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Room-Temperature Microfluidics Packaging Using
Sequential Plasma Activation Process

M. M. R. Howlader, S. Suehara, H. Takagi, T. H. Kim, R. Maeda, and T. Suga

Abstract—A sequential plasma activation process consisting of
oxygen reactive ion etching (RIE) plasma and nitrogen radical
plasma was applied for microfluidics packaging at room tempera-
ture. Si/glass and glass/glass wafers were activated by the oxygen
RIE plasma followed by nitrogen microwave radicals. Then,
the activated wafers were brought into contact in atmospheric
pressure air with hand-applied pressure where they remained
for 24 h. The wafers were bonded throughout the entire area
and the bonding strength of the interface was as strong as the
parents bulk wafers without any post-annealing process or wet
chemical cleaning steps. Bonding strength considerably increased
with the nitrogen radical treatment after oxygen RIE activation
prior to bonding. Chemical reliability tests showed that the
bonded interfaces of Si/Si could significantly withstand exposure
to various microfluidics chemicals. Si/glass and glass/glass cavities
formed by the sequential plasma activation process indicated
hermetic sealing behavior. SiOxNy was observed in the sequen-
tially plasma-treated glass wafer, and it is attributed to binding of
nitrogen with Si and oxygen and the implantation of N2 radical
in the wafer. High bonding strength observed is attributed to
a diffusion of absorbing water onto the wafer surfaces and a
reaction between silicon oxynitride layers on the mating wafers.
T-shape microfluidic channels were fabricated on glass wafers
by bulk micromachining and the sequential plasma-activated
bonding process at room temperature.

Index Terms—Bonding strength, glass, hermetic sealing, mi-
crofluidic device, nitrogen radical plasma, oxygen reactive ion
etching (RIE) plasma, sequential plasma activation process.

I. INTRODUCTION

GLASS substrates have strong insulating and nonreacting
behavior to most standard chemicals and are considered

for many chemical and biomedical applications as microflu-
idics devices. Microparticle detection and counting, identifica-
tion of microparticle types using fluorescence, and blood cell
analysis are a few specific applications for microfluidics de-
vices. A number of papers have appeared on DNA sequencing,
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particles filtering, biochemical analysis, and semen testing for
such applications [1]–[3]. Fabrication process of microfluidics
devices has matured more than that of their assembly, bonding,
and packaging. The integration of glass microfluidics devices
requires bonding between the chip and the substrate. Many of
the previous approaches used anodic bonding [4], [5], electro-
static bonding [6], adhesive layer bonding [7], or high-temper-
ature bonding processes [8], [9] for the packaging. However,
these bonding processes have several disadvantages. Without in-
termediate layers, glass/glass cannot be bonded anodically. Al-
kaline ions segregated across the interface during bonding may
disturb the biological and chemical species. Solvent extraction
and analyte adsorption of the adhesive may limit the perfor-
mance of microfluidic devices in the adhesive bonding case. In
addition, the adhesive and polymerized bonding processes have
a severe optical loss problem compared to the direct bonding
process. On the other hand, glass and quartz wafers bonded at
650 C–1000 C for the integration may collapse and/or dis-
tort the channel especially across the bonding edge. Plasma-acti-
vated bonding with energetic neutral Ar atoms and reactive H O
and NH molecules for chip size Si SiO has been reported
in high vacuum [10]. Hydrophilic bonding of Si/SiO after N ,
Ar, and O plasma treatment has found similar results in the
atmospheric air and vacuum at 200 C [11]. Nevertheless, the
process complexity of plasma activation followed by chemical
cleaning is undesirable to many microelectromechanical sys-
tems (MEMS) and microfluidics especially to preserving life
cell species. To the best of our knowledge, no room-temperature
wafer-level bonding for glass/glass wafers, which is a candidate
material for microfluidics device as previously mentioned, has
been reported. Moreover, the bonding of the patterned wafers is
difficult compared with the bare wafers and, therefore, hermetic
sealing will be more challenging.

