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Abstract

In recent years, plastics have begun to show great commercial potential especially in manufacturing micro-structured
parts. Injection molding and hot embossing are two major microfabrication methods. Replication accuracy was
investigated for these two methods. Polymethyl methacrylate (PMMA) was used as the polymer substrate. The mold
insert (or master) was fabricated by LIGA-type method. In this study, hot embossing was found to have better
replication accuracy for microstructure than injection molding. Experiments were also conducted to study the effects of

process parameters on the replication quality.
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1. Introduction

Many polymer-based microfabrication techniques
have been explored for high-volume production. Par-
ticularly in the field of bio- and chemical-MEMS,
products with microstructure are in great demand [1-
2]. In recent years, plastics have begun to show great
commercial potential especially in manufacturing
micro-structured parts. Injection molding is the most
important process to manufacture plastic parts. While
many prototype plastic micro devices are fabricated
using precision engineering methods, such as laser
machining, micro injection molding is currently being
investigated all over the world [3-4]. An important
advantage of injection molding is that with it we can
make complex geometries in one production step in
an automated process. Many micro devices, such as
watches and camera components, automotive crash,
acceleration, distance sensors, read/write heads of
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hard discs, CD drives, medical sensors, pumps,
surgical instruments and telecommunications compo-
nents, have been successfully injection molded.

The injection molding process involves the
injection of a melt polymer into a mold where the
melt cools and solidifies to form a plastic part. It is
generally a three phase process including filling,
packing and cooling phases. After the cavity becomes
stable, the product is ejected from the mold.

Hot embossing is another method of replicating
polymer microstructures. A polymer substrate is
heated above its glass transition temperature. A mold
with a master is then pressed against the substrate,
allowing the pattern to be fully transferred onto the
substrate. After a certain time of holding and cooling,
the substrate is cooled below transition temperature.
The pressed substrate is removed from the mold.

To have better replication accuracy, the common
problem of knowing and accurately controlling the
state of the material during hot embossing must be
solved. When the material characteristics are well
known, the embossing conditions can be correctly
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determined {5-8].

This report describes the application of hot
zmbossing to produce parts with microstructure. An
embossing machine, designed for microfabrication,
was used to emboss PMMA substrate. Injection
molding was also applied for comparison. Both the
mjection molded part and the hot embossed part were
observed under microscope to compare the replica-
tion accuracy.

2. Experimental procedures
21 Material

The material used for injection molding is a high
heat injection grade of polymethyl methacrylate
(PMMA, CM-205, from Chi Mei Corp., Taiwan). The
melt flow index is 1.8 g/10 min and the bulk density
0.77 g/em’. The barrel recommended injection tem-
perature is between 210~250 °C and the recommended
mold temperature about 50~70 °C. The material was
pre-dried at 90 °C for 4 hours using a dehumi-difying
drier before molding. The substrate used for hot
embossing is a PMMA sheet (Chi Mei Corp.) with a
thickness of 1.8 mm. The glass transition temperature
of the PMMA sheet is 110 °C.

2.2 Part geometry: .

The microstructure design is based on micro-
grooves. The microstructure consists of three types:
rectangular groove row, square groove array and
circular groove array. The microstructure size in-
cludes 0.05 mm, 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm
and 0.5 mm (Fig. 1).

2.3 Mold Insert Fabrication

Our photolithography process involves photomask
fabrication, wafer cleaning, spin coating, soft baking,
exposure, post-exposure baking, developing and hard
baking,
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Fig. 1. Mold used for hot embossing.

A high-resolution transparency was used as the
mask in photolithography. A silicon wafer was used
as the substrate. The wafer surface was cleaned with a
4:1 H,SO4/H,0, mixture for 10 minutes at 120 °C to
remove organic contaminants. The wafer surface was
rinsed using deionized (DI) water until the water
resistance was larger than 8 Q. A 50:1 H,O/HF step
for 10 minutes at room temperature was applied to
remove chemical oxides. The wafer surface was
rinsed using deionized (DI) water again. After wafer
cleaning, the substrate was spun, blown dry using
heated nitrogen and then placed on a hot plate
(120 °C for 3 minutes) to drive off any water vapor on
the surface. This step is called dehydration baking.

To improve the adhesion of resists to the silicon
wafer, hexamethyldisilane (HMDS) is often applied.
HMDS was applied to the wafer by spinning at room
temperature. HMDS was dried by placing the wafer
on a hot plate for 2 minutes at 90 °C. The next step is
spinning the resist on to the wafer; this should be
done immediately after the HMDS application. A
positive resist, AZ9260, was used in this study. The
resist is dispensed onto the wafer while the wafer is
spinning to produce a uniform layer on the wafer. The
spin speed of the spin coater was increased to 500
rpm with an acceleration of 500 rpm/s for 10 seconds.
For another 30 seconds, spin speed and acceleration
of the spin coater were 300rpm and 300 rpmy/s,
respectively. The spin speed at this step determines
the final thickness of the resist (about 50 pm in this
study).

