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Sequential Plasma-Activated Bonding Mechanism
of Silicon/Silicon Wafers

Matiar M. R. Howlader, G. Kagami, Sang Ho Lee, Jinguo G. Wang, Moon J. Kim, and Akira Yamauchi

Abstract—To investigate the sequentially plasma-activated
bonding (SPAB) mechanism of silicon/silicon wafers, the sur-
face hydrophilicity, and the interface voids, nanostructures and
chemical compositions that control the bonding quality, such as
bonding strength, have been observed. Although the sequentially
plasma-activated surfaces are hydrophilic, the SPAB mechanism
is not identical to the hydrophilic bonding. SPAB shows high
bonding strength at room temperature and water rearrangement
below 150 ◦C, which removes the water from the interface to the
bulk. This results in a thinner amorphous silicon oxide layer at
the interface. Further heating of the bonded wafers desorbs water
from the bulk. The heating at 225 ◦C starts producing hillocks at
the interface, which turn into voids at temperatures above 400 ◦C
for absorbing the hydrogen gas produced from the desorbed water
at the interface. The new and bigger voids are due to the hydrogen
gas at 600 ◦C and start accumulating at 800 ◦C, resulting in
bubbles caused by the accumulation of voids at the preferential
sites. No nitrogen exists either in silicon or in the amorphous SiO2

layer at the interface. The Si-L2,3 edges from the amorphous
silicon oxide at the bonded interface are identical to those of the
standard SiO2. [2009-0253]

Index Terms—Amorphous silicon oxide layer, electron energy
loss spectroscopy (EELS), interfacial nanostructure, sequentially
plasma-activated bonding (SPAB) mechanism, voids formation,
water contact angle.

I. INTRODUCTION

WAFER direct bonding (WDB) joins two mirror-polished
surfaces without using any intermediate layers. Due to

its simplicity, this technique has been widely utilized to bond
silicon wafers for microelectromechanical systems (MEMS),
optoelectronic devices, and fabrication of silicon-on-insulator
(SOI) structures [1], [2]. One of the approaches to achieve
such WDB of silicon wafers is to prepare hydrophilic sur-
faces using wet chemicals, such as RCA1 (NH4OH : H2O2:
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H2O = 1 : 1 : 5) and RCA2 (HCl : H2O2 : H2O = 1 : 1 : 6).
The chemical cleaning processes remove organics, metals, and
alkaline contaminants. These hydrophilic surfaces bond due to
the van der Waals attraction through hydrogen bonds between
the OH− terminated surfaces. Thermal heating at elevated tem-
peratures as high as 1000 ◦C is required to obtain strong Si-O-Si
bonds across the interface [1]–[3]. In fact, temperature-sensitive
MEMS devices, such as an image sensor, are not compatible to
heating at such high temperatures [4].

To reduce the bonding temperature, plasma-activated bond-
ing processes, such as reactive ion etching (RIE) [5]–[7],
microwave (MW) [8], inductively coupled plasma [9], and
ultraviolet [10] radiation plasma using different atmospheres,
such as argon, oxygen, nitrogen, and hydrogen gases, have been
reported. The plasma-assisted bonding processes utilize heating
at temperatures as low as 200 ◦C–300 ◦C to obtain high bonding
strength. However, during the heating process, voids are formed
at the bonded interface of silicon/silicon [5], [7], [9], [11].
This is due to the plasma-induced defects and the hydrogen
gas caused by reactions between water molecules and silicon.
Plasma-assisted bonding methods have been demonstrated in
the wafer scale packaging of MEMS devices [12]. However, in
practical applications, metalized layers and circuits on wafers
may be destroyed even at these low bonding temperatures. In
addition, materials with high lattice and thermal mismatch,
such as silicon and lithium niobate, fracture at these low
(i.e., 200 ◦C) temperatures [13]. Therefore, the integration
of temperature-sensitive devices and materials with high lat-
tice and thermal mismatch requires room-temperature plasma
bonding.

