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a b s t r a c t
We proposed and demonstrated a high-throughput fabrication method for large-area nanostructured
polymers. The mold used consists of a quartz substrate and a nanostructured diamond-like carbon (DLC)
thin ﬁlm. A laser is irradiated from the back of the mold and only the DLC surface is directly heated.
Then the surface of a polymethyl methacrylate (PMMA) ﬁlm pressed by the mold is melted and the
nanostructures are replicated. In this method, replication can be achieved with a low amount of heat
and a short cycle time compared with conventional thermal replication. The effects of the laser power
density, irradiation time, and environmental temperature on the replication area were experimentally
investigated via the spot irradiation of a laser. Furthermore, the temperature distribution around the
surfaces of the mold and polymer was investigated by performing numerical simulations. By scanning
the laser, we successfully demonstrated the replication of a 500-nm-pitch pattern on a PMMA ﬁlm with
an area of 10 × 10 mm2 in about 10 s. This technique is expected to lead to the high-throughput and
low-energy fabrication of large-area nanostructured optical ﬁlms.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Nano- or microstructured polymer ﬁlms can be used in optical devices such as displays, illumination devices, and the lights of
trafﬁc signals to increase their performance. Concretely, Wilson and
Hutley (1982) proposed an antireﬂection structure and Nagato et al.
(2010a,b) fabricated an antireﬂection structure from nanowires.
Leither et al. (1993) developed a polarized ﬁlm. Schift et al.
(2005) fabricated photonic crystals on a polymer ﬁlm, Ziebarth
and McGehee (2005) investigated the light extraction function
of a nanostructured polymer and Thurn-Albrecht et al. (2000)
fabricated a light-diffusing surface from nanostructures. Furthermore, Sekitani et al. (2009a) developed ﬂexible displays and also
(Sekitani et al., 2009b) developed ﬂexible sensors based on polymer
ﬁlms. Saxena et al. (2009) reviewed the light extraction technologies used in organic-electroluminescence light-emitting diodes
(OLEDs). OLEDs based on polymer ﬁlms have recently been developed as next-generation optical devices. Kuwabara et al. (2008)
developed immunoassay chips including nanostructured polymer
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ﬁlms and Nomura et al. (2006) developed cell-culturing plates. Wu
et al. (2003) reviewed nanoﬂuidic devices with three-dimensional
microchannels. For these applications, higher-throughput and
lower-cost methods of fabricating the nanostructures than conventional photolithography, i.e., ultraviolet (UV) lithography or
electron beam (EB) lithography, are required.
Meanwhile, since nanoimprint lithography (NIL) was developed
by Chou et al. (1995), NIL has been increasingly investigated as
a candidate to replace UV and EB lithography because the NIL
system has a lower cost than the systems used for conventional
lithography. Haisma et al. (1996) proposed UV-NIL. In UV-NIL, a
thin UV-curable polymer resist coated on Si or another ﬂat substrate is imprinted by a nanostructured mold then is UV-cured
and patterned. Thermal nanoimprinting, which was developed
by Schift et al. (2000), is also a promising low cost method of
patterning nano- or microstructures on the surfaces of a bulk
polymer or glass. Guo (2004) reviewed thermal nanoimprinting,
in which a thermoplastic polymer is heated so that the melted
polymer ﬁlls the nanostructures of the mold. The polymer is then
cooled and the mold is removed. Thermal nanoimprinting does
not require high-precision optics, in contrast to photolithography
and EB lithography. It also has no diffraction limit such as in photolithography. Moreover, it does not require a polymer coating
and a UV-irradiation system such as in UV-NIL. Therefore, thermal
nanoimprinting is the most promising mass-production method
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heated by heat conduction from the DLC layer causing it to melt.
The melted polymer ﬁlls the nanostructures of the mold. Because
only the surfaces of the mold and polymer are heated, laser-assisted
nanoimprinting leads to not only a short cycle time but also low
energy consumption in the imprinting. Moreover, the replication
of arbitrary patterned areas is also possible.
3. Experimental and simulation methods
3.1. Preparation of mold

Fig. 1. Schematic of conventional thermal replication (a) and laser-assisted replication (b).

