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We demonstrate a method of bonding between polydimethylsiloxane (PDMS) and crown
glass surfaces using solid-source H,O plasma for the fabrication of microfluidic devices. We
used a plasma treatment system with H,O vapor supplied from solid H,O (ice) in a beaker
placed in a process chamber. The bonding between PDMS and crown glass surfaces was
achieved at a contact angle lower than 50° one hour after plasma treatment. In addition, we
confirmed that the materials were completely bonded with a bonding force of at least 9 N/cm?
We also observed the low-speed laminar flow of two layers from the confluence point to the
entrance of the tube of the outlet in a microchannel device fabricated using the solid-source
H»O plasma treatment.

1. Introduction

A surface treatment technique using O, plasma is widely applied for the bonding of
substrates such as polydimethylsiloxane (PDMS) substrates in microfluidic devices. The
principle of substrate bonding is as follows. Hydrophilic functional groups (-OH or -COOH
groups) are formed on substrate surfaces from which the impurities have been removed. Wafer
bonding between different materials is realized by hydrogen bonding.(l’s) However, the bonding
between PDMS and glass surfaces is difficult to achieve compared with the bonding of a PDMS
surface to another PDMS surface, because glass surfaces do not contain OH groups.

On the other hand, heterogeneous material bonding between cyclo-olefin polymer (COP)
and glass-based substrates by liquid-source water vapor plasma has been reported@ However,
it is necessary to use a heating system to prevent condensation in the gas line in a liquid-source
H»O plasma system with a water vaporizer. We previously reported the microfabrication of a
CaF, substrate using a solid-source H,O plasma etching system.”) This system had no gas line
for water vapor, as used in a liquid-source H>O plasma system. Therefore, the solid-source H>,O
plasma system had a simpler structure than the liquid-source plasma system. In this paper, we
report on a solid-source H>O plasma treatment technique for strong bonding between PDMS
and crown glass and demonstrate an application to microfluidic devices.
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2. Experiment and Results
2.1 Experimental setup

Figure 1 shows a schematic diagram of the solid-source H,O plasma system used in our
experiment. We converted a reactive ion etching (RIE) system (Samco RIE-1) with an RF
frequency of 13.56 MHz to a simple H,O plasma system. A stainless-steel RF electrode is
cooled by water in this setup. We used PDMS (Shin-Etsu SIM-260) and crown glass (ASLAB
Super White Glass) substrates as samples. Crown glass is a kind of optical glass and is suitable
for use in microfluidic devices including optical elements and devices. In this experiment, we
used a crown glass sample in consideration of future optical applications.

The samples of PDMS were polymerized by mixing the polymer base with the curing agent
in a weight ratio of 10:1. The liquid mixture was placed in a vacuum desiccator for degassing.
The unpolymerized mixture was then poured into a plastic Petri dish and degassed once more.
To ensure thorough polymerization, the Petri dish was placed on a hot plate at 90 °C for 1 h.
The resulting PDMS elastomer was removed from the Petri dish and cut with a straight razor

into 15 x 15 mm? 2

samples. The crown glass plate was cut with a glass cutter into 15 x 15 mm
samples. The solid H>O used in the system was prepared as ice frozen by the heat of evaporation
in a vacuum,® and the H,O vapor was supplied from the solid H,O (ice) in a beaker placed in a
process chamber. We also used a quartz plate as a sample table. After plasma treatment, PDMS
and glass were placed facing each other on a hot plate at 90 °C, and heated and pressed by

applying a weight of 133.6 g for 10 min to bond them.)
2.2 Optical emission spectrum of H,O plasma

Figure 2 shows the optical emission spectrum of the H.O plasma observed through a quartz
window. The discharge conditions were an RF power of 10 W and a process pressure of 0.1 Torr.

Emission signals originating from OH (308 nm), H (656 nm), and O (777 nm) were observed. It
was also found that the emission intensity of OH was high in the solid-source H,O plasma.
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Fig. 1.  Schematic diagram of solid-source H2O plasma system.
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Fig. 2.  Optical emission spectrum of H-O plasma observed through a quartz window.

2.3 Contact angles of PDMS and crown glass after plasma treatment

Figure 3(a) shows the measured contact angles of PDMS and crown glass with a pure water
droplet after solid-source H,O and O, plasma treatment as a function of time after plasma
treatment. A 0.1 mL droplet of pure water was used in this measurement. The contact angles
of the untreated PDMS and crown glass were 117° and 56°, respectively. The contact angles of
O,-plasma-treated samples decreased dramatically in the first 5 min after O, plasma treatment,
then increased gradually with time. The contact angles of the H,O-plasma-treated samples also
decreased dramatically in the first 5 min after HyO plasma treatment, after which they remained
approximately constant.

Figure 3(b) shows the measured contact angles of PDMS and crown glass with a pure water
droplet after solid-source H,O and O, plasma treatment as a function of RF power.(lo) The
contact angle of the crown glass treated with solid-source H-O plasma was smaller than that of
the crown glass treated with O;. On the other hand, the contact angle of PDMS was larger than
that of the crown glass regardless of the RF output power. We consider that the decreases in the
contact angles of the samples resulted from the formation of -OH groups.(”) The contact angles
were lower than 50° when the bonding between the PDMS and glass substrates was successful.