A room-temperature plasma bonding process has been de-
veloped utilizing the physical sputtering of oxygen (O2) RIE
and the chemical reactivity of nitrogen (N2) MW radicals on
the same surface one after another. This is a two-step sur-
face activation method called the sequential plasma-activated
bonding (SPAB) process [14], [15]. The mating surfaces are
activated with oxygen RIE plasma followed by nitrogen rad-
ical cleaning in a low vacuum and bonded in clean room
atmosphere with hand-applied pressure. The advantage of this
method is the bonding capability of delicate microelectro-
mechanical systems (MEMS) and temperature-sensitive diverse
circuits, components, and devices at room temperature. In
addition, the bonding strength of silicon/silicon as high as
25 MPa was achieved in SPAB at room temperature, which
was equivalent/higher than that in the hydrophilic and hy-
drophobic bonding processes at high temperature (∼ 1000 ◦C)
[14]–[16]. While SPAB has been evaluated for diverse appli-
cations, such as hermetic sealing using silicon/glass [17] and
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Fig. 1. Schematic of the HPB system.

glass/glass [16] bonding wafers with microcavity bonding at
room temperature, most of the studies hypothetically explained
the bonding mechanism of SPAB. For example, O2 RIE plasma
activation followed by nitrogen radical treatment increased the
bonding strength of silicon/glass and glass/glass, which was
believed to be due to the diffusion of absorbing water into bulk
silicon [16], [17].

Similar to other plasma-assisted bonding methods, one of the
issues in SPAB is the voids or unbonded regions at the interface.
Voids control the reliability of the bonded interface, such as
bonding strength, hermeticity, or electrical properties [18]. In
practical applications, such as smart-cut process, bonded spec-
imens go through up to 600 ◦C heating steps to fabricate the
SOI substrate [19]. Hence, the evolution of void formation at
the bonded interface with different heating temperature needs
to be investigated.

Although heat treatment of silicon/silicon in hydrophilic and
other plasma-assisted bonding increased the bonding strength,
heating reduced the bonding strength in SPAB [20]. One of
the reasons for this temperature-dependent discrepant behavior
in SPAB is the combined effect of surface hydrophilicity and
reactivity. It controls the bonded interface properties, such as
bonding strength and voids [18]. Surface reactivity influences
hydrophilicity, which can be directly determined through mea-
surement of contact angle of a drop of distilled water on
the surface. To observe the hydrophilicity of the sequentially
plasma-activated surfaces, the contact angle measurements with
different plasma parameters need to be analyzed.

This paper reports the bonding mechanism of the sequen-
tially plasma-activated silicon/silicon bonded wafers through
the investigation of surface hydrophilicity, heating influence on
interface, and compositional analysis of the interface.

II. EXPERIMENTAL

P-type single-side mirror-polished CZ-grown (100) silicon
wafers with a thickness of 500 μm were used for the experi-
ments. The wafer-level hybrid plasma bonding (HPB) system,
as shown in Fig. 1, was used for the bonding experiments.

The HPB system accommodates up to 200-mm-size wafers. It
consists of plasma activation and anodic bonding chambers.
The plasma activation chamber was only used for bonding.
The plasma activation chamber is equipped with RIE and MW
plasma sources. The plasma activation chamber is separated
into top and bottom compartments by an ion trapping metallic
plate. The metallic plate has holes of 1 mm, which trap charged
ions. The RIE and MW plasma were sequentially generated
using O2 and N2 gases, respectively. The RIE and MW plasma
generate at the bottom and top compartments of the chamber,
respectively. Therefore, the MW plasma generates electrically
neutral ions.

For sequential plasma activation, first, oxygen radio-
frequency plasma was shot at the wafers with a frequency of
13.85 MHz, followed by nitrogen MW plasma with a frequency
of 2.45 GHz. Commercially available wafers were used for
surface activation. Prior to or after the surface activation, the
wafers were not dipped in wet chemical and/or water. After sur-
face activation, the wafers were contacted under hand-applied
pressure outside the vacuum chamber in a class 10 000 clean
room under ambient conditions. Finally, the contacted wafers
were rolled under a 100-kg force without heating to remove
trapped air across the interface. Table I shows the plasma-
generating conditions and the surface activation parameters for
the different experiments.