The next three steps in the lithography are the
prebake, wafer exposure and postexposure bake (PEB).
PEB was carried out at 90 °C for 1 minute. After PEB,
the substrate was again gradually cooled down to
room temperature in order to minimize stress and
prevent the resist from cracking. The substrate was
immersed into the beaker containing the developer
(1:3 AZ400K/DI water) for about 5 minutes. After all
the features were developed, the photoresist was
rinsed in fresh DI water and blown dry with nitrogen.
This gave rise to an AZ9260 mold insert with positive
features.

The final step in the photolithography process is the
postbake which is designed to harden the resist and
improve its etch resistance. The temperature is set at
110°C for 10 minutes. The postbaked photoresist
mold is not as strong as metal in withstanding the
high pressure and temperature in injection molding.
Isotropic reactive-ion etching (RIE) was applied in
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this study. The photoresist mold acted as a pattern to
electroplate the nickel mold. A thin gold layer was
sputtered to create a conductive area for nickel
growth.

Electroplating was conducted at 50 °C with a pH of
4, and at a low current density of 4 A/dm® in order to
minimize internal stress in the nickel mold. After
electroplating, the photoresist was stripped with an
ultrasonic shaker. The nickel structure was placed in
acetone and then rinsed with DI water.

2.4 Experimental setup

Injection molding operations were conducted with
an injection molding machine (FANUC ROBOSHOT
S-2000150A). The machine can offer a clamping force
up to 50 tons. The screw diameter is 22 mm and the
maximum injection volume is 29 cm’. A hot embo-
ssing machine (Fig. 2) was designed, assembled and
calibrated. This machine mainly consists of a force
frame which delivers the embossing force via a
ballscrew connected with a servo motor. The force
frame includes upper mold plate (movable) and lower
mold plate (fixed). A mold (Fig. 1), consisting of two
mold halves, was installed between two mold plates.
The movable half was fixed on the upper mold plate
and the fixed half was fixed on the lower mold plate.
Two cartridge heaters were installed on the fixed half
which has a cavity at the center. The movable half has
cooling channels inside to keep it at a specified mold
temperature. A load cell was applied to monitor the
pressing force. The measured force was also used to
control the embossing at a specified pressing force. A
thermocouple was installed directly on the PMMA
substrate to get feedback on embossing temperature
control.

Fig. 2. Schematic illustration of the hot embossing equipment.

2.5 Molding parameters

In this study, the molding parameters can be
divided into two parts, one is for hot embossing and
the other is for injection molding. All process para-
meters were based on material manufacture's sugge-
stions. The parameters were shown in Table 1.

Table 1. Parameters of hot embossing and injection molding.

Embossing | Embossing { Embossing | Demolding
Hot ] temp. force time temp.
embossing | ppec | ISkN | 180sec | 80°C
. Injection Packing
Iﬂle‘z;_wﬂ Melt temp. velocity Mold temp. pressure
molding 1™ 530°c | 130 mmis | 70°C | 10MPa
3. Results

3.1 Comparison with hot embossed parts and injec-
tion molded parts

When the substrate is directly placed between the
two mold halves, the embossed part shows incom-
plete microstructure (Fig. 3a). To have a better
embossing quality, a rubber pad was inserted between
the upper mold half (movable one) and the substrate.
The embossed part showed a better replication quality
as shown in Fig. 3(b).

(a) ®
Fig. 3. Parts with (a) incomplete and (b) complete hot embossing.

=

Fig. 4. (a) Rectangular protrusion row and (b) square protru-
sion arrays of mold insert.

There are a lot of microstructures on the part. To
simplify the analysis, only the rectangular groove of
0.2 mm and square groove array of 0.5 mm were
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measured and discussed. Firstly, the mold insert was
observed using a microscope. The microstructures are
shown in Fig. 4. The microstructiires all show a taper
angle because of isotropic reactive-ion etching (RIE).
Rectangular groove row and square groove array of
an embossed part are shown in Figs. 5 and 6.

