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Abstract

Nanoimprint lithography (NIL) is a next generation technology for fabrication of micrometer and nanometer scale

patterns. There have been considerable attentions on NIL due to its potential abilities that enable cost-effective and high-

throughput nanofabrication to the display device and semiconductor industry. To successfully imprint a nanosized pattern

with the thermal NIL, the process conditions such as temperature and pressure should be appropriately selected. This starts

with a clear understanding of polymer material behavior during the thermal NIL process. In this paper, a filling process

of the polymer resist into nanometer scale cavities during the thermal NIL at the temperature range, where the polymer

resist shows the viscoelastic behaviors with consideration of stress relaxation effect of the polymer. In the simulation,

the filling process and the residual layer formation are numerically investigated. And the effects of pressure and

temperature on NIL process, specially the residual layer formation are discussed.
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1. Introduction

Nanoimprint lithography (NIL) is a next generation

technology for fabrication of micrometer and nanom-

eter scale patterns. There have been considerable

attentions on NIL due to its potential abilities that

enable cost-effective and high-throughput nanofabri-

cation to the display device and semiconductor indus-

try [1,2]. Generally the NIL can be classified into two

major types, differing by curing methods of an

imprinted film of polymer on a substrate. These are

termed thermal NIL and ultraviolet NIL (UV-NIL)

types. In this paper, we focus on thermal NIL. For a

thermal NIL, the polymer resist is heated above its

glass transition temperature(Tg) during the imprinting

process. Then the resist is cooled below its Tg before

being separated from the mold. 

To successfully imprint a nanosized pattern with

the thermal NIL, the process conditions such as tem-

perature and pressure should be appropriately

selected. This starts with a clear understanding of pol-

ymer material behavior during the thermal NIL proc-

ess. So far, to provide an optimal process conditions,

many researchers have tried to investigate the poly-

mer material behavior during the thermal NIL [3-7]. 

In this paper, a filling process of the polymer resist

into nanometer scale cavities during the thermal NIL

at the temperature range of Tg<T <Tg + 70oC are ana-

lyzed with finite element model. In this temperature

range, the polymer resist shows the viscoelastic

behaviors with consideration of stress relaxation

effect of the polymer. In the simulation, the filling

process and the residual layer formation are numeri-

cally investigated. And the effects of pressure and

temperature on NIL process, specially the residual

layer formation are discussed.

2. Analysis

2.1. Viscoelastic behavior of the polymer

The material behavior of thermoplastic polymer

resists as a function of temperature is classified into

three states as shown in Fig. 1. In the first region,

where the temperature is below Tg, called the glassy†E-mail : kimkug1@sch.ac.kr
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state, the polymer can be assumed to be an elastic

material. In the second region, where the temperature

rises above Tg, called the rubbery state, the polymer’s

viscosity steeply decreases with increasing tempera-

ture. In this state, the polymer displays dual responses

of reversible and irreversible deformation to mechan-

ical stresses, a property called viscoelasticity.  There-

fore, the polymer can be assumed to be a viscoelastic

material in the rubbery state. As the temperature rises

above the flow temperature(Tf), stress relaxation phe-

nomena act quickly and irreversible deformation

becomes dominant. In this flow state, the polymer

experiences fluid-like behaviors. In this paper, the

temperature range of the simulation was set to be

about Tg< T <Tg + 70oC, so the polymer was assumed

to be a viscoelastic material. 

2.2. Governing and constitutive equations

The governing and strain compatibility equation for

the stress analysis of viscoelastic material is as fol-

lows:

σij,j + ρfi = 0 (1)

(2)

where, σij, εij, fi are stresses, strains, and external

forces. 

Viscoelastic behavior is the time dependent

response of a material to stress and strain. In the class

of viscoelastic materials such as semi-molten state

(rubbery state) polymer, the application of constant

load is followed by a deformation, which can be

made up of instantaneous deformation (elastic effect)

followed by continual deformation with time (viscous

effect), which results in the decay of the applied load

and in termed as relaxation. Viscoelastic stress relaxa-

tion can be illustrated with mechanical elements, that

is, springs and dashpots, where the spring represents

the elastic behavior and dashpot represents viscous

behavior. The generalized Maxwell model was used

to represent the stress relaxation behavior of the poly-

mer during the thermal NIL process in this paper. In

the stress relaxation form, the constitutive relation can

be given by the following hereditary integral formula-

tion [8]:

(3)

where the functions Gijkl(t) are called stress relaxation

functions and t and τ represents current and past time

respectively. The stress relaxation functions for mate-

rials with fading memory can be expressed in terms

of Prony or exponential series.

(4)

In the above,  is the equilibrium modulus at

infinite time,  is the relaxation strength,  is

the relaxation time and N is the total number of Prony

series terms considered.

