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Abstract
Nanoimprint lithography (NIL) has attracted broad interest as a low cost method to define nanometer scale patterns
in recent years. A major disadvantage of thermal NIL is the thermal cycle, that is, heating over glass transition temperature
and then cooling below it, which requires a significant amount of processing time and limits the throughput. One of the
methods to overcome this disadvantage is to improve the cooling performance in NIL process. In this paper, the
performance of the cooling system of thermal NIL is numerically investigated by SolidWorks Flow Simulation program.
The calculated temperatures of nanoimprint device were verified by the measurements. By using the analysis model, the
effects of the change of flow velocity and cooler location on the cooling performance are investigated. For the 6 cases
(0.1 m/s, 0.5 m/s, 1 m/s, 3 m/s, 5 m/s, 10 m/s) of flow velocity and for the 6 cases of distances (50 mm, 40 mm, 30 mm,
20 mm, 10 mm, 1 mm) of cooler location, the heat conjugated flow analyses are performed and discussed.
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processing time and limits the throughput. One of the
methods to overcome this disadvantage is to improve
the cooling performance in NIL process. There have
been some research papers for solving thermal
problem of thermal NIL, which can be classified into
two group; one is for low temperature NIL [3-5], the
other is for cooling performance [6, 7].
In this paper, continuing authors’ previous research
[7], numerical analyses are performed for the
efficient cooling system in thermal NIL. With the
thermal analysis model developed previously, the
effects of the change of flow velocity and cooler
location on the cooling performance are investigated
and discussed.

1. Introduction
Nanoimprint lithography (NIL) is one of the most
versatile and promising technology for micro/nanopatterning due to its simplicity, high throughput and
low cost [1, 2]. It can be utilized in semiconductor,
display and solar cell industry. A typical process of
NIL is that a mold with nanostructures on its surface
is pressed against a substrate coated with a resist
material, to replicate patterns by physical or chemical
methods. In general, NIL is classified into two types
according to the resist materials and the process
conditions: thermal NIL and ultraviolet NIL (UVNIL). Thermal NIL is the earliest and most mature
one. Thermal NIL sets the thermal cycle to heat up
the imprinted resist polymer over its glass transition
temperature (Tg), while the high pressure is preserved
during the hot embossing procedure as shown Fig. 1.
A major disadvantage of thermal NIL is the
thermal cycle, which requires a significant amount of

2. Imprint equipment
The imprinting equipment used in this study was a
pressure chamber type system with double chambers.
Since isotropic pressure was used, the pressing force
can be delivered to a large area substrate effectively
and uniformly. In this way, as large as 6 inch diameter
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Fig. 1. Typical temperature and pressure evolution during
a thermal nanoimprint lithography process.

Fig. 3. CAD model of chamber, heater and cooler: (a)
cross section of chambers - (1) upper chamber,
(2) lower chamber, (3) heater, (4) cooler; (b)
cooler shape.

Fig. 2. A pressure vessel type imprinting system.

wafers could be imprinted by single step imprinting.
A schematic diagram of the imprinting equipment is
shown in Fig. 2. A thick copper plate with attached
heater and the lower cooler of the plate were used for
the thermal imprinting lithography.
Detail description about the imprint system with
double chambers is as followings. Fig. 3(a) is the
cross section view of double chambers, showing
upper chamber (1) and lower chamber (2). In the
lower chamber, there are the heater (3) and the cooler
(4). In the upper chamber, there is the rubber diagram,
through that the uniform pressure can be transferred
to the stamp when highly pressurized nitrogen gas is
supplied. The lower chamber includes vacuum pipes,
heater and water cooler. With the vacuum state in the
lower chamber, the uniform pressure can be applied
to the substrate. The heater and the cooler have ability
to elevate the lower chamber up to 200oC. Fig. 3(b)
shows the inside shape of water cooler. The water is
supplied to the middle of cooler and flows along
circle channel with taking the heat from the heater.
Fig. 4 shows the picture of the imprint equipment
with upper chamber and lower chamber.
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Fig. 4. Imprint equipment.

3. Analysis
3.1. Analysis model

For the initial temperature in the analysis, measuring
the temperature of the chamber was performed. With K
type thermocouple and infrared thermometer (HS33CT,
measuring range: 32 ~ 300oC), the temperatures of 4
points on the chamber, that is the upper chamber, the
lower chamber, the heater and the cooler, were
measured and were assigned as the initial temperatures
of each part in the chamber as shown in Fig. 5. For the
heat conjugated flow analysis, Flow simulation of 3D
CAD program SolidWorks was utilized. The shape of
the chamber was modeled comparatively simply for
the efficient analysis.
It is assumed that the nitrogen gas is filled in the
upper chamber and the water is filled in the cooler.
The material of the heater is to be titanium and others
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Fig. 5. Initial temperatures of chamber: (a) upper chamber
60oC; (b) lower chamber 70oC; (c) heater 190oC;
(d) cooler 70oC.

are to be stainless steel 321. For the boundary
conditions, outside temperature is 25oC, the initial
temperature and the initial velocity of the water
inflowing to the cooler are 23oC and 1 m/s. In
cooling, the flowing water exchanges the heat of
chamber, and so the temperature of the water
increases gradually. The heat of chamber also flows
out by the convection phenomenon with outside air.
The coefficient of convectional heat transfer (natural
convection) can be calculated to be 2.118 W/m2K as
followings.
1/6