The injection molded part was also observed for
comparison. Optimization methods were applied for
both processes. Rectangular groove row and square
groove array of an injection molded part are shown in
Figs. 7 and 8. As shown in Fig. 7, the microstructure

(3 (b)

Fig. 5. (a) Topview and (b) sideview of rectangular groove
rows of embossed part.

does not have a perfect shape due to incomplete
filling. The embossed part has a larger wall width of
square groove array than the injection molded part
has (in comparison of Fig. 6 and Fig. 8). In this study,
hot embossing seems to provide a better replication
than injection molding does.

3.2 Microstructure Measurement

Rectangular groove rows of the hot embossed part
and the injection molded part were measured. To
measure the microstructure profile, a high performance
surface profiler (XP-2, Ambios Technology, Inc.) was
used. Dimensions of a rectangular groove row are
defined as shown in Fig. 9. From Table 2, it is found
that both a hot embossed part and an injection molded
part do not have a perfect replication of insert
microstructure. The dimension deviations between the
insert and the part are around 5~15 %. It shows that
these two methods can be applied to replicate the
insert microstructure.

However, the shape of a hot embossed micro-
structure has a better replication than the shape of an
injection molded microstructure does. As shown in
Fig. 10, the embossed microstructure has similar
sharp comers as the insert does. However, the corners
of an injection molded microstructure are smooth.

Fig. 6. (a) Topview and (b) stereoview of square groove
arrays of embossed part.

Fig. 7. (a) Topview and (b) sideview of rectangular groove
rows of injection molded part.

Fig. 8. (a) Topview and (b) stereoview of square groove
arrays of injection molded part.

[ widthof — |
line
part
width of
itch ]| SRR
width of " pitch
line
insert
width of
[ gTOo0VE

Fig. 9. Schematic illustration of title of the rectangular groove
rows.

Table 2. Dimensions of rectangular groove row.

'Locals of Insert | Embossed part Injection
microstructure molded part
Width of line (um) | 105.1 89.4 93.6
Height (um) 81.40 76.3 76.0




C. H Wuand H. C. Kuo / Journal of Mechanical Science and Technology 21(2007) 1477~1482 1481

i —— —

Fig. 10. Surface profiles of rectangular groove rows at the (a)
insert, (b) embossed part and (c¢) injection molded part.

This phenomenon can be explained by sudden
freezing while polymer contacts the cold groove wall.
When the polymer flows into the groove, the skin
layer quickly cools down. The frozen layer slows
down and induces a smooth shape of microstructure.
As for hot embossing, the polymer is strongly pushed
into the groove by the embossing force. This action
creates a better replication of microstructure.

3.3 Parameters analysis

Embossing temperature, embossing force, em-
bossing time and demolding temperature are inves-
tigated to study their effects on replication quality of a
hot embossed part. The dimensions of rectangular
groove row on insert were described in Fig. 9. The
basic set of parameters for embossing temperature,

Table 3. Parameters set of single factor experiment.

Factors Level 1 Level 2 Level 3
Embossing temp.
o 120 140 160
Q)
Embossing force
10 15 20
(kN)
Embossing time 60 180 240
(sec)
Demolding temp.
o 70 80 90
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Fig. 11. Results of single factor analysis by changing (a)

embossing temperature, (b) embossing force, (c) embossing
time and (d) demolding temperature.

embossing force, embossing time and demolding
temperature are 160 °C, [0kN, 240 seconds and
70 °C, respectively. In this study, parametric analysis
1s carried out by changing one factor at a time
keeping the others constant as shown in Table 3. The
depth of groove row on insert is 81.40 um. The
replication heights are shown in Fig. 11.

The results show that embossing force has little
influence on the replication quality in this study. It
can be explained that embossing force of 10 kN is
enough for these experiments. Higher embossing
force does not have better replication. An appropriate
embossing temperature gives a best replication.
Optimization is necessary for setting a best em-
bossing temperature. However, the polymer can be
further pushed into the micro-groove by increasing
embossing time. Higher demolding temperature
induces more shrinkage after ejecting embossed part.
Therefore, the replication height decreases with
demolding temperature.
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4. Conclusions

The main objective of this study is to investigate
the micro-replication ability of hot embossing and
injection molding. Some conclusions can be drawn
from the experimental analysis:

1. To have a good hot embossing process, the
machine and the mold should be aligned.
Misalignment creates incomplete embossing. The
embossing force should be evenly applied on the
polymer substrate.

2. From microscopic pictures, it shows that hot
embossing provides a better replication than injection
molding does.

3. To have better replication accuracy, both hot
embossing and injection molding processes are in
need of parametric optimization.

4. The hot embossed part has less shrinkage and
warpage than the injection molded part.

5. In parametric study of hot embossing, replication
height increases with embossing time and decreases
with demolding temperature. The embossing force
has little influence on replication quality if the force is
large enough.
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