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Abstract: A facile hot embossing method—Ilow pressure hot embossing (LPHE)—is reported in
this paper. Compared with large and expensive hot embossing machines, just an oven is used for
heating with a compact self-designed loading device inside to apply pressure. Due to the small
loading device, only low embossing pressure can be applied. Micro linear arrays were
successfully fabricated with this method and the embossing process was systemically
investigated. Orthogonal arrays were used to analyze the hot embossing behavior under low
embossing pressure. As LPHE is easy to realize at a cheap price, it is very helpful for researchers
interested in fabricating micro structures such as micro fluidic chip used in prototype
experiments.
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1 Introduction

Hot embossing is a technique of imprinting micro/nano structures on a substrate with a
master mold. In recent years, as a typical micro/nano fabrication method, hot embossing has
been widely used in many areas, such as micro-fluidic devices [1, 2], bioMEMS [3, 4],
micro-optics [5, 6] and other applications due to its numerous advantages such as low cost,
high efficiency, and parallel operation. This technology has also been widely used in

industrial production of compact disc (CD), digital versatile disc (DVD), the light guide plate
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of liquid crystal displays, and other products. Over the past few years, the hot embossing
technology has attracted much research interest and has seen rapid development [7]. Several
studies have previously investigated the hot embossing method as related to the modeling of
polymer flow [8-10], optimization of process [11-15], improvement of apparatus [16-19], and
design of novel applications [20-22].

With current technology, according to the configuration of the molding tools, three types of
hot embossing machines have been reported: plate-to-plate (P2P), roll-to-plate (R2P), and
roll-to-roll (R2R) [7]. Many assistant methods, such as gas pressure [16], rubber pad [17],
and ultrasonic vibration [18] have also been developed to improve replication quality.
However, most of these machines are focused on mass production, are designed for industrial
use, and are very expensive. Special clean rooms and staff are needed to operate these hot
embossing machines, which makes it difficult to own a single machine at a common lab.

In our previous work [10-13], we developed a hot embossing machine and designed a
demolding device to improve imprinting quality. Although we designed and manufactured
this machine by ourselves, it still cost $40,000. We realize that in many situations, researchers
may only need few hot embossing products just for prototyping experiments. Until now, there
has been a lack of a facile hot embossing method to rapidly and quickly imprint in low cost.
The gas such as CO, was used in the hot embossing to acquire a uniform imprint pressure
[23-24]. With this process, the imprint pressure can also be reduce, however this gas-assisted
hot embossing device is still complicated and expensive and cannot be seen as a lightweight
device. In this paper, we report such a facile method—Ilow pressure hot embossing

(LPHE)—to simplify the hot embossing process. We designed a compact loading device and
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put it into a vacuum oven to create a simple hot embossing machine. We demonstrate here
that this method can successfully hot emboss micro structures. Due to its simplicity and
low-cost design, almost every lab can do research on hot embossing using our LPHE method.
The paper is organized as follows. Section 2 introduces the design of pressure device and

the simplified process of hot embossing. In Section 3, a demonstration of the method is
presented using micro grating structures that were hot embossed. Orthogonal tests were used
to evaluate the influence of process parameters, followed by a conclusions about the proposed
method in Section 4.
2 Materials and Methods
2.1 Loading Device

A typical hot embossing process can be divided into vacuumizing, embossing, cooling,
and demolding steps. A hot embossing machine must be able to heat, apply pressure, and
vacuumize at some time. On the other hand, a facile hot embossing device that almost every
common lab can utilize must meet the requirements of low cost, easy operation, and compact
size. To reach these goals, we utilize a vacuum oven, a common lab device, to vacuumize and
heat in this novel hot embossing process. As vacuum is not needed at some low surface
quality required applications of hot embossing, a conventional oven can also be used. A
compact loading device, which can be put into a vacuum oven, then applies pressure.

When designing the mechanical structure of the compact loading device, the following
factors were taken into consideration.

(1) The size of the entire apparatus should be small enough to fit with the small size of

the small room of an oven.
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(2) During the loading process, the entire loading device will be placed in the vacuum
oven. High embossing temperatures will damage electrical components, which means
that the device should be composed of only mechanical components.

(3) Without an electrical control system, the apparatus should contain a function to
maintain the pressure while the mold is pushed down.

As shown in Fig. 1, the framework of this loading device is made of four guiding
columns, a pressure plate, and a bottom plate. The pressure plate and guiding columns are
jointed together with a linear bearing to ensure the orientation and linear motion of the
pressure plate. This forms a lever system between the pressure plate and the bearing bar by
assembling the wire rope, supporting pole, groove wheel, pin, bearing block, and connecting
rods. The supporting shoe and the bottom plate are connected by foundation bolts in the
annular groove on the lower surface of the bottom plate. In this way, the position of the lever
system can be adjusted by changing the supporting shoe’s position in the annular groove. The

adjustable bolt adjusts the length of wire rope on both sides to keep them equal.