In order to avoid the bonding issues of microfluidics de-
vices, a room-temperature direct wafer bonding technique
called sequential plasma activation process for silicon/glass
and glass/glass was developed, which can be applicable to the
fabrication of microfluidics devices. Glass/glass wafers were
integrated for the first time in the atmospheric air at room
temperature by the sequential plasma activation process, in
which the mating surfaces were cleaned with O radio fre-
quency (RF) plasma followed by N microwave radicals. The
bonding load used was significantly low. The interface had a
very strong bonding strength comparable to bulk materials and
it maintained hermetic sealing. The sequential plasma acti-
vation process is different from other microfluidic packaging
approaches because it can create hermetic sealed interface
with strong bonding strength at low temperature. Paramount
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influence of N radicals on the adhesion enhancement of
Si/Si bonding was observed. Since microfluidic devices are
essentially important for chemical analysis/reaction in the
MEMS-based chemical reactor, the fundamental understanding
of chemical influence on the bonding interface would be
beneficial. This paper presents the bonding results on bare
glass/bare glass, rectangular cavities on Si/bare glass, and glass
with holes/glass with microfluidics channels, and addresses
several critical issues such as the influence of N pressure on
the bonding strength, hermetic sealing behavior, and bonding
mechanism and chemical reliability of the interfaces.

II. EXPERIMENTAL PROCEDURE

A. Activation Process and Sample Preparation

Single side mirror-polished 4-in single crystalline Si (100)
and both sides mirror-polished 4-in glass wafers were used in
this experiment. The thicknesses of the Si and glass wafers were
450 and 1000 m, respectively. Rectangular and channel struc-
tures were fabricated on the chip-size and wafer-level samples
by using the standard bulk micromachining process unless oth-
erwise mentioned. Wafer-level surface activated bonding (SAB)
tool consisting of nine chambers [12], which were equipped
with argon fast atom beam (Ar-FAB) and low-energy ion beam
(processing chamber), and RF and microwave (MW) plasma
sources (plasma chamber) were used to activate the chip-size
and wafer-level sample surfaces. Wafer surfaces were activated
in a low vacuum pressure using 13.85-MHz oxygen RF plasma
followed by 2.45-GHz MW plasma at room temperature unless
otherwise mentioned. In the case of MW plasma, a system to
extract electrically neutral radicals was developed. Radicals can
chemically activate the wafer surfaces. On the other hand, ions
generated in reactive ion etching (RIE) in the RF plasma were
accelerated by self-bias voltage to increase physical bombard-
ment capability. The plasma source powers were 200 and 2000
W, respectively, for the RF and MW plasma.

For sequential activation, the wafer surfaces were processed
by oxygen RIE plasma for 60 s and then subsequently processed
by additional nitrogen radicals for 60 s at 30 Pa unless otherwise
mentioned. In order to generate RIE plasma and radicals in one
chamber, an RF discharge electrode and an ion-trapping metal
plate for MW plasma were used as shown in Fig. 1. In this con-
figuration, RIE plasma is generated by the discharge between
the ion trapping metal plate and the RF electrode [Fig. 1(a)].
MW plasma was generated and passed through the ion-trap-
ping metal plate to generate neutralized nitrogen beam (charge-
free radicals) by absorbing ions in the holes of the metal plate
[Fig. 1(b)]. By the help of the independent plasma generation
with the MW and RF discharge systems, a wafer surface can
be activated by the ions with high bombarding energy, and the
radicals without bombarding energy in one plasma chamber.
Oxygen gas for RIE plasma and nitrogen gas for radical gen-
eration were used. The plasma discharge and wafer processing
conditions are shown in Table I.

Buffered hydrofluoric (BHF) acid was used for the etching
of glass wafers to make various structures and channels. The
etching rate of glass was 75 nm/min. The patterned chips/wafers
were cleaned with acetone and ethanol to remove resists. The

Fig. 1. Schematic diagrams for (a) RF O RIE plasma system with self-biased
condition and (b) modified N radical MW plasma system. The plasma was
generated one after another to activate the wafer surfaces.

TABLE I
GENERATING CONDITIONS FOR O RIE AND N RADICAL PLASMA WITH

PROCESSING TIME FOR THE ACTIVATION OF SI AND GLASS WAFERS

samples were then cleaned with H SO and H O solution at
80 C followed by HF dip. The samples were rinsed in water
after each chemical treatment. Finally, the samples were spun-
dried. Nevertheless, the bare glass wafers were not cleaned with
any wet chemicals. As received glass wafers were used for the
bonding experiments. After surface activations with the sequen-
tial plasma activation process, the mating wafers were bonded
in clean ambient air. Only hand pressure was used to apply force
after contacting at the center of the mating wafers. The bonding
pressure was approximately 1–2 MPa. The wafers bonded in the
atmospheric air were kept in the atmospheric air for 24 h to sat-
urate the bonding strength.
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Fig. 2. Schematic diagrams for (a) tensile pulling test for the evaluation of
strength of bonded wafers and (b) fine leak test for the evaluation of sealing
behavior of cavities.