for large-area nano- or microstructures among those previously
mentioned.
Fig. 1(a) shows a schematic of conventional thermal nanoimprinting. Heaters and coolers are located in the inside or outside of
punches of the mold and polymer ﬁlm. In this process, the whole of
the punches, mold, and polymer ﬁlm should be heated to heat the
polymer surface to above the glass transition temperature (Tg ) of
the polymer. Then the heat should be removed by using the coolers
to cool the polymer surface to below Tg . Therefore, the shortening of the cycle time is limited by the thermal conductivities of
the punches, mold, and polymer, and the reduction of energy consumption is also limited by the heat capacities of the punches, mold,
and polymer. On the other hand, a method has been proposed in
which only the surfaces of the substrate and mold are heated as
shown in Fig. 1(b). Chou et al. (2002) proposed the use of a laser to
heat and melt a silicon surface directly through a quartz mold and
thus replicate nanostructures on the silicon surface. Xia et al. (2003)
also demonstrated that a thermoplastic resist can be patterned by
laser irradiation through a quartz mold. Nagato et al. (2010a,b) (our
group) proposed and demonstrated the thin-ﬁlm current heating of
a mold surface to enable the rapid replication of nanostructures as
an alternative to laser irradiation. Furthermore, Sato et al. (2011)
(our group) also proposed the laser-assisted imprinting of nanostructured glass.
In this study, we demonstrate the laser-assisted replication of
nanostructures by the spot irradiation and scanning irradiation of
a laser. By scanning the laser, the replication of a 500-nm-pitch
pattern on a polymethyl methacrylate (PMMA) ﬁlm is demonstrated. The effects of the laser power density, irradiation time,
and environmental temperature on the replicated area were experimentally demonstrated. The temperature distribution around the
irradiated surfaces was investigated by a one-dimensional (1D)
ﬁnite-difference method (FDM) considering only a diamond-like
carbon (DLC) ﬁlm as well as a two-dimensional (2D) ﬁnite-element
method (FEM).
2. Laser-assisted replication
In this section, the concept of this study is described in detail.
Fig. 2 shows a schematic of laser-assisted replication. The mold used
consists of two layers: a light-transparent layer and a thin lightabsorption layer. In this study, the light-transparent layer is quartz
and the light-absorption layer is DLC. The light-absorption layer is
directly irradiated and heated by a laser from the back of the mold
through the light-transparent layer. The surface of the polymer is

We prepared a 725-m-thick quartz substrate (20 × 20 mm2 )
as the light-transparent layer and deposited a 3-m-thick DLC ﬁlm
as the light-absorption layer. The DLC ﬁlm was deposited on the
quartz substrate using the bipolar-type plasma-based ion implantation and deposition (PBII&D) technique developed by Choi et al.
(2007). The transmittance of the quartz substrate was 96% and
the absorbance of the DLC ﬁlm was 78% for the laser used in this
study (Nd:YAG, wavelength: 1064 nm, beam diameter: 300 m,
Gaussian, continuous). The DLC was etched by inductively coupled
plasma reactive ion etching (ICP-RIE) with a mixture of O2 and Ar
gases using an Al mask. The Al mask was patterned by EB lithography and ICP-RIE with CHF3 gas. The pattern on the mold was
a 500-nm-pitch line-and-space pattern with a height of approximately 230 nm. Fig. 3 shows a scanning electron microscopy (SEM)
image and an atomic force microscopy (AFM) proﬁle of the mold.
There were a few bumps with a maximum height of 20 nm that
were formed during the etching of DLC. In this study, we did not
investigate the replication of these small structures.
3.2. Laser irradiation conditions
We used a PMMA ﬁlm (size: 10 × 10 mm2 , thickness: 75 m, Tg :
100 ◦ C) as the polymer. Pressure was applied between the
PMMA ﬁlm and the mold before laser irradiation by sandwiching
them between two aluminum alloy plates using screws attached
between the plates. Silicone sheets with a thickness of 1 mm were
inserted between the plates and the mold to prevent the quartz
mold from breaking and also between the plates and the PMMA
substrate to prevent partial contact during the imprinting. The
plate on the mold included a hole to enable the transmission of the
laser. The average pressure was 4 MPa, which was determined using
pressure-sensitive paper (PRESCALE LW R270 10 M (2.5–10 MPa),
Fujiﬁlm Corporation). In our previous study (Sato et al. (2011)),
we clariﬁed that a pressure of 4 MPa was necessary for complete
replication in the case of using glass. A lower pressure resulted
in insufﬁcient replication around the center owing to shrinkage.
Because PMMA is more ﬂexible than glass, this pressure was sufﬁcient. In a preliminary experiment involving replication with spot
irradiation, the average power densities and irradiation times were
set to 0.4, 0.7, 1.4, 2.1, and 2.8 kW/cm2 and 1, 4, 15, and 100 ms,
respectively. The replicated areas were investigated by SEM and
AFM. From the results, the scanning speeds and average power densities were selected to be 4 and 10 mm/s and 0.7 and 1.4 kW/cm2 ,
respectively. The reason for the selection of these values will be
discussed in Section 4.2. The laser was also scanned over an area of
10 × 10 mm2 by scanning lines with 0.8 mm intervals at a speed of
10 mm/s and an average power density of 1.4 kW/cm2 .
Furthermore, the effect of offset heating on the replicated area
was investigated. The entire system, including the mold, pressing
plates, and polymer substrate, was placed on an electric hot plate.
The temperature of the surface of the polymer was controlled by
inserting a thermocouple between the mold and substrate. The
environmental temperature was set to 25 (room temperature), 50,
75, or 100 ◦ C.