Fig. 6. Mesh of the analysis model: (a) chamber (b)
computational domain.
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where
Nu D = Nusselt number
h = convectional heat transfer coefficient
v = viscosity
k = heat conduction coefficient
Pr = Prandtl number
RaD = Rayleigh number
Tf = temperature
α = thermal diffusion coefficient
β = expansion coefficient

For the air, the density 1.184 kg/m3, the kinematic
viscosity coefficient 15.712 × 10−6 m2/s, the thermal
diffusion coefficient 22.236 × 10−6 m2/s, the heat conduction coefficient 26.14 × 10−3 W/mK, the expansion
coefficient 0.0034 K−1, the Prandtl number 0.71 are
used. For the water, the density 997.5 kg/m3, the
specific heat 4182.8 J/kgK, the kinematic viscosity
coefficient 0.9461 × 10−6 m2/s, the thermal diffusion
coefficient 0.14 × 10−6 m2/s, the heat conduction
coefficient 607.4 × 10−3 W/mK, the expansion
coefficient 237.22 × 10−6 K−1, the Prandtl number
6.47 are used.
Fig. 6 shows the cell mesh of the analysis model. In
order to consider the heat conjugated flow of chamber
outside, large computational domain is selected as
shown in Fig. 6(b). The temperature gradient and the
flow gradient in the boundary of the computational
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Fig. 7. Temperature variation of the center of heater plate
with cooling time.

Fig. 9. Measurement positions of upper chamber, lower
chamber and heater in 600 s with water cooler.
Table 1. Comparison with measured values and calculated
values.
Measured

Calculated

upper chamber

o

45 C

49.9oC

lower chamber

54oC

52.7oC

heater

o

43.6oC

44 C

3.2. Effect of the water velocity

Fig. 8. Temperature distribution of the heater plate.

domain are set to be 0. Total cells are 36,783
composed with fluid cells and solid cells.
The analysis result shows that the cooling time
when the temperature of the center of the heater plate
goes down to about 40oC is 600 s as shown in Fig. 7.
Soon after cooling, the temperature of the center of
the heater plate shows a steep descent and then,
passing about 200 s, an easy descent. Fig. 8 shows the
temperature distribution of the heater plate at 600 s.
For the verification of the analysis result, the
imprint process is performed and the temperature of
the chamber is measured. At the time 600 s after
cooling, temperatures on the 3 positions (upper
chamber, lower chamber, center of the heater) are
measured using K type thermocouple and infrared
thermometer. Fig. 9 shows the measurement positions.
Table 1 shows the measured and calculated values,
which verifies the analysis results.
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To reduce the cooling time, the change of water
velocity is considered. For the 6 cases (0.1 m/s, 0.5
m/s, 1 m/s, 3 m/s, 5 m/s, 10 m/s), the heat conjugated
flow analyses are performed.
Fig. 10 shows the temperature variation of the
center of heater plate with cooling time for the 6 cases
water velocities. For the clear comparison of 6 cases
water velocities, the range of x-axis value (cooling
time) of the graph is from 400 s to 600 s. As the
velocity increases, the cooling performance improves.
At over the velocity 3 m/s, however, there is little
improvement of cooling effect. Table 2 shows the
temperature of the center of heater plate at time 600 s
for the 6 cases water velocities. Obviously, it can be
seen that the velocity 3 m/s be good choice for water
velocity.
3.3. Effect of the cooler location

To reduce the cooling time, the change of cooler
location is considered. For the 6 cases of distances
(50 mm, 40 mm, 30 mm, 20 mm, 10 mm, 1 mm), the
heat conjugated flow analyses are performed. The
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Fig. 10. Temperature variation of the center of heater plate
with cooling time for the various water velocities.

Table 2. Temperature of the center of heater plate at time
600 s according to the water velocity.
Velocity(m/s)

Time(s)

Temperature(oC)

0.1

600

54.0

0.5

600

46.2

1

600

43.6

3

600

40.9

5

600

40.4

10

600

40.0

distance means from the upper surface of the heater
plate to upper surface of the cooler as shown in Fig. 11.
Fig. 12 shows the temperature variation of the
center of heater plate with cooling time for the 6 cases
of distances. As the distance becomes short, the
cooling performance improves steeply. Table 3 shows
the cooling time at the temperature about 40oC of the
center of heater plate for the 6 cases cooler location.
With the distance being short, it can be seen that the
cooling performance improve dramatically.

4. Conclusions
In this paper, with the thermal analysis model
developed previously, the effects of change of the
flow velocity and cooler location on cooling
performance are investigated.
1. For the change of water velocity, as the velocity
increases, the cooling performance has tendency to
improve. At over the velocity 3 m/s, however, there is
little improvement of cooling effect for the model
considered.

Fig. 11. Distance from the upper surface of the heater
plate to upper surface of the cooler (a) 50 mm,
(b) 40 mm, (c) 30 mm, (d) 20 mm, (e) 10 mm,
(f) 1 mm.

Fig. 12. Temperature variation of the center of heater plate
with cooling time for the various cooler location.
Table 3. Cooling time at the temperature about 40oC of the
center of heater plate according to cooler location.
Location(mm)

Temperature(oC)

Time(s)

50

43.59

600.00

40

40.00

495.36

30

40.03

286.83

20

40.44

145.82

10

39.80

90.29

1

40.45

27.10

2. In order to investigate the effect of cooler
location, the distance from the upper surface of the
heater plate to upper surface of the cooler is
Journal of KSDT Vol. 11, No. 4, 2012
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considered as the design variable. As the distance
becomes short, the cooling performance improves
steeply.
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