B. Tensile Pulling and Leak Tests

Bond strength was measured by a tensile pulling tester
(AGS-1 kNG), which was made by the Shimadzu Corporation.
The bonded wafers were cut into 10 10 mm pieces and
stuck to metal bars (jigs) with glue for the tensile pulling test.
Fig. 2(a) and (b) shows the schematics for the tensile pulling
and fine leak tests, respectively. For fine leak test, the sealed
cavities of Si/glass and glass/glass (will appear in the results
and discussion section) were placed in a high pressure of
radioisotope Kr-85 gas mixture chamber and then measured
the radiation counts coming out from the sealed cavities by
scintillation counter outside the chamber as shown in Fig. 2(b).

III. RESULTS AND DISCUSSION

A. Glass/Glass Bonding

Fig. 3 shows the optical image of 4-in glass/glass wafers
bonded by using the sequential plasma activation process at
room temperature. The wafers surfaces were activated with O
RIE and N radical at 30 Pa for 60 s. The entire area was bonded
except a few small voids. The unbonded region can be due to
failure of removing particles from the mating surfaces after
plasma cleaning. The bonding experiments were performed in
the atmospheric air of a class 10 000 clean room. Therefore,
the dust/particles problem could be minimized with handling
of wafers during bonding in a better clean room environment.

Fig. 4 shows the influence of N pressure on the bonding
strength of bare glass/bare glass wafers bonded at room tem-
perature in the atmospheric air. At 30-Pa N pressure, the data
scattering was minimum, whereas it was maximum at 200
Pa. In addition, the tensile pulling results shown includes the
bonding strength for the samples which were debonded not
only from the bulk of glass wafers, but also from the glue used
for placing the samples surfaces on the tensile jigs and from the
interface of the samples. So, the prediction of the exact reasons
responsible for the slight increase of the tensile strength after
30-Pa N pressure was difficult. The difficulty of measuring
tensile strength of bare wafers bonded is well known [13].

Fig. 3. Wafer-level optical image of 5-in bare glass/glass wafers bonded in
the atmospheric air using the sequential plasma activation process at room
temperature.

Fig. 4. Dependence of N gas pressure on the bonding strength of bare
glass/bare glass wafers. The wafers were activated with O RIE at 30 Pa for 60
s prior to N radical treatment for 60 s at various N pressure.

Mesa structured bonded wafers are known to reduce artifacts
on the bonding strength measured by the tensile pulling test.
Therefore, mesa structures were prepared on the surface of one
wafer of mating pairs for the quantitative measurement of the
tensile bond strength as shown in Fig. 5. The optical image
for bare/mesa structured glass wafers was identical to that of
the bare/bare glass wafers. The height and width of the mesa
structures were 4 m and 2 mm, respectively. During dicing,
not a single chip was debonded.

Fig. 6 shows the nitrogen gas pressure dependence on the
bonding strength of the mesa structured glass/bare glass wafers
bonded by using the sequential plasma activation process at
room temperature. This figure also includes the surface rough-
ness of glass wafers measured by an atomic force microscope
(AFM) (Seiko Instruments), which were prepared under iden-
tical conditions of the bonding experiments as a function N gas
pressure. The scanning area was (1 1) m . Bond strength and
surface roughness were expressed by the curves and the column
bars, respectively. All of the samples were visually debonded
from the interface after tensile pulling tests, indicating that the
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Fig. 5. (a) Wafer-level optical image of bare and patterned glass wafers. (b)
Chip-size optical image of bare and patterned glass wafers after dicing. (c)
Schematic diagrams for the dimensions of a single chip. The mesa height was
4 �m.

