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Abstract. To solve the difficult problem for the removal of large size sacrificial layers when
preparing a terahertz coupler, a new approach is proposed using poly two methyl silicone as a
sacrificial layer. Due to its hydrophobicity and high elasticity, cross-linked polydimethylsiloxane
(PDMS) can be gently withdrawn from the cavity just after the upper suspension structure is
completed. To achieve a robust super structure, we spirt silicon dioxide on the surface of the PDMS
to increase its hydrophilicity resulting in large scale preparation of the sacrificial layer. This process
greatly reduces the steps and equipments needed for traditional processing technologies. To obtain a
good suspended structure, we sputtered silica on its surface to increase the hydrophilicity of PDMS.
Experiments show that PDMS may fill the entire cavity, and that the surface has a certain adhesion
after treatment, satisfying the preparation requirements of the upper structure. This approach solves
the problems involving the fabrication process such as difficulty in removing the large-scale
sacrificial layer, reducing the number of complex microfabrication steps and the equipment required
resulting in a more cost and time - effective solution. The duration for removal of PDMS from SU-8
structures is also much lower (saving approximately 95% of time) compared to conventional
photoresistance technology.

Introduction

Terahertz science and technology has made rapid developments over the past two decades and
now has great potential in the application of high frequency wireless communications especially in
the military field™. Currently, with the advanced MEMS technologies®®, microsensors ! and
microcouplers have been used in many industrial fields!* ®.

The design and fabrication of low cost terahertz devices are increasing the range of potential
applications including areas of science, security™, communication®, imaging®, environment and
manufacturing'® and biomedicinel”. A sacrificial layer is a special kind of material that is used to
improve the preparation of the suspended structure. The function of the sacrificial layer is to
provide strong mechanical strength to support the upper structure that can be easily removed. The
sacrificial layer material has been reported mainly to contain monocrystalline silicon, porous silicon
(PS), silica and the photosensitive resist . Currently, the best solution is to use photosensitive
resist as a sacrificial layer, such as SU-8, PMMA and polyimidel®. However, due to the high
temperature treatment, SU-8 and PMMA are more difficult to remove in a large-scale
three-dimensional cavity and the processing time is relatively long. To meet the complex
requirements of internal cavities, there is an urgent need to find a new sacrificial layer material
which is easy to fill the complex cavity and also easy to remove. In addition, due to the complex
requirements of internal cavity shape, the material must also be able to fill cavity structures of
complex shape.

In this paper, we used PDMS to generate a large-scale sacrificial layer in the fabrication of a
straight waveguide cavity™®. In view of its unique hydrophobicity, the layer does not react with
other substances after it is cured and is easy to remove. Compared to SU-8 Y, PMMA and other
photosensitive resists, the production process for PDMS is fast, simple, and cross linked PDMS can
be gently withdrawn from the cavities after the upper suspended structure is completed. This
approach not only solves the problem of high cost associated with the sacrificial layer but also
simplifies the fabrication process including prebake, exposure, development, resist removal and
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micro electroforming % *3!: By simplifying the production process, production efficiency and

speeds improve the production rate. More importantly, PDMS does not have the internal stress
which exists in a general photosensitive sacrificial layer™ and can be used to obtain a high
accuracy cavity due to its high shifting precision.

Experiments

This study focused on the preparation process of a straight waveguide cavity. The preparation
procedure consists of three parts; the first part uses a UV thick photosensitive resist SU-8 to
fabricate cavity walls; the second part is to fill the entire cavity with PDMS which is then heated
on a dry counter until cured; the third part is to release the sacrificial layer. The quality of the
sacrificial layer directly determines the preparation of superstructure. A detailed schematic of the
fabrication process of straight waveguide cavity is shown in Fig. 1.
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Fig.1 Schematic diagram of the fabrication process for a straight waveguide cavity

First, SU-8 resistance was used to prepare the sidewall structure. Due to its low thermal
expansion coefficient and thermal conductivity, this results in straight sidewall profiles and can be
used for manufacturing of a multilayer structure. All the fabrication steps were carried out in a class
100 lithography clean room. The UV- LIGA technology process of SU-8 adopted in this paper is
similar to that reported by Yang and Wang (2005,2004), and Shao et al.(2012,2010)™. To obtain a
Large-scale straight waveguide cavity with a length of 23 mm, the total height is 300 um. The
treated SU-8 mold was then ready to be utilized in the following process (Fig. 1a~1b).

A PDMS polymer was prepared with a Sylgard184 prepolymer with 15:1 - a weight ratio of the
prepolymer to curing agent. The prepared polymer was then degassed in a vacuum desiccator to
remove air bubbles after being thoroughly mixed. Once all the bubbles have cleared from the
mixture (now we will refer to the mixture as PDMS), a pipette was used to carefully coat the
desired cavities of the sample mold of the SU-8. The sample mold was filled to the top of the cavity
to ensure an even surface. Thirdly, the PDMS mold was carefully placed onto the hotplate, and the
samples were baked for 2-15 minutes. Whether or not the samples are solidified is checked by
pressing it using toothpicks. If the samples were solidified, they were taken out. Baking time and
temperature were adjusted continuously so as to ensure that no bubbles are expanded in the PDMS.
If bubbles were produced, the bubbles dried resulted in a hole in the PDMS mold. PDMS could dry
on its own within about 24 hours at room temperature, so baking PDMS at lower temperature for a
longer time might be the best way to ensure that no bubbles in the PDMS were expanded. In this
research, the mold was baked at 100°C. The cross section of a T-shaped cantilever on the microchip
was shown in Fig. 1c.
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Surface treatment of PDMS is necessary to better prepare for the suspended structure, a thin
layer of silicon dioxide was sputtered onto the surface after plasma treatment. The silicon dioxide
layers with different thicknesses with varying sputtering times were obtained. And then SU-8
photosensitive resist was coated onto the sputtered surface (Fig. 1d).Finally, the cross-linked PDMS
was gently withdrawn from the cavity. The removed cured PDMS mold down from the hotplate and
put them in a freezer for a few minutes; this will shrink the PDMS slightly and help to peel the
samples delicately out of their molds (Fig. 1e).