12

Fig. 1. The structure of pressure device. (1) guiding column; (2) linear bearing; (3) pressure

plate; (4) wire rope; (5) supporting pole; (6) groove wheel; (7) pin; (8) bearing block; (9)
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supporting shoe; (10) bottom plate; (11) connecting rods; (12) bearing bar; (13) adjustable

bolt; (14) fixing bolts.

2.2 Simplified Hot Embossing Process
The simplified hot embossing device is shown in Fig. 2. The entire loading process can be
divided into four steps as shown in Fig. 3 as follows:
(a) Setting up loading system

As shown in Fig. 3a, the first step is to place the up mold, mold and substrate, and base
mold onto the bottom plate at the center of the pin (cross shown in Fig. 2a). The up mold,
mold and substrate, and base mold should be aligned.
(b) Applying pressure

As shown in Fig. 3b, by hanging weights in the center of the bearing bar, the pressure
plate and the mold will have close contact. The pressure plate will generate specific pressure
to the mold via the lever system. According to the size of the lever system, magnification of
the pressure is 10 times, which means that the pressure on the mold is the sum of 10 times the
weight and the pressure plate’s weight.
(c) Heating and vacuumizing

The loading device is placed into the vacuum oven then heated to embossing temperature

and vacuumize.
(d) Holding pressure

As the polymer substrate softens, the mold will press into the substrate under embossing

pressure. The combinations of the linear bearing and the guide column, the groove wheel and
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the wire pole, and the supporting pole and the bearing block will cause a follow-up
movement of the pressure plate to hold the pressure. The direction of the pressure can be
ensured to be vertically downward, as shown in Fig. 3c.
(e) Demolding

After the embossing time finishes, the vacuum is released and temperature is decreased.
While the substrate is cooling down for mold releasing, pressure can be released by removing
the weights and lifting the pressure plate. The pressure releasing process is finished when the

mold and the substrate are removed from the bottom plate, as shown in Fig. 3d.

Fig. 2. Simplified hot embossing device.
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(c) (d)

Fig. 3. Loading process: (a) Construction of the loading system. (b) Applying pressure. (c)
Pressure holding process. (d) Pressure releasing process.
2.3 Micro Linear Arrays Embossing
A vacuum oven (model DZ-1BC) was purchased from Tianjin TaiSiTe Instrument Inc.
PMMA plates (1 mm thickness) were purchased from Spolytech Co., Ltd. (Korea) and were
cut into round samples with a diameter of 60 mm. Molds were fabricated by micro machining
on the aluminum sheet; the structure is shown in Fig. 4. Sizes of the mold are listed in Table

1.

Fig. 4. The structure of the embossing mold.
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Table 1. Mold sizes.

NO. Width, W/um  Height, H/um  Period, P/um
1 300 200 1000
2 400 300 600
3 500 300 1000
4 600 1200 1000
Conductive (CP) liquid, poly(3,4-ethylenedioxythiophene)

poly(styrenesulfonate), PEDOT:PSS was purchased from Agfa-Gevaert Group (Belgium).
The polymer substrate was PMMA, from Spolytech Co., Ltd. The process parameters used
for the optimization results of the orthogonal array were embossing temperature 7=150 °C,
imprint pressure =300 N, and the width of the mold W=400 um. The electrical resistance of
the micro CP microarray was measured with four point probe technique [25]. The micro
channel section is characterized by Scanning electron microscopy (SEM) and the CP linear
arrays after hot embossing are recorded by a Keyence digital microscope (SRT6200).
2.4 Orthogonal Array Experiments

Micro linear arrays are typical micro structures that are widely used in light guide plates
[26, 27]. The microstructures of linear arrays have high aspect ratio and high density. Defects
can be easily observed after hot embossing if the process parameters are not properly selected
or if the hot embossing machine malfunctions. In this paper, linear arrays were used to verify
the effectiveness of LPHE.

This orthogonal experimental design is also called the Taguchi method, which is a
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powerful way to investigate how different parameters affect the mean and variance of a
process performance characteristic that defines how well the process is functioning [28].
There are four parameters that mainly produce effects on the imprint quality: embossing
temperature 7, embossing time ¢, embossing pressure F, and the size of the mold. 7, ¢, F, and
W were chosen as the four factors of orthogonal array and a Lo(3*) orthogonal array was used
to investigate the relationship between the parameters and the imprint quality. The level
values of T were 140 °C, 150 °C, and 160 °C. The level values of t were 10 min, 20 min, and
30 min. The level values of /" were 100 N, 200 N, and 300 N, and the level values of W were
400 pm, 500 pm, and 600 pm, as shown in Table 2. Replication fidelity was used as the index
of imprint quality and was defined as

R= h/H x100% (1)

where 4 is the micro structure actual height after hot embossing.