intrinsic interface strength of the glass/glass wafers is weak.
The standard deviations of the tensile strength were exceedingly
high and which were 86.5, 50.9, 99.9, and 68.1% deviated from
the mean values at the N radical pressure of 0, 30, 100, and
200 Pa, respectively. At 0 and 100 Pa pressures, the deviations
were near to 100%. At 30 and 200 Pa, the deviations were al-
most identical. The mean tensile strength values can be seen
in Table II. Considering that the bonding strength with the in-
crease of N pressure appeared to the upper deviation level, it
could be roughly concluded that the bonding strength increased
with the increase of N radical pressure. The bonding strength
might vary with different inclusions, such as dust/particles at
the interface, inhomogeneous force application to the surfaces
due to parallelism problem of the jigs and their angles during
pulling test, inhomogeneous plasma etching of the surfaces, etc.,
resulting in broader scatter in bond strength. The intensity of O
RIE and N radical plasma was almost homogeneous. However,
the surface roughness, as shown in Table II, can be another pa-
rameter to control the bonding strength. Before plasma activa-
tion, the root mean square (rms) surface roughness of the glass
wafers was 0.3 nm, and it was 0.9 nm after activation with O
RIE plasma (which is the value at 0 (no N radicals) Pa of N
pressure) for 60 s at 30 Pa. The rms surface roughness increased
with the increase of N gas pressure, which is consistent to the
results of other work [14]. The rms value for 30 Pa N pressure
was 1 nm. At 200 Pa, it was almost three times higher than that
of 30-Pa pressure (Table II). Therefore, strong influence of N
pressure was observed, and the optimum pressure to increase
the tensile strength was found to be 30 Pa.

Fig. 6. Tensile strength of patterned glass/bare glass wafers as a function of
N gas pressure.

TABLE II
SURFACE ROUGHNESS OF GLASS WAFERS ALONG WITH MEAN TENSILE

STRENGTH AND STANDARD DEVIATION AT VARIOUS N GAS PRESSURE.
“WITHOUT PLASMA” INDICATES THE SURFACE ROUGHNESS OF

VIRGIN GLASS WAFER. THE SCANNING AREA WAS (1� 1) �m

A significant difference in the absolute tensile strength
between the bare/bare (Fig. 4) and bare/patterned (Fig. 6) glass
wafers was found. Nevertheless, the bonding experiments were
performed at the identical conditions. Probably, discrepant
fracture mechanics and surface states are responsible for this
difference. When a tensile tester pulls from opposite directions
perpendicularly to the bonded surfaces to separate surfaces,
the stress on the bonded surfaces surrounding the jigs can be
compressive for the bare/bare bonded wafers. On the other
hand, it can be a combination of compressive and tensile for
the bare/mesa wafers. Long chemical etching and sequential
plasma processes of mesa wafers might have generated porous
surfaces including pinholes, which can work as tensile force and
easily allow air across the interface during tensile pulling test.
As mentioned previously, only hand pressure was used to apply
force after contacting the mating wafers in the atmospheric air
to propagate the bonding area. Faster propagation of bonding
in the bare/mesa structured wafers than that of the bare/bare
wafers was observed. The faster propagation of bonding is
probably because the surface layer of air has a shorter distance
to go in the mesa wafer than in the bare wafer. This also can be
due to the plasma-induced polar dangling bonds on the surfaces
[15] and their relationship with the surface structure. Further
investigation is necessary to gain insights into the detailed
mechanism.
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Fig. 7. Typical optical images of (a) glass/glass cavities on 4-in wafers. (b)
Single glass/glass chip with a cavity after dicing. (c) Si/glass cavities on 4-in
wafers. (d) Single Si/glass chip with a cavity. (e) Dimensions of a single chip
with a cavity. The sealed cavities were used for fine leak test. All chips were
survived after dicing.

B. Sealing Behavior of Si/Glass and Glass/Glass

To investigate the sealing behavior of Si/glass and glass/glass
bonded by the sequential plasma activation process, cavities of
sizes 5.6 2.4 “0.04–0.09” mm were fabricated on Si and
glass wafers. Si and glass wafers were etched with tetra-methyl
ammonium hydroxide (TMAH) and BHF, respectively. The
bottom of the glass wafer was coated also with photo resist to
withstand long etching with BHF required for deep cavities.
Fig. 7(a) and (c) shows the optical images of wafer-level
Si/glass and glass/glass interfaces, respectively. The bonded
wafers were cut into chips of sizes of 13 13 mm for the ra-
dioisotope fine leak test. Not a single chip was debonded during
dicing, and the typical optical images for diced chips are shown
in Fig. 7(b) and (d). Fig. 7(d) shows the dimensions of a single
chip with the mesa structures and the cavity. The horizontal and
vertical sealed widths of the cavity were 3.3 and 1.7 mm. The
whole chip area with the cavity was 9 9 mm . A remarkable
difference in the optical images of a single chip of glass/glass
[Fig. 7(b)] and Si/glass [Fig. 7(d)] interfaces was found. The
dirty optical image for the glass/glass interface surrounding the
cavity was due to the influence of chemical etching and photo
lithography on photo resist of the bottom surface.