2446

K. Nagato et al. / Journal of Materials Processing Technology 214 (2014) 2444–2449

Fig. 2. (a–d) Schematic of procedure of laser-scanning replication.

Fig. 3. (a) SEM image (tilt angle: 45◦ ) and (b) AFM proﬁle of the mold.

3.3. Calculation method
It is difﬁcult to model changes in temperature by considering the
latent heat of the polymer, the change in viscosity due to heating,
the ﬂow of the polymer, or the change in contact thermal resistance.
In this study, we only investigated the thermal conduction problem
by performing 1D-FDM and 2D-FEM simulations. In 1D-FDM, only
the DLC layer was considered and the boundaries at the top and
lower surfaces were thermally isolated. In this case, the temperature increase was too large; thus, we adjusted the amount of heat
generated so that the diameter of the region with a temperature
higher than Tg was equal to the diameter of the replicated area in
the experiment, which will be shown in Section 4.1 and Fig. 5. The
amount of generated heat was determined from the laser power,
which was reduced by 4% after replication from the quartz surface
and by 22% after reﬂection from the back surface of the DLC. In 2DFEM, SiO2 , PMMA, and silicone were also modeled. We assumed the
existence of contact thermal resistance between each material. The
thermophysical properties of the materials are shown in Table 1.
Because the heat conductivity of DLC has a wide range depending on the type (Choi et al. (2011)), the calculations were carried
out with the highest and the lowest heat conductivities. We compared the diameters of the area higher than 100 ◦ C with those of
the experimentally imprinted areas.

Table 1
Thermophysical properties of materials.

DLCa
SiO2 b
PMMAc
Siliconec
a
b
c

Density
 [kg/m3 ]

Heat capacity
c [J/kg K]

Heat conductivity
 [W/mK]

1.5
2.2
1.2
1.0

750
710
1500
1600

7.0 (0.2–30)
1.4
0.2
1.2

Choi et al. (2011).
Haynes (2013–2014).
Data from the companies.

we evaluated the replicated area by observing the bright area in the
SEM images in this study.
The results obtained when the laser was irradiated at target
points are shown in Fig. 5, which shows the diameters of the
replicated areas of the PMMA (dspot ); “×” indicates that the PMMA
surface was not imprinted. Because these diameters were evaluated by SEM observation, they do not indicate the diameter of
the completely replicated area. As the average power density and
irradiation time (tspot ) increase, the replicated area on the PMMA
ﬁlm increases.
2 /4t
Next, the replication speed, i.e., dspot
spot , where dspot is the
diameter of the replicated area and tspot is the irradiation time, is

4. Experimental results and discussion
4.1. Replication by spot irradiation
As an example of experimental results, Fig. 4 shows height of the
replicated pattern as a function of the distance from the spot center,
which was obtained by AFM measurement (1.4 kW/cm2 , 100 ms).
The plots and error bars respectively show the average and maximum/minimum values of the ﬁve peak-to-valley heights at each
point. At a distance of 0.4 mm from the spot center (0.8 mm diameter), the surface was completely imprinted, and above a distance of
0.6 mm (1.2 mm diameter), the pattern height gradually decreased.
Referring to the SEM images inset in Fig. 4, the bright area with a
diameter of 1.2 mm indicates the entire replicated area and is unrelated to the pattern height. Because considerable time was required
to analyze the pattern height by AFM for all spots or all samples,