Five sets of experiments were conducted using the (100)
silicon wafers, as shown in Table I. For tensile strength
measurements, the bonded specimens were diced into 10 ×
10 mm2 pieces. The diced pieces were glued with copper jigs,
and the tensile strength was measured using a tensile tester
from Instron. Contact angle measurements were completed
using equipment from Kyowa Interface Science Company, Ltd.
(model #DM300) to measure the angle between the surface and
a droplet of water placed on the wafer surface. The quantity of
water used for contact angle measurement was about 1 μL. The
nanostructural bonded interface, as well as its electron energy
loss spectroscopy (EELS) measurements, was done using high-
resolution transmission electron microscopy (HRTEM) (JEOL
model #2010) to investigate the thickness of the interfacial
layer and the elemental composition at the bonded interface.
The specimens for HRTEM observations were heated for 1 h
in air at different temperatures up to 225 ◦C. Further heated
specimens at temperatures up to 900 ◦C were investigated
using infrared transmission images that link between nano-
structures observed by HRTEM to microstructures of the
bonded interface.

III. RESULTS AND DISCUSSION

A. Temperature Dependence of Bonding Strength

Fig. 2 shows the bonding strength of silicon/silicon in
SPAB and the hydrophilic bonding [21] methods as a function
of heating temperature. In hydrophilic bonding, the bonding
strength increased with the increase in heating temperatures
at different slopes. The temperature dependence of the bond-
ing strength in the hydrophilic method indicates water re-
arrangements (i.e., diffusion and absorption) at different heating
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TABLE I
EXPERIMENTAL CONDITIONS OF PLASMA PARAMETERS IN THE SPAB PROCESS

Fig. 2. Bonding strength of silicon/silicon in SPAB compared with hy-
drophilic bonding strength [21] as a function of heating temperature.

temperatures that form siloxane bonds at the interface [18]. The
bonding strength in SPAB at room temperature was identical
to that in hydrophilic bonding at 1100 ◦C (i.e., 16 MPa).
In SPAB, the bonding strength at room temperature was not
significantly increased after heating at 300 ◦C (i.e., 18.1 MPa).
In fact, the bonding strength was considerably decreased with
the increase in the heating temperature, but still the bonding
strength at 600 ◦C was higher than that at 800 ◦C in hy-
drophilic bonding. This result indicates that although OH−

molecules terminate the bonding surfaces in both SPAB and
hydrophilic bonding methods, the bonding mechanisms are
different.

B. Surface Hydrophilicity

To understand the surface hydrophilicity in sequential plasma
activation, the water contact angle measurements were investi-

gated with different plasma parameters, such as O2 RIE power,
time, and pressure, and storage time after activation. Table II
summarizes the average contact angles as a function of O2 RIE
plasma power, pressure, and time. The contact angle before
surface activation was about 22◦; it jumped to around 60◦

after activation at different plasma processing parameters. An
increasing trend of contact angle with increasing RIE power
was observed. The standard deviation at higher power may
indicate an increased amount of surface roughness [22]. The
rough surface has a higher contact angle compared with that of
the smooth surface [23]. On the other hand, the contact angles
were not significantly changed with increasing RIE activation
time. The drop of contact angle at 60-s RIE time was due
to the reduced surface roughness [20]. The contact angles
were proportionately increased with RIE pressures except at
100 Pa. The increase in surface roughness with the increase in
O2 RIE pressure has been reported [20]. High pressure in O2

RIE results in excess OH− molecules, which has a dominant
role over the surface roughness. Therefore, the reduction of
contact angle at 100-Pa O2 RIE pressure was attributed to the
excess of OH− molecules on the surface. A comparison among
these results indicates that the RIE power and pressure dom-
inate the hydrophilicity of silicon surface compared with the
RIE time.