Result and discussion

Three dimensional morphology of waveguide cavity

A silica layer was sputtered onto the surface of the completed structure and then the structure
observed using a scanning electron microscope(SEM). In this research, the coupler with a T-type
waveguide cavity structure has large length, therefore SEM is only able to capture its local structure.
The three-dimensional micrographs scanned using SEM for each section of the waveguide cavity

are shown in Figure 2. _
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Fig2. SEM photograph of the Coupler waveguide cavity: a Straight waveguide cavity structure after the
sacrificial layer is released; b Partial view of its upper coupler cavity; ¢ Enlarged view of the upper coupler hole;
d Integral structure of the coupling cavity and the coupling hole
From Fig. 2a and 2b, it is found that the complete structure of the waveguide cavity can be
obtained by using the sacrificial layer technology. The process of removing large scale sacrificial
layers is simple and fast. After the sacrificial layer was released, the integrate structure of good side
walls was obtained. Fig. 2c and 2d are the local structures of coupling holes prepared on the
sacrificial layer. At the smallest coupling aperture diameter size of 0.24 nm, the structure of the
coupling hole is good, being fully developed. It can also be seen that using this sacrificial layer
technology to process the cavity and the complex supper structure is feasible.
Contact angle test
Hydrophobicity means that PDMS does not easily adhere to other substances. At the same time,
the hydrophobicity leads to difficulties when constructing a new suspension structure on the surface
of the PDMS. A hydrophilic modification was favorably conducted on the surface of the PDMS by
coating with the SU-8. Prior to the spin coating of SU-8, we treated the cured PDMS with plasma to
improve the surface wettability. The curve of the contact angle with the plasma processing time is
shown in Figure 4.
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Figure 3. The curve of the contact angle with plasma treatment time

The data curve of Figure 3 shows that the contact angle of PDMS surface decreases rapidly with
the increase of plasma treatment time. The surface contact angle of the untreated PDMS is about
100 degrees which shows that the surface wettability of PDMS is very poor.

Due to the PDMS formula having no hydroxyl, carboxyl and other hydrophilic function groups,
there is no direct interaction being happened between PDMS molecules and water molecules. The
photosensitive resist is therefore difficult to adhere to the surface of the PDMS, which results in a
small contact surface and non-uniform spin coating . As a result, the preparation of the preparation
of the superstructure is influenced.

Along with the increase of surface treatment time, the contact angle decreases. When the plasma
treatment time continues for 60s, the PDMS surface contact angle reached 0° (droplets completely
spread out) and so the contact angle will no longer change.

Surface roughness measurements of the sacrificial layer

The surface morphology and roughness of the modified PDMS were observed by atomic force
microscope (AFM).Comparison of surface roughness of the modified PDMS is show in Figure 4.
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Figure 4. Surface morphology test of the sacrificial layer after treatment
Fig 4a represents the 3D graphics and contact angle test of the PDMS surface without any
modification, showing the PDMS surface is flat and level, with no projections or subsidence and the
roughness is 0.88 nm with a contact angle around 100°. Fig 4b represents the three-dimensional
view and a contact angle view of the PDMS surface topography after plasma modification for 60
seconds. After a long time of plasma modification, the PDMS surface produced a large number of
bumps and burr as the surface morphology changed greatly. The roughness became 3.44 nm and the
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contact angle was close to 0°. Fig 4c shows the 3D graphics and contact angle test of the PDMS
surface after plasma modified for 20 seconds. After a short time of plasma treatment, the sample
surface appears to have a significant uplift. However, the average height of the uplift is relatively
low and roughness increases from 0.88 nm to 1.24 nm with a contact angle that has a greater degree
of reduction from 100° to about 70°. A surface morphology test was conducted by sputtering 20 nm
thick silica on the PDMS surface. The results obtained by the treatment within 15s in the test are
shown in Fig. 4d. It can be seen that the surface roughness has become 3.51nm, which is greater
than that of in Fig.4b, while the contact angle has achieved the same level as that of Fig.4b.

In summary, when the combined modification method and a single plasma modification method
achieve the same treatment results, the combined modification method requires less time for plasma
pre-treatment. Afterwards, there is only a simple secondary modification using surfactant to be
needed; optical microscope observations result show that the combined modification method will
cause no mechanical damage to PDMS, which ensures that the modified PDMS as a good support
structure can be used to prepare favorable suspended structures.

Conclusion

A large scale three-dimensional waveguide cavity structure (23 mm x 280 um) was successfully
fabricated using PDMS as a sacrificial layer. The cross-linked PDMS was gently extracted from the
prepared cavity structure just after the suspension of the structure was accomplished. This process
greatly simplified the process and equipments used in traditional processing technologies, the
durations for removing PDMS from SU-8 structures are smaller, which approximately saves 95%
time compared to conventional photoresist technologies. More importantly, there is no internal
stress in PDMS which exists in regular photosensitive sacrificial layer, and owing to the high
transfer accuracy, and ease of removal, high accuracy complex cavity structure can be obtained.
Due to its low cost, non-toxic and pollution-free, the method greatly reduces the cost of fabrication
and is both safe and environmentally friendly. This new type of sacrificial layer technology
simplifies the production process, improves the processing speed and the complex multi-layer
cavity structures prepared has wide ranging potential applications.
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