Table 2. Control factors and their levels used in the experiment.

Symbol Factors Unit Level 1 Level2 Level3
T Embossing temperature °C 140 150 160

t Embossing time Min 10 20 30

F Embossing pressure N 100 200 300

/4 Structure width pum 400 500 600

3 Results and Discussions
3.1 Hot embossing Micro Linear Arrays

The experimental results are shown in Table 3 and the relationship between the replication
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fidelity and each factor are drawn in Fig. 5. The range of each level average represents how
important a factor is to the replication fidelity. For instance, embossing temperature has a
crucial influence on imprint quality, which is more than our image. Embossing pressure is not
as important here as in the common hot embossing process. Structure size and embossing
time both seemed to have minimal impact in LPHE. The reason that these unusual
phenomena could happen is that embossing pressure is limited to less than 500 N with the
facile loading device, which is quite small compared to the common embossing pressure of
about 10 KN, so the embossing temperature must be increased to enhance polymer flow. The
common embossing temperature ranges from 7,+5 °C to T,+20 °C, where T, is the glass
transition temperature of polymer. In our method, pressure performance is sacrificed to
satisfy the requirements of compact volume, low cost, and simple structure in the embossing
machine. However, low imprint pressure will cause low flow behavior of polymer in hot
embossing. So in the simplified embossing method, the embossing temperature must be
increased to about 73+45 °C (the glass transition temperature of PMMA used in experiments

is about 105 °C) to enhance the flow behavior of polymer.

Table 3. Replication fidelity in orthogonal array. SD/Standard Deviation
Replication
Factor 1 Factor 2 Factor 3 Factor 4
NO. fidelity
T/ °C t/min F/N W/um R/%
1 140 10 100 400 10.93
2 140 20 200 500 20.42

3 140 30 300 600 30.78
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4 150 10 200 600 85.42
5 150 20 300 400 89.53
6 150 30 100 500 79.60
7 160 10 300 500 48.07
8 160 20 100 600 40.69
9 160 30 200 400 60.36
Level 1 Ave. 20.71 48.14 43.74 53.607

Level 1 SD 9.92 37.25 3445 39.73

Level 2 Ave.  84.850 50.213 55.400 49.363

Level 2 SD 6.00 35.53 32.78 29.61

Level 3 Ave.  49.707 56.913 56.127 52.297

Level 3 SD 9.94 24.59 30.19 29.11

Range 64.140 8.773 12.387 4.244

The more the embossing temperature increases, the more the polymer becomes less
viscous, so high embossing temperature can enhance flow behavior and can improve the
imprint quality. However, low imprint quality occurs at very high temperature, 160 °C and
above, because the polymer becomes less viscous liquid and it is very hard to maintain a
particular pattern. Therefore, a good strategy is keep low embossing pressure and an
appropriate embossing temperature while increasing embossing time; a good imprint quality
can be expected. From Fig. 5, the best imprint quality is acquired with 7=150 °C, =30 min,

F=300 N, and W=400 pm. An additional experiment with the optimized process parameters
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verified the results of the orthogonal analysis.
As shown in Fig. 6, good replication fidelity was obtained and the width and the height of

micro structure was 396 um and 278 um, respectively, very close to the sizes of the mold.

—a— Temperature level
90 *— Time level
—4— Pressure level
—v— Width level

R/%

DT — T T

Fig. 6. Imprint quality with the optimized parameters. (a) & (b) The mold structures, recorded

by a Keyence digital microscope; (c) SEM image of substrate.

To fully investigate how the process parameters affected the embossing results, more
supplementary experiments were conducted based on the analysis of orthogonal array
experiments, as shown in Fig. 7. The embossing conditions of Fig.7a, Fig. 7b, and Fig. 7c
were T=120 °C, W=400 um, and =30 min, with P=100 N, 200 N, and 300 N, respectively.
The embossing conditions of Fig. 7d, Fig. 7e, and Fig. 7f were T=150 °C, W=400 um, and
=30 min with P=100 N, 200 N, and 300 N, respectively. From these experiments, these

results can be summarized:
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(1) Embossing temperature is the most key process parameter. Under the same pressure,
pattern height almost doubled when embossing temperature increased from 120 °C to 150 °C.
For example, under the embossing pressure 100 N, pattern height increased from 127 um to
230 um. The result confirmed the orthogonal array conclusion—in LPHE, polymer flow is
mainly caused by the increase of temperature while in the common hot embossing process,
embossing pressure also played an important role.