Sealed cavities of Si/glass and glass/glass wafers were ex-
posed to a mixture of Kripton-85 gas of specific radioactivity of

Fig. 8. Bonding strength of Si/Si as a function of dipping time in the 3%
hydrofluoric acid at room temperature.

1.6 10 Bq/m in a background high pressure of 5 10 Pa
for 15 h in order to measure the leak rate of the cavities
[Fig. 2(b)]. Total numbers of cavities used for the fine leak tests
were eight for each category. The background dose was 71–95
counts per min (cpm). The leak rate of exposed cavities was
measured outside the chamber by measuring radiation counts
coming out of the sealed cavities using a scintillation counter.
The estimated leak rate was lower than 1.0 10 Pa m s.
Since the cavity volume was about 1.0 10 m , the leak
rate for the Si/glass and glass/glass cavities satisfies to the
requirements of 1.0 10 Pa m s for MIL-STD-883E [16]
encapsulation standard in hazard environments.

Fig. 8 shows the time-dependent influence of the HF acid on
the bonding strength of Si/Si interface prepared by the SAB and
the sequential plasma activation processes at room temperature.
The main reason for using HF is to see whether the interfaces can
withstand a highly reactive chemical. In the SAB process, 8-in Si
wafers were activated with an Ar-low energy ion source of 80 V
and 3 A for 10 s and bonded in a vacuum pressure of 10 Pa.
Sequentially treated samples were activated with O RIE and N
radical for 60 s. Chip size samples cut from the 8-in Si/Si wafers
were dipped in the 3% HF for 40 days. In the SAB processed in-
terfaces, the bonding strength remained constant for 20 days and
then decreased in the increase of dipping time. On the other hand,
in the case of the sequentially processed interfaces, the bonding
strength decreased in the increase of dipping time from the be-
ginning of the experiments. Faster decrease in the tensile strength
of sequentially processed Si/Si interface was due to the etching of
oxidesacross the interface,whose thicknesswasmuchlarger than
that of the SAB processed Si/Si interface. The comparative chem-
ical reliability of the Si/Si interfaces processed by the low energy
activation and plasma activation after dipping in water, ethanol,
acetone, and 3% HF for 30 days at room temperature showed the
substantial dependence of tensile strength on the chemical types.
The bonding strength was not noticeably degraded in any chem-
icalexcept inHF.Theremarkabledifferenceinthetensilestrength
of the SAB and plasma-processed interfaces dipped in HF was
likely be controlled by the discrepant surface chemical reactions
at the interfaces.

C. Role of N Radical and Bonding Mechanism

To clarify the role of N radical on the sequential plasma ac-
tivation bonding process and the bonding mechanism, chemical
information of glass wafers before and after surface activation
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Fig. 9. FTIR spectra for activated, nonactivated, and debonded glass wafer
surfaces. The wafer surfaces were activated with O RIE plasma and N radical
plasma at 30 Pa for 60 s.