2.4 Surface of PDMS and crown glass after plasma treatment

Figure 4 shows atomic force microscopy (AFM) images of sample surfaces of PDMS
and glass substrates observed 5 days after the plasma treatment. The surface roughness of
the plasma-treated glass was smaller than that of the plasma-treated PDMS. The PDMS
surface treated with H,O plasma at 50 W had a large roughness. On the other hand, some
cracks appeared in the PDMS surface treated with O; plasma at 50 W, which was due to the
vitrification of the surface. The bonding between PDMS and glass was successful at 10 W. We
believe that the bonding was successful when the sample surface had optimum roughness.
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Fig. 3. (Color online) (a) Contact angles of PDMS and crown glass as a function of the time after plasma treatment. (b)
Contact angles of PDMS and crown glass measured 60 min after, plasma treatment for 30 s and heat treatment for
10 min as a function of RF power.
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Fig. 4. (Color online) AFM images of sample surfaces 5 days after plasma treatment.

2.5 Bonding force of PDMS and crown glass after plasma treatment

Figure 5(a) shows the bonding force measurement method, in which a force gauge (A&D
AD-4932A) was used to apply a force at the center of the sample. Figure 5(b) shows a schematic
of the bonded and unbonded states. The PDMS was broken during the measurement in the case
of the bonded state, while it peeled off from the glass substrate in the case of the unbonded
state. Figure 5(c) shows the bonding force between the PDMS and glass substrates as a function
of RF power. We confirmed that a bonding force of at least 9 N/cm? was obtained in the case of
complete bonding. Our results suggest that the solid-source H,O plasma treatment gave better
bonding than the O, plasma treatment.
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Fig. 5. (Color online) (a) Schematic of bonding force measurement. (b) Bonded and unbonded states. (c) Bonding
force between PDMS and glass substrate as a function of RF power.
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Fig. 6. (Color online) (a) Fabricated microfluidic device. (b) Laminar flow of the two layers.

2.6 Application to microfluidic devices

Figure 6(a) shows a Y-shaped flow path microfluidic device fabricated using PDMS and a
crown glass substrate bonded by the solid-source H,O plasma treatment. The width, depth, and
flow path length of the microchannel were 100, 90, and 20000 pum, respectively. Figure 6(b)
shows the result of a liquid flow test using yellow- and blue-colored water. The flow rate was
100 pL/min. The Reynolds number of the liquid used in this experiment was 3.69.1? From the
confluence point to the entrance of the tube of the outlet, the low-speed laminar flow of the
two layers was observed. It was also confirmed that the bonding was maintained without liquid
leakage.
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3. Conclusions

We demonstrated a method of bonding between PDMS and crown glass surfaces using solid-
source H,O plasma for the fabrication of microfluidic devices. The bonding between PDMS and
crown glass was achieved at a contact angle lower than 50°. In addition, we confirmed that the
materials were completely bonded with a bonding force of at least 9 N/em?. Also, we observed
a low-speed laminar flow of two layers from the confluence point to the entrance of the tube
of the outlet in a microchannel device fabricated using the solid-source H,O plasma treatment
without any liquid leakage. This simple surface treatment technique using solid-source H,O
plasma is expected to be useful for bonding between PDMS and glass substrates.

References

H. L. Gou, J. J. Xu, X. H. Xia, and H. Y. Chen: Appl. Mater. Interfaces 2 (2010) 1324.
H. Kuwahata and R. Ohyama: Hyomen Kagaku 30 (2009) 174 (in Japanese).
S. Tsuchihashi: Jitsumu Hyomen Gijutsu 32 (1985) 390 (in Japanese).
M. Sugimoto, K. Tashiro, T. Bessho, and H. Honma: Surf. Finish. Soc. Jpn. 57 (2006) 162 (in Japanese).
K. Oya, K. Hosoya, T. Suto, and S. Iwamori: Jpn. Soc. Mech. Eng. 85 (2019) 00356 (in Japanese).
H. Terai, R. Funabashi, T. Hashimoto, and M. Kakuta: IEEJ Trans. Sens. Micromach. 138 (2018) 358 (in
Japanese).
A. Matsutani, H. Otsuki, and F. Koyama: Jpn. J. Appl. Phys. 47 (2008) 5113.
B. T. Ginn and O. Steinbock: Langmuirm 19 (2003) 8117.
9 M. Tohnishi and A. Matsutani: Jpn. J. Appl. Phys. 67 (2020) 01 (in Japanese).
10 S. Bhattacharya, A. Datta, J. M. Berg, and S. Gangopadhyay: J. Microelectromechamical Syst. 14 (2005) 590.
11 D. X. Piao, Y. Uyama, and Y. Ikeda: Polymer 48 (1991) 529 (in Japanese).
12 A. Kinbara : Fluid mechanics (Jikkyo Publish, Tokyo, 2009) (in Japanese).

AN N R W=

>



