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High-aspect-ratio nanostructures were replicated by injection compression molding. The effects of

the mold temperature and pattern shape on the degree of replication were investigated using a

replication technique for optical disks (digital versatile disks) and a Ni stamper with patterns with

a width and height of 200 and 400 nm. A higher mold temperature and a smaller area-duty ratio

(hill area/unit area) of the Ni stamper, i.e., a larger area-duty ratio of the replica resulted in better

replication because a Ni stamper with a smaller area-duty ratio suppresses the formation of a skin

layer. VC 2011 American Vacuum Society. [DOI: 10.1116/1.3662405]

I. INTRODUCTION

Since nanoimprint lithography was first proposed,1–5

technologies for the replication of nanostructures onto a

polymer surface have become increasingly advanced. Nano-

structured surfaces on a bulk polymer have various potential

applications including optical devices and optical memories.

Moreover, bulk polymers with high-aspect-ratio nanostruc-

tured (HARN) surfaces have attracted considerable attention

owing to their applications as bioanalysis templates6 and

antireflection structures.7,8

Thermal nanoimprinting is a simple replication method,

in which a nanostructured mold is pressed onto a thermo-

plastic film or substrate and then heated and cooled. General

thermal nanoimprinting has the following four main steps:

(1) a mold and a polymer substrate are pressed together with

upper and lower punches, (2) the mold and substrate are

heated to above the glass transition temperature (Tg) and the

nanostructures of the mold are filled with the polymer, (3)

the mold and substrate are cooled to below Tg, (4) the

imprinted substrate is demolded. Because of the heat

capacity of the upper and lower punches, mold, and polymer

substrate, the potential to shorten the cycle time is limited.

On the other hand, thermal injection molding is intrinsi-

cally advantageous in terms of its high throughput. In injec-

tion molding, a preheated and melted polymer is injected into

a mold cavity. The mold is kept below Tg for the polymer so

that the polymer can be rapidly solidified and demolded.

Therefore, injection molding has a short cycle time. Injection

molding is also advantageous in terms of the flexibility of the

component shape and is used to produce a wide range of prod-

ucts at low cost. However, the replication of HARNs using

injection molding is difficult because the surface of the

injected polymer is solidified as soon as the polymer touches

the mold, to form the so-called “skin layer,” and it is thus dif-

ficult to fill the cavities of nanostructures.9–12 Injection com-

pression molding is a high-throughput replication technique

for optical disks such as compact disks, digital versatile disks

(DVDs), and Blu-ray disks.13,14 In this technique, a thin cavity

can be easily filled with a polymer when a high pressure is

applied to the polymer surface by mold compression.

In this study, we apply injection compression molding to

HARN replication. We use a Ni electroplated stamper with

various duty ratios and investigate the effects of the duty

ratio and temperature on replication at temperatures below

Tg. The molding conditions except the mold temperature and

cycle time are the same as those for DVD molding.

II. EXPERIMENT

Figure 1 shows a schematic of the procedure of injection

compression molding: (b) the melted polymer is injected

while the movable base maintains a constant distance from

the settled base; (c) the movable base compresses the poly-

mer onto the Ni stamper so that the nanostructures are filled

with the polymer; (d) the polymer is cooled; (e),(f) the rep-

lica is demolded from the settled and movable bases; and (g)

a replica disk is obtained. Scanning electron microscope

(SEM) images of the Ni electroplated mold we used are

shown in Fig. 2. The mold has a 400-nm-depth pillar pattern

(a),(b) and a line trench pattern (c),(d). These patterns have

hills the same width (200 nm) and five different pitches of

400, 600, 800, 1000, and 1200 nm. The cavity size was u
120� t0.6 mm, the same size as DVDs. The mold base was

made by SEIKOH GIKEN and the injection compression

FIG. 1. (Color online). Schematic of procedure of injection compression

molding.a)Electronic mail: nagato@hnl.t.u-tokyo.ac.jp
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molding machine was made by Sumitomo Heavy Industries,

Ltd. The polymer employed was the polycarbonate used for

optical disks [AD-5503, TEIJIN KASEI (Tg: 145 �C)]. The

mold temperatures investigated were 80, 90, 100, 110, 120,

and 130 �C, and the cycle time was 2.5 s for temperatures of

80, 90, and 100 �C and 5 s for temperatures of 110, 120, and

130 �C. The temperature of 80 �C and the cycle time of 2.5 s

are the standard conditions for DVD molding. The reason

why the cycle time for higher temperatures was longer than

that for lower temperatures is that the complete cooling of

the polymer replicated at a higher temperature requires a

longer time.