with plasma and after debonding were systematically investi-
gated by using Fourier transform infrared spectroscopy (FTIR)
measurements. Fig. 9 shows the comparison of the FTIR spectra
for glass before plasma, after plasma, and after debonding. The
activation time and gas pressure for O RIE and N radical were
60 s and 30 Pa, respectively. The spectra show an intense peak
for the sequentially plasma treated sample at the wavenumber
of 800 cm . N radical, which chemically activates the sur-
face, can bind with Si and O and partly implant in the glass.
Therefore, N radical possibly contribute to the silicon oxini-
tride. Silicon oxinitride absorption behavior has been reported
be varied near 850 cm depending on the nitrogen-to-oxygen
ratio [17]. Identical motivation drove us to investigate the mi-
crostructure of the bonded interface of Si wafers, which were
activated with O RIE plasma for 60 s and N radical for 10 and
1200 s [18]. Radiation-induced amorphous layer at the Si/Si in-
terface was found, which was indicative of distorted short range
order of Si atoms. A new phase in both sides of Si across the
amorphous layer was found probably due to the long exposure
of Si surfaces with the N MW radical. This new phase was
detected at the Si/Si interface prepared after activating with O
RIE plasma for 60 s and N radical for 10 s. Earlier investi-
gation of the sequentially plasma treated (O RIE for 60 s and
N radical for 60 s) Si surfaces by X-ray photoelectron spec-
troscopy (XPS) detected a few nitride nanolayers on the surface.
The bonding energy for N 1-s peak was higher than that of sil-
icon oxinitride, which was believed be due to the meta-stable
N–O bonding [19]. Silicon nitridation has also been reported by
utilizing an RF N radical irradiation SiO [20], [21]. Therefore,
the strong bonding results could be interpreted in terms of the re-
action between the plasma-induced metastable surfaces through
OH sites on both surfaces (when the O RIE and N radically
treated Si surface exposed to the atmospheric air for bonding),
which resulted in water formation across the interface. As the
water diffused with time into bulk materials, ON sites on both
surfaces reacted and produced stabilized silicon oxinitride re-
sulting in strong bonding strength. Long exposure of N MW
radical plasma might diffuse N in the bulk of Si.

In order to gain insights into the bonding mechanism of the
sequential plasma activation process, this process should be
comparatively explained with other direct bonding processes
for Si/Si and Si/SiO . Direct wafer bonding can be categorized

into hydrophilic, plasma assisted hydrophilic, and hydrophobic
bonding processes. High-temperature annealing is required
after bonding to achieve high bonding strength in all of the
processes, whereas no annealing is essential in the sequential
plasma activation process. In general, Si and SiO hydrophilic
surfaces are obtained by RCA (NH H O H O
and HCl:H O H O ) cleaning technique in which the
surfaces are covered with OH groups after cleaning. In hy-
drophilic plasma-assisted bonding, the hydrophilic surfaces are
exposed to O plasma, which results in OH-groups termination
on native oxide layers (about a 1-nm thick) on the surfaces.
Sometimes the plasma-exposed surfaces are dipped into water
and the hydrophilic surfaces absorb water molecules on their
silanol (Si-OH) groups. If the hydrophilic surfaces are either
exposed to O and/or dipped into water followed by contact, the
two opposite surfaces are linked by weak hydrogen bonds of
absorbed water molecules. The long hydrogen bridge between
the mating surfaces can be shortened by the diffusion of water
molecules into the silicon bulk during heating at elevated tem-
peratures. High-temperature annealing forms strong covalent
bonding of Si–O–Si. In the case of hydrophobic bonding, the
wafer is dipped into a HF solution to remove the native oxides,
and the surfaces are terminated mainly by hydrogen and partly
by fluorine. The hydrogen-terminated silicon surfaces interact
through van der Waals forces. Hydrogen atoms are released
from the surface at the interface and diffused into silicon bulk
during annealing at 300 C resulting in the formation of
strong covalent bonding of Si–Si. A more detailed description
of the hydrophilic and hydrophobic bonding mechanisms can
be found in [22]. On the other hand, as previously mentioned,
physical sputtering of O RIE plasma was used to remove
native oxides of Si or SiO and to generate oxide layers on
the nonchemically cleaned surfaces in the sequential plasma
activation process. Subsequent activation (of the surfaces which
were physically treated with O RIE) with N MW radical
can produce thermodynamically and chemically metastable
oxynitride layers. When the metastable oxynitride surfaces
are exposed to atmospheric air with moderate humidity, water
molecules are stuck on the surfaces. Thus, a set of chemical
reactions both during the surface preparation (by the physical
sputtering of O RIE plasma combined with the chemical acti-
vation of N MW plasma) and under mating the two metastable
oxynitride surfaces are plausible mechanism responsible for
the bonding of glass/glass in the sequential plasma activation
process without any wet chemicals. Nevertheless, the reactions
between the two metastable surfaces result in a stabilized
silicon oxynitride network at the interface. Silicon oxynitride
network is most likely distributed in the amorphous region as
well.