For the case of thermoelastic problems, under the

assumption of thermo-rehelogically simple material, t

and τ can be replaced by the reduced times  and ,

which account for the superposition of time and tem-

perature. The reduced time (T, t) is defined as the

following equation:

(5)

where the term aT is the shift factor of the time-tem-

perature superposition principle. It is essentially a

material property relating the response at a tempera-

ture T to the response function at the reference tem-

perature To. In this paper, Williams-Landel-Ferry

(WLF) equation was used as the shift function. 
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Fig. 1. Typical deformation behavior of a thermoplastic

polymer as a function of temperature.
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2.3. Material property of the polymer

In this paper, we used the master stress relaxation

functions of the polymer resist, PolymethylMeth-

acrylate (PMMA) that calculated 10-element Pro-

ny series coefficients by Zhichao Song as shown in

Table 1 [9]. G
∞
 is 2.41MPa, Tg is considered as

110oC. The coefficients of WLF equation C1 and

C2are 12.796 and 74.787 respectively. 

2.4. Finite element model

As countless many repeated nanometer scale pat-

terns are defined on the mold, it is impractical to con-

sider all of them in the FE analysis. If the cross

sectional shape of mold is constant in one direction,

that is line pattern, as shown in Fig. 2, two dimen-

sional analysis is possible. Moreover, if the offset and

recess pattern of the mold is regular and symmetric,

we can assume a two dimensional plane strain model

of a unit cell of the patterned mold as a FE analysis

model by taking repeated symmetric boundary condi-

tions into account, as illustrated in Fig. 3: where h0

denotes the initial resist polymer thickness, S and hm

correspond the width and height of the raised area of

the repeated pattern, and W is the width of the

recessed are of the repeated pattern respectively. The

analysis employs a commercial nonlinear finite ele-

ment method code ABAQUS [10], where step type is

Visco and element type is CAX4R.

The initial thickness of the polymer resist, h0 is 220

nm and the shape parameters of mold pattern, hm, W,

S are 300 nm, 100 nm, 200 nm respectively. Anti-

adhesion coating was covered in the mold in order to

minimize the deformation and the defect of the poly-

mer resist. Therefore, contact conditions of the sur-

face in the mold set frictionless conditions. The

application of load linearly increased up to 20 s as

shown in Fig. 4 and then held 3 MPa at the constant

value to 600 s. During the pressing process, the tem-

perature of the polymer resist is 180oC(Tg+ 70 oC)

and keeps uniform.

log10aT T( )
−C1 T−T0( )

C2 T−T0( )+
------------------------------=

Fig. 2. Schematic diagram of geometrical definition of

NIL.

Fig. 3. Finite element model and boundary conditions.

Table 1. Prony series constants for the shear stress

relaxation functions of PMMA .

n λ
n
(sec) G

n
(MPa)

1 3.9780E-06 1.0456E-01

2 8.0000E-05 1.3355E-01

3 1.5400E-03 1.2741E-01

4 2.3630E-02 1.6223E-01

5 2.1832E-01 1.9654E-01

6 1.0730E+00 1.5835E-01

7 7.0342E+00 8.6638E-02

8 8.3983E+01 2.0769E-02

9 4.3456E+03 6.7752E-03

10 1.6603E+06 3.1756E-03
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3. Results

Fig. 5 shows the result of the filling process with

the time-dependent changes in thermal NIL process,

from 0 to 600 s, by pressing the mold under the proc-

ess conditions of 3MPa and 180oC, and Fig. 6 shows

the corresponding residual layer variation of the poly-

mer resist. At the early stage of the filling process, up

to 20 s, the imprinting depth become deeper and the

polymer deformations larger with the pressure increas-

ing. During the polymer resist is filling into the cavity

from 0 to 150 s, the deformed shape of the polymer

resist has the convex shape. After about 150 s, under

the constant pressure condition, the imprinting speed,

that is, downward speed of the mold becomes slower.

From that time, the deformed shape of the polymer

resist is to be concave. About 250 s, the polymer

resist meets the top surface of the cavity and about

300 s, the polymer resist is completely filled in the

cavity. After 300 s, the residual layer thickness is con-

tinually thinning because of viscoelastic stress relaxa-

tion, and at this stage downward speed of the mold

becomes much slower, nearly constant, which is that

the polymer resist in the cavity is on compressive

pressure from walls of cavity. At the last time, 600 s,

the residual layer thickness is 36.211 mm. 

