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Abstract. Hot imprint process for thermoplastic polymers iseoof the technologies for
manufacturing of micro-fluidic and micro-optical mmponents. It combines both microscale
resolution and high throughput. In a hot imprimbgass a rigid stamp is pressed onto a polymer
substrate so that micro-patterns can be replic®ebtjcarbonate is one of the most important
engineering materials in this process. Howeverjinear relationship between temperature and
elasto-plastic behavior of this material has narbeery well understood until now. This paper
explores the development and application of fielement model for studying of polycarbonate
substrate behavior under thermal load in ordewvaluate temperature and displacement fields
as well as stresses formed during hot imprint pgec&he model of this process includes heat
transfer, structural mechanics as well as contaetyais and supports nonlinear structural-
thermal analysis with contact, large deformatiarg] the use of temperature-dependent elasto-
plastic material formulation. The thermal loads applied by means of convective boundary
conditions. Simulations were performed with COMS@ltiphysics software using heat
transfer transient and structural plane strainmpatec analysis types.

Keywords: elasto-plastic, hot imprint, thermo- mechanicalping, thermal contact.

1. Introduction

Recent advances in nano-fabrication technologie® lyven great attention to processes
based on imprint forming (Fig. 1). The exceptiooapabilities of this technology in terms of
highly parallel throughput, low cost, ease of inmémntation and ability for achieving high
resolution are among the main reasons driving tierest for researching, establishing and
applying such manufacturing capabilities [1]. Firao- and micro-scale structures and patterns
are required for the production of a wide rangeahponents and heterogeneous systems such
as mini-fluidics and bio-chemical sensors, optaetedcs, photonics and health monitoring
systems.

Although several techniques exist for imprint fongisuch as hot embossing, laser pulse
assisted nano-imprint lithography, etc. they alliag the same basic process steps outlined
above. Hot embossing is an effective method toidate micro- and nano-structures on a
polymer substrate. However, to apply hot embossiogsubmicron- or nano-structure
fabrication, it is important to better understar tphysical and chemical mechanisms of
polymer deformations and fillings [2]. Furthermote,fabricate nano- and micro-combination
structures by hot embossing it is essential to stigate the fabrication process in order to
obtain defect-free components [3]. Whereas thegicdl applications use thermoplastic
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polymers as the standard formable material, theiimforming is indeed possible for a wider
range of materials. Thermoplastic material such PadyMethyl-MethAcrylate (PMMA),
PolyCarbonate (PC), Cyclic Olefin Copolymers (CO&)d Cyclic Olefin Polymers (COP) are
emerging as materials of choice for the hot imfmmt The generality of this process calls,
therefore, for a study of the risk of potentialetd§ of the formed pattern and the quality of the
manufactured structures that can occur as thetre§uhe melting of the material and the
release of the structure from its mould. Thesealsfaclude, for example, material shrinkage,
inaccuracies in shape replication, cracks, etc.

MOLD Apply i Mold release

Lm—l—mm—' pressure pressure

POLYCARBONATE POLYCARBONATE PL’O LHYCHARBHONHATHE

a) Basic material b) Hot imprint process ¢) Demudgprocess
Fig. 1. Steps of imprint process of periodical microstanet

Mechanical properties and material behavior of fihvenable material in hot imprint are
extremely important when identifying optimal prosesnditions for the manufacture of defect-
free nano-structures. Most applications in hot imtpare based on polymeric materials that
have suitable properties for the particular metluddsoftening the material. An accurate
determination of the critical material parametegboty and above th€&, of the material is a key
requirement for the numerical simulation. This sgtuthvestigates the process with
polycarbonate, one of the most common polymers irstite fabrication of fine patterns.

The imprint pressure is another process paramed¢ihis a major impact on the quality of
the replication. An insufficient pressure would uksn an incomplete filling of the pattern
grooves and may lead subsequently to shape de@mtwersely, high imprint pressures should
also be avoided as this will cause high residusdsses in the cured polymer during the
subsequent process steps.

The main issue at the final step of hot imprinassociated with defects resulting from the
mold removal. Ideally, the polymer should have kighdhesion to the substrate and much
lower adhesion to the mould to secure defect-feeeoval of the mold.