Fig. 4. Height of the line-and-space pattern as a function of the distance from the
center of the irradiation spot obtained by AFM observation. The irradiation time and
average power density were 100 ms and 1.4 kW/cm2 , respectively.
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Fig. 5. Diameter of replicated area obtained from SEM images for various power
densities and irradiation times.

plotted in Fig. 6. A higher power density and shorter irradiation
time resulted in a higher replication speed.
4.2. Replication by laser scanning
Assuming that replication by laser scanning comprises a series
of replications by irradiating the laser at target points, the scanning
speed (uscan ) can be approximately determined from the diameter
of the replicated area (dspot ) and the irradiation time (tspot ),
uscan =

dspot
.
tspot

(1)

Therefore, the diameters of 0.43 and 1.2 mm with average power
densities of 0.7 and 1.4 kW/cm2 and an irradiation time of 100 ms
correspond to scanning speeds of approximately 4 and 10 mm/s,
respectively. Fig. 7 shows SEM images of the PMMA imprinted by
scanning the laser in lines. The pattern of the mold is imprinted
and the widths of the replicated lines are approximately 0.4 and
1.2 mm. The widths of the replicated lines are similar to the diameter of the replicated spot in the case of replication by irradiating
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Fig. 6. Replication speeds corresponding to the results shown in Fig. 5.

the laser at a target point. Fig. 8(c) shows SEM images of PMMA
replicated by laser scanning over an area of 10 × 10 mm2 for 12 s,
i.e., at a rate of approximately 8 mm2 /s. In Fig. 8(c), no boundary
is observed between the scanned lines with an interval of 0.8 mm,
which corresponds to an overlap of 30% of the line width. This value
was obtained from the results of Fig. 3, in which the diameter evaluated by SEM and that obtained in the case of complete imprinting
were 0.8 and 0.6 mm, respectively.
According to the results in Fig. 5, the highest replication speed
was  1.0 mm for an irradiation time of 1 ms with a power density of 2.8 kW/cm2 . For these laser conditions, the optimal scanning
speed and interval are 1.0 m/s and 0.6 mm, respectively. Therefore, the replication speed used in the scanning method should be
600 mm2 /s.
4.3. Effect of offset temperature on replication area
In this section, we discuss the effect of the offset temperature,
i.e., the thermal assistance from the environment. Fig. 9 shows the
diameter of the replicated area as a function of the environmental

Fig. 7. SEM images of imprinted PMMA surfaces for a laser power density of 0.7 kW/cm2 and a scanning speed of 4 mm/s (a-1: top image, a-2: 45◦ -tilted and magniﬁed
image), and for a laser power density of 1.4 kW/cm2 and a scanning speed of 10 mm/s (b-1: top image, b-2: 45◦ -tilted and magniﬁed image).
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Fig. 8. Schematics of different irradiation procedures and SEM images of imprinted PMMA surfaces for a laser power density of 1.4 kW/cm2 (the top images were obtained
under low magniﬁcation and the 45◦ -tilted images were obtained under high magniﬁcation). (a) Spot irradiation, irradiation time: 100 ms, (b) line scanning, scanning speed:
10 mm/s, and (c) line scanning with intervals, interval pitch: 0.8 mm.

temperature when the laser irradiation time was 100 ms. The room
temperature was 25 ◦ C and the diameters of the replicated areas
correspond to those shown in Fig. 5. As the environmental temperature increases, the diameter of the imprinted area increases. In
the range of power densities considered here, the difference in the
effect of the offset temperature was moderate. However, a higher
offset temperature led to a higher replication speed. For example,
when the environmental temperature was increased from room
temperature to 100 ◦ C, the replication speed increased. Considering a mass-production system, if the pressing system including the
punches is continuously heated and the polymer ﬁlm is preheated
before being fed into the punches, the step-and-repeat cycle time
will not increase.
Fig. 9. (a) Diameter of replicated area and (b) replication speed as functions of
environmental temperature.