In summary, the curve of residual layer thickness is

classified into three stages. In the first region, with the

pressure increasing up to 20 s, residual layer curve

rapidly decreases. In the second region, where the

polymer resist is completely filled in the cavity, resid-

ual layer curve gradually decreases. In the last region,

the decrease rate of residual layer thickness is much

slower, nearly constant because of viscoelastic stress

relaxation of the polymer resist and compressive

pressure from walls of cavity.

Fig. 4. Imprinting pressure curve used in the simulation.

Fig. 5. Filling profiles and Von Mises stress distribution with time with 3 MPa and 180oC; (a) t = 10 s,(b) t = 30 s, (c)

t = 50 s, (d) t = 100 s, (e) t = 150 s, (f) t = 180 s, (g) t = 200 s, (h) t = 220 s, (i) t = 300 s, (j) t = 600 s.
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Fig. 7 shows the 3 different pressure curves, which

linearly increased to respectively 2.5 MPa, 3.0 MPa,

3.5 MPa up to 20 s and then held corresponding pres-

sure values  at the constant value to 600 s. Fig. 8

shows the variation of residual layer formation under

the conditions of 3 different pressures. During the

pressing process, the temperature of the polymer

resist is 180oC.For the cases of 3.5 MPa and 3.0 MPa,

the residual layer curves show the typical curves with

three stages, whereas for the case of 2.5 MPa, the

curve only two stages without the last region that

means that under relatively small pressure, the poly-

mer resist is barely filled in the cavity. In the case of

3.0 MPa pressure, the complete filling time to the

cavity is calculated to be about 300 s and in the case

of 3.5 MPa pressure, the complete filling time to the

cavity is calculated to be about 250 s. As the pressure

increasing, the residual layer thickness becomes thinner

and goes quickly in stable state. At 600 s, the residual

layer thickness is calculated to be 58.214 mm,

36.211 mm, and 26.048mm with corresponding to

2.5 MPa, 3.0 MPa, and 3.5 MPa respectively. 

Fig. 9 shows the variation of residual layer forma-

tion under the conditions of 3 different temperatures,

140oC, 160oC, and 180oC. During the pressing proc-

ess, the pressure value is 3MPa. It can be thought that

the temperature of the polymer resist influences NIL

process greatly. In the cases of 140oC and 160oC, the

polymer resist can not to be completely filled in the

cavity at the  last time, 600 s. Specially in the case of

140oC, the residual layer curve seem to be linear

curve with single slope over the considering time

range, up to 600s. The temperature, 140oC is near at

the glass transition temperature, 110oC, below which

the polymer can be assumed to be an elastic material.

At 600s, the residual layer thickness is calculated to

be 174.950mm, 80.924mm, and 36.211mm with cor-

responding to 140oC, 160oC, and 180oCrespectively. 

Fig. 6. Residual layer formation with time under the

conditions of 3 MPa and 180oC.

Fig. 7. Imprinting pressure curve with 3 different

pressure curves.

Fig. 8. Change of residual layer formation with time

under the conditions of 3 different pressures,

2.5 MPa, 3MPa and 3.5 MPa and 180oC.

Fig. 9. Change of residual layer formation with time

under the conditions of 3 different temperatures,

140oC, 160oC and 180oC and 3 MPa.
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4. Conclusions

In this study, the filling process in thermal NIL has

been numerically simulated with FEM and calculated

the residual layer with variation of pressure and tem-

perature. The following conclusions can be drawn. 

1. Under the assumption of a viscoelasticity for the poly-

mer resist, the filling process and the residual layer have

been numerically simulated with simplification 2D plane

strain model. The curve of residual layer thickness is

classified into three stages. In the first region, with the

pressure increasing up to 20 s, residual layer curve

rapidly decreases. In the second region, where the

polymer resist is completely filled in the cavity, resid-

ual layer curve gradually decreases. In the last region,

the decrease rate of residual layer thickness is much

slower, nearly constant because of viscoelastic stress

relaxation of the polymer resist and compressive

pressure from walls of cavity.

2. The effect of pressure on NIL process, specially

the residual layer formation is investigated. In the

cases of 3.0MPa and 3.5MPa, the residual layer

curves show the typical curves with three stages,

whereas for the case of 2.5MPa, the curve only two

stages without the last region that means that under

relatively small pressure, the polymer resist is barely

filled in the cavity. As the pressure increasing, the

residual layer thickness becomes thinner and goes

quickly in stable state.

3. The effect of temperature on NIL process, specially the

residual layer formation is investigated. The temperature of

the polymer resist influences NIL process greatly. In the

cases of 140oC and 160oC, the polymer resist can not to be

completely filled in the cavity. Specially in the case of

140oC, the residual layer curve seem to be linear curve with

single slope over the considering time range, up to 600s.

The temperature, 140oC is near at the glass transition tem-

perature, 110oC, below which the polymer can be assumed

to be an elastic material.
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