 
polymer to flow and to fill the cavity of the stamp for 
both patterns. Our simulation results imply that the FEM 
simulation will make possible the theoretical prediction 
of the de-molding process as well as determination of a 
range of process parameters which will allow the 
successful de-molding even at the stage of a process 
design in an economical and reliable manner. 
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