III. RESULTS AND DISCUSSION

Figure 3 shows a photograph of a replica molded with a

mold temperature of 130 �C and a cycle time of 5 s. We

observed the structures at a distance of 40 mm from the cen-

ter by SEM. Figure 4 shows SEM images of replicas molded

at different temperatures where the fields of view include the

boundary between the 400- and 600-nm-pitch hole patterns

and the line ridge patterns. Figure 5 shows magnified images

near the central boundary. Note that the nanostructures were

uniformly replicated in the entire area of the replica disks.

This is because the pressure during compression was uni-

form [Fig. 1(c)]. Figure 6(a) shows the peak-to-valley (P-V)

of the replicated patterns as a function of mold temperature

(400- and 600-nm-pitch hole pattern). The higher tempera-

ture resulted in the better replication degree. The 600-nm-

pitch hole pattern was filled to the bottoms of the mold with

the mold temperature of 120 �C and more and the patterns

were completely replicated as shown in Figs. 4 and 5(e),

5(f). On the other hand, the 400-nm-pitch hole pattern was

not replicated completely even though the mold temperature

was 130 �C (P-V: 320 nm). This is because the skin layer

was formed more easily or its thickness was greater in the

case of a higher area-duty ratio (hill area/unit area) of the Ni

stamper (400- and 600-nm-pitch hole pattern: 75, 89%,

respectively). In other words, when the polymer flowed in

the initial step [Fig. 1(b)], it came in contact with the hill

regions of the Ni stamper.

We also plotted the P-V of the replicated patterns as a

function of the pattern pitch [Fig. 6(b)]. The hole patterns

were replicated better with increasing mold temperature.

With the mold temperature of 130 and 120 �C, the hole pat-

tern with a pitch of 400 nm (area-duty ratio of Ni stamper of

FIG. 2. SEM images of Ni electroplated stamper (tilt angle: 45�); (a) 400-

nm-pitch pillar pattern, (b) magnified image of (a), (c) 400-nm-pitch line

trench pattern, and (d) 600-nm-pitch line trench pattern.

FIG. 3. (Color online). Optical photograph of the replica molded at 130 �C.

FIG. 4. SEM images of replicas, (tilt angle: 30�) including 400- and 600-nm-pitch hole and line ridge patterns, molded at (a) 80, (b) 90, (c) 100, (d) 110, (e)

120, and (f) 130 �C.
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25%) were replicated with the height of approximately 300

nm, and those with pitches of 600 nm and wider (area-duty

ratio of 11% and smaller) were completely replicated. With

the mold temperature of 110 �C, the hole patterns with

pitches of 800 nm and wider (area-duty ratio of 6% and

smaller) were completely replicated. On the other hand, line

ridge pattern was replicated more poorly with wider pitches

with the mold temperature of 130 �C. Line ridge pattern with

every pitches (400, 600, 800, 1000, 1200 nm, area-duty ratio

of Ni stamper of 50, 67, 75, 80, 83%, respectively) were

replicated with the heights of less than half of the cavity

(less than 200 nm) was filled. These results can be also

explained by the effect of the area-duty ratio of the Ni

stamper on the skin layer formation.

IV. CONCLUSIONS

We applied injection compression molding to high-

aspect-ratio nanostructure (pattern width: 200 nm, aspect

ratio: �2) molding. The size of the replica was /120

� t0.6 mm and the material used was polycarbonate (Tg:

145 �C). The mold temperature was set to the same or higher

than that for DVD molding (80–130 �C), and a higher temper-

ature and a smaller area-duty ratio (hill area/unit area) of the

Ni stamper resulted in better replication. This is because a Ni

stamper with a smaller area-duty ratio suppressed the forma-

tion of a skin layer.
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FIG. 5. Magnified SEM images of Fig. 4.

FIG. 6. (Color online). (a) Peak-to-valley of the replicated hole patterns (400 and 600 nm pitches) as a function of mold temperature and (b) those of the repli-

cated patterns (hole patterns obtained with the mold temperatures of 110, 120, 130 �C, and line ridge pattern obtained with the mold temperature of 130 �C) as

a function of pattern pitch.
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