D. Microfluidic Devices

Recently, microelectronics, MEMS, biological, and chemical
sciences and technologies are being merged together. Gomez et
al. [23] reported microfluidics biochip fabrication for the inter-
rogation of biological species such as molecules, cells, etc. The
total fluidic path volume was 30 nL. Based on the measurement
of a low conductivity ionic strength of suspension medium
modified by the bacterial metabolism, biological species can be
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Fig. 10. (a) Optical images of microfluidics devices fabricated with glass
wafers. (b) Dimensions for top and bottom glass wafers with holes and
T-channels, respectively. Sequential plasma activation process was used to
bond the two glass wafers having structures at room temperature.

detected. The main features of the microfluidic device were the
fabrication of channels on Si, deposition of SiO , fabrication
of metal electrodes for impedance measurements, and sealing
using glass cover with spin-on-glass as intermediate layer.
The bonded samples heated at 300 C were cracked due to
large thermal expansion (CTE) mismatch problem. Bonding
succeeded when heating only to 200 C, which could withstand
up 340 kPa. When the microfluidic flow pressure increased
to 700 kPa, the bonded interface was debonded. Therefore,
low-temperature hermetic sealing of Si/glass and glass/glass is
an important criterion for the microfluidic application.

Fig. 10 shows the optical images of glass/glass bonding for
microfluidic applications. Chip size glass wafers were used.
One glass wafer had 500 m size three holes, which were made
by using mechanical mounting wheels drilling process. The
other glass chip had T-shape microfluidic channels fabricated
by the wet chemical (HF) etching process. The depth and
width of the microchannels was 60 and 120 m, respectively.
The chip size drilled wafers were polished by mechanical and
chemical polishing to smooth the surfaces, then activated with
sequential plasma activation process, and finally bonded to-
gether after manual aligning at room temperature. The bonding
strength was equivalent to the bulk materials. In other words,
no interface fracture was evident after the tensile pulling tests.
Glass is transparent to the ultraviolet (UV) light at wavelengths
greater than 350 nm. On the other hand, the Ar-low-energy ion
beam with 80 eV and 3 A showed no significant influences on
the UV transmittance properties of quartz wafers irradiated for
30 min [12]. Therefore, laser induced fluorescence [24] and
UV absorbance detections [25] of microfluidics are possible
when flowing through the glass/glass microfluidics devices.

Identical microfluidics biochip fabrication, which was reported
in the [23], can be realized with the help of the sequential
plasma activation process. Wafer-level packaging of microflu-
idics channels on Si and glass wafers appears to be feasible
contingent upon the controlled warpage/waviness of wafers.
For wafer-level packaging, the minimum coplanarity of 4- and
8-in Si and glass wafers should be controlled to 3 and 6 m,
respectively.

Furthermore, living cells can be preserved in the glass/glass
microfluidics sealed/closed cavities for detection because of the
room-temperature bonding of glass/glass in the atmospheric
air after sequential plasma activation [26]. Based on the high
bonding strength and hermetic sealing behavior Si/glass and
glass/glass wafers with structures and microchannels bonded
by the sequential plasma activation including the preserving
feasibility of living cells in the microchips, it can be used for
the microfluidics packaging.

IV. CONCLUSION

Glass/glass wafers were integrated for the first time in the at-
mospheric air at room temperature by new sequential plasma ac-
tivation bonding process, in which surfaces were cleaned with
O radio frequency (RF) reactive ion etching (RIE) plasma fol-
lowed by N microwave radicals. The bonded interface was very
strong and the bond strength was comparable to bulk materials.
Bond strength considerably increased with the nitrogen radical
treatment after oxygen RIE activation prior to bonding. Chem-
ical reliability tests showed that the bonded interfaces were sig-
nificantly robust when exposed to various chemicals. Si/glass
and glass/glass cavities formed by the sequential plasma activa-
tion process showed a hermetic sealing behavior. SiO N was
observed in the sequentially plasma-treated glass wafer, prob-
ably due to the binding of nitrogen with Si and oxygen and the
implantation of N radical in the wafer. High bonding strength
was thought to be due to a diffusion of absorbing water into the
wafer surface and a reaction between silicon oxynitride layers
on the mating wafers. This process was successfully demon-
strated by fabrication of T-shape microfluidics channels on glass
wafers by bulk micromachining and sealing with a flat cover
glass.
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