A parameter that defines how strong two surfacesadhered to each other is the adhesion
energy. It is the energy required to de-bond théasas and depends typically on the surface
energies of the polymer and the mould materialpfianote easy release of the mold from the
polymer, the mould should have lower surface enemypared with the surface energy of the
substrate, or should be subjected to an anti-drickayer treatment [4].

In this paper, finite element method (FEM) was ugeduild a model of hot imprint process
in order to understand the behavior of the polyoadbe in each step.

2. Mathematical model of the hot imprint process ad results

Majority of hot embossing processes include thtepss The first is heating and applying
the pressure step, the second is maintaining thedmture and pressure step and the third is
the demolding step [5]. Hot imprint process modeludes heat transfer, structural mechanics
and contact analysis. The model is capable of neali structural-thermal analysis with contact
and large deformations. Temperature-dependent ialapeoperties were used in the model [6].
The thermal loads were applied using convectiventaty conditions.
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The simulations were performed using COMSOL Mulyigibs finite element software. Fig.
3 presents a schematic illustration of the FE mod&ich comprises the rigid mold and the
polycarbonate substrate. As shown, both the motumgéry and the loading conditions are
symmetrical (Fig. 2), and thus the simulation mod®h be simplified to a 2-D plain strain
model with symmetric boundary conditions (Fig. 3)8]. Also, the material behavior of the
polycarbonate is defined as elastic-plastic.

In the Fig. 3 h,=100nm is the depth of the cavity of the periodic matracture and
h, =3mm is the thickness of the polycarbonate. Theahitemperature of the stamp and
polycarbonate is 293 K. Molding temperature= f (T,t) is a function of heating temperature
(T — temperature (Kelvin)) and time- time (second)). The imprint temperature is 421 K

pressure
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Fig. 2. Geometric definition of the hot Fig. 3. Computational domain and boundary conditions
imprint process

In this model hot imprint process is divided intarete steps: heating, imprinting and
demolding. In hot imprint process a polycarbonage heated below its glass transition
temperature and the mold is pressed into the pdipcete.

At the heating step the polymer is linearly hediedn T, =293K to T =421K and the

polymer is assumed to be elasto-plastic body.

During the process of imprint, polycarbonate deforamd contact forces appear between
polycarbonate and stamp. The lamellar micropraffliehe stamp is partially filled with heated
deformed polycarbonate.

The process of demolding lasts a very short peoiotime at the working temperature of
421 K. Therefore temperature reduction in the parlgonate may be neglected.

In this model displacement in horizontal and veitidirections of the polycarbonate in
contact edge (Fig. 4) was analyzed in each hotiithprocess step. Heating process lasts only

3.10""s (Fig. 5). At the beginning of this procesd<(t < 15-10°") the integral displacement
in x direction is equal to zero because at this tingetémperature of the polycarbonate is still

near the initial temperature. The shifts of theypatbonate were observed frot6-10"s to

27-10""s. Polycarbonate is elastic therefore polymer ftoencontact with mold areas shifts to
the empty cavity of the mold. The cavity of the thok partially filled with heated

polycarbonate. At the time 02.7-10°' s deformations of the polycarbonate cease. It mgans
heating process is steady.
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Fig. 4Contact edge in the model
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Fig. 6. Integral displacement ixdirection of the contact Fig. 7. Deformed polycarbonate after
edge in the imprint step imprint step

In the imprint step Q<t<14-10"s) the integral displacement module xndirection

increases linearly (Fig. 6). After imprint step empty area remains between the mold and the
polycarbonate (Fig. 7).
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Fig. 8. Integral displacement ixdirection of the contact edge in demolding step
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In the demolding step the integral displacementufeth x direction increases step by step
(Fig. 8). It is because the mold goes up discreetly

3. Conclusions

The deformation behavior of the polycarbonate dptirot imprint process was analyzed
using COMSOL Multiphysics software. A constitutimeodel was presented to evaluate the
deformation behavior of the polycarbonate duringitmprint process. A finite element analysis
was conducted to observe the deformation behaviopalycarbonate during hot imprint
process. In this study, the developed numerical ehasl based on elasto-plastic material
formulation and enables effective prediction ofymaér behavior during imprinting. The model
has been proposed to predict the profiles of pohimguding simulation of polymer filling and
its recovery after demolding. The deformation asizlyin each hot imprint step allows
identification of polymer behavior in each time teng. Simulations revealed that after the
imprint step an empty area remains between the aruddoolycarbonate.
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