5. Numerical simulation of thermal conduction
5.1. One-dimensional simulation
The temperature distribution for the case of laser irradiation
at a target point on a DLC ﬁlm was calculated by 1D-FDM. Here,
we constructed a circulation model in which the upper and lower
surfaces of the DLC were heat-isolated boundaries. The amount of
heat generation was adjusted so that the diameter of the region
with a temperature higher than 100 ◦ C in the simulation was equal
to that of the replicated area in the experiment.
The equation of heat conduction can be described as follows:

∂T
c
=
∂t



2

2

∂ T ∂ T
+
∂x2
∂ y2


+ Q,

(2)

for density , heat capacity c, heat conductivity , as shown in
Table 1, and internal heat generation (Gaussian distribution) Q
[W/m3 ].
We compare the diameters obtained from the simulation and
experiment as functions of irradiation time (average power density: 1.4 kW/cm2 ) in Fig. 10. For shorter irradiation times, the
calculated diameters are similar to the experimental values; however, for longer irradiation times, the diameters obtained from the

Fig. 10. Diameters of the replicated area obtained experimentally and the region
above 100 ◦ C obtained by 1D and 2D simulations as a function of irradiation time
when the average power density was 1.4 kW/cm2 .
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and higher scanning speed of the laser lead to a shorter cycle time.
Furthermore, the thermal conduction was calculated by 1D and 2D
simulation assuming spot irradiation of the laser. The diameters
of the area heated to a temperature higher than Tg in the simulation agreed with that of the experimentally imprinted area, which
means that the thermal conduction is the most rate-limiting factor
rather than the thermal contact resistance, the ﬂow of the polymer,
or the change in contact area due to polymer ﬁlling.
Acknowledgements
Fig. 11. (a–e) Temperature distributions on the cross section through the center of
laser irradiation 1, 4, 15, 50, and 100 ms after the start of laser irradiation obtained
by 2D simulation. The average power density and spot diameter were 1.4 kW/cm2
and 300 m, respectively.

experiments are smaller than those obtained from the simulation.
This is because the heat moves in three dimensions in the actual
experiment, and as the irradiation time increases, the effect of heat
transfer on the imprinted area increases.
5.2. Two-dimensional simulation
A 2D-FEM simulation was also carried out using the circulation
model with ANSYS software. The laser-irradiation conditions were
the same as those in the 1D-FDM calculation. The heat source was
located at the boundary between the DLC and the SiO2 substrate.
The thermal contact resistance between DLC and PMMA was set
to 0. Table 1 shows the physical properties of DLC, SiO2 , PMMA,
and silicone. Fig. 11 shows the temperature distributions calculated by FEM with the heat conductivity of 7 W/mK. Because the
heat conductivity of SiO2 is higher than that of PMMA, the heat
generated at the DLC surface ﬂows to the SiO2 substrate of the
mold rather than to the PMMA. As shown by these contours, the
ratio of the area with temperature higher than Tg to the depth is
smaller for a shorter irradiation time. This means that a shorter
irradiation time is more efﬁcient for heating the PMMA surface to
Tg . The diameter of the area with temperature higher than Tg is
also plotted in Fig. 10. With the highest and lowest heat conductivities of DLC (30 and 0.2 W/mK), the diameters were resulted in the
largest and the smallest, respectively. The differences were shown
as the error bars and less than 10%, that is because the DLC is thin
enough and its heat conductivity is comparable or less than that of
PMMA or SiO2 . The curve ﬁts the experimental results more closely
than that obtained by 1D-FDM calculation, particularly for a longer
irradiation time.
However, the simulation results produce smaller replicated
areas for longer irradiation times. As described in Section 3.3, the
contact thermal resistance between the DLC and PMMA is assumed
to be zero in this study, although the actual contact surface area in
the simulation was smaller than that in the experiment, at least
initially. Therefore, the heat ﬂux in the simulation is considered to
be higher than that in the experiment.
6. Conclusion
We demonstrated the laser-scanning replication of large-area
nanostructures and successfully replicated a 500-nm-pitch pattern on a PMMA ﬁlm on a spot area, a line area by scanning,
and an area without seams. A laser with a power density of
1.4 kW/cm2 , a scanning speed of 10 mm/s, and an interval of
0.8 mm had a replication speed of 8 mm2 /s. By using power density of 2.8 kW/cm2 , the replication speed should be increased to
600 mm2 /s, which was conﬁrmed by spot irradiation. The results of
this study indicate the high potential productivity of laser-scanning
replication. Furthermore, we conﬁrmed that higher power density
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Number 24686019 from the Ministry of Education, Culture, Sports,
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the University of Tokyo VLSI Design and Education Center (VDEC)
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