(2) The same increment of pressure has almost the same impact on the increase of pattern
height at different temperatures. With the embossing pressure increased from 100 N to 300 N,
the pattern height increased from 127 um to 180 pm when the embossing temperature was
kept at 120 °C with an increment of 53um in pattern height. If the temperature increased to
150 °C and other parameters were kept the same, the pattern height increased from 230 pum to
278 um with an increment of 48 pm in pattern height.

As a simplified hot embossing method, it is more suitable for the fabrication of low
aspect ratio structures such as micro channels while traditional hot embossing method can
also have a good performance at the embossing the high aspect ratio structures [12]. On the
other hand, as a lightweight embossing method, there is lack of assistant demolding device to
smoothly separate the patterns from the mold, so surface quality near the edge maybe not

guaranteed.



RSC Advances

Embossing temperature increase
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Fig. 7. Embossing results at different parameters.

3.2 Case Study

Hot embossing conductive polymer was used to demonstrate that LPHE could be a good
tool for researchers. CP shows unique performance qualities and has been widely used in
many areas such as biochemical sensors [29], solar cells [30], organic light emitting diodes
(OLED) [31], etc. It is important to be able to fabricate micro structures with CP. As shown in
Fig. 8, CP is first spin-coated on a polymer substrate. The mold is then imprinted in the
polymer substrate, then the CP film is cut off and micro CP linear array is fabricated. It is a
suitable application to fabricate micro CP linear array with LPHE as CP film is sensitive to
pressure [32]—high pressure may degrade performance. The direct contact area of the CP
film and the mold could not be used due to damage (Fig. 8, Area 3). Embossing time should
be carefully chosen; too long of an embossing time will result in direct contact of mold and

the desired micro CP array (Fig.8), and then cause damage. However, the CP film will not be
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cut off if embossing time is short.

Fig. 8. The schema of hot embossing conductive polymer. (1) mold; (2) desired micro CP

m——

array; (3) undesired micro CP array; (4) polymer substrate; (5) bottom substrate.

A series of embossing experiments with different embossing times were done, as shown
in Fig.9. Breakage of CP film and good pattern cannot be guaranteed without sufficient
embossing time (Fig. 9b, 9c, 9d). The desired micro CP array became damaged due to its
direct contact with mold (Fig. 91, 9g). A good pattern shape can be seen in Fig. 9¢ with the

embossing time of 20 min. Therefore, the proper embossing time was chosen at 20 min.

Fig. 9. CP linear array embossing with different times. (a)Before embossing, CP film

with a thickness of about 69um. Embossing time of (b) 5 min, (¢) 10 min, and (d) 15 min.
The optimal embossing time was found to be 20 min (e). After embossing time was longer

than 30 min, the desired CP array was easily damaged; see black ellipse area in (f) and (g),
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damage was caused by the direct contact of mold and the desired CP array.

The electrical resistance of the micro CP array will vary in different environments, such as
being in contact with different gas. This characteric is used to design different biochemical
sensors. A proper fabrication method should not change its own resistance so much. Twenty
samples were embossed and the difference of resistance before and after embossing is shown
in Fig. 10. After embossing, the resistance of CP only increased 4 times, from about 2.3 KQ
to 8.4 KQ. The increment of resistance is mainly caused by the shear force during embossing,

which also makes the CP film become thinner.

—=—Before Embossing
\ —e— After Embossing
e ._ o, 0N

8 R oot e

o
!

Resistance(KQ)

~
1

Fig. 10. The resistance of CP before and after embossing.

4 Conclusion

Hot embossing is a very common method that is widely used in micro/nano fabrication.
However, currently used hot embossing machines are too large and too expensive; they are
more geared for product development, not prototype fabrication. Many researchers only use
the hot embossing method to do prototype experiments, so it is important to provide a facile

hot embossing method to help more researchers use this technology conveniently.
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In this paper, we report on the design of a novel compact loading device that was
integrated with a vacuum oven to form a low-cost hot embossing machine. As vacuum oven
is common in almost every lab, the mainly cost of LPHE is the cost of fabricating a loading
device. With our design, this device cost less than $100 and every lab can afford. Because this
loading device is limited in applying less pressure than common hot embossing machines, we
conducted serial experiments to study the relationship between process parameters and
imprint quality. We found that flow behavior is mainly determined by the embossing
temperature in LPHE while embossing pressure also play an important role in the common
hot embossing method. We also demonstrated how to imprint micro CP array with LPHE. As
this type of manufacturing process is just a physical process, CP properties will not be
changed.
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