The activated surfaces have hydrophilic layers that may be
changed due to exposure in air. The rate of change of the contact
angle refers to the surface reactivity. This represents reactions
between the large numbers of dangling bonds terminated on the
plasma-activated surfaces and the hydroxyl molecules from the
surrounding environment. Since the plasma-activated bonding
is performed in air, the measurement of contact angle as a
function of elapsing time after surface activation is important
to clarify the surface reactivity. Fig. 3 shows the elapsed time
dependence of contact angle of the silicon surface activated
using a 300-W O2 RIE plasma at 100 Pa for 60 s followed by a
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TABLE II
AVERAGE CONTACT ANGLES OF A DROP OF DEIONIZED (DI) WATER ON Si WAFER SURFACE WITH DIFFERENT SURFACE TREATMENT CONDITIONS

2000-W nitrogen radical plasma at 100 Pa for 30 s. The value
at zero time in the graph is the sequentially activated surface.
The contact angle exponentially decreased with elapsed time
after surface activation. After 30 min leaving in air, the contact
angle returned back almost close to the value before activation.
This indicates that the sequentially treated surfaces are highly
reactive. This reduction was attributed to the deposition of
hydroxyl molecules and trapping particles from clean room at-
mosphere to the surface. The standard deviations of the contact
angles reduced with elapsed time after surface activation.
Again, this high reactivity supports the deposition of hydroxyl
molecules and trapping particles on the surface. The greater the
elapsed time, the greater the deposition of hydroxyl molecules,
resulting in reduced contact angle. An identical behavior of the
contact angles of the Si surface treated with O2 RIE plasma has
been observed [24]. However, the absolute value of the contact
angle in the O2 RIE plasma was higher than that in SPAB.
These results indicate that SPAB should be done immediately
after surface activation. This finding is inconsistent with the
hydrophilicity of plasma-activated (100-W O2 RIE for 5–10 s)
silicon specimen, which remained hydrophilic in excess of
150 h [25]. In fact, the reported contacted angle after 150 h was
14.6◦, which was even lower than that before surface activation
(22◦) in this paper. The absolute value of the contact angle in
the sequentially activated (O2 RIE 60 s and N2 radicals 30 s)
silicon surface was 61.2◦. In addition, the contact angle was
27◦ after storing the sequentially activated surface for 30 min
in air (Fig. 3). In [26], the contact angle of the silicon surface
activated using a 100-W O2 RIE for 60 s was 10.7◦. This
reported contact angle was measured after 2 h from surface
activation. Therefore, the results show that the combined effect
of O2 RIE and N2 radicals (sequential activation) improved not
only the hydrophilicity compared with other plasma activation
but also the reactivity of the surfaces. These surfaces are
responsible for an enhanced bonding strength without heating.
This is consistent with the bonding energy, which increased
from 0.05 to 2.3 J/m2 after storage at room temperature
for 24 h [27].

Fig. 3. Contact angles of SPAB with elapsed time after activation. The
sequential activation was done using a 300-W O2 RIE plasma at 100 Pa for
60 s followed by a 2000-W N2 MW radical plasma at 100 Pa for 30 s.

C. Low-Temperature Heating Effect on
Interfacial Nanostructure

To clarify whether the diffusion of OH molecules [17] from
the interface into bulk silicon causes high bonding strength
of silicon/silicon in SPAB, the silicon/silicon interfaces were
extensively investigated after heating at low temperatures.
Fig. 4 shows the HRTEM interface images of the silicon/silicon
wafers bonded by SPAB heating at 50 ◦C, 100 ◦C, 150 ◦C,
and 225 ◦C for 1 h in air. The bonding conditions for the
specimens used were oxygen RIE plasma time of 15 s at 60 Pa
and nitrogen radical time of 30 s at 60 Pa. HRTEM images
showed intermediate amorphous layers across all the interfaces.
The thicknesses of the amorphous layer after heating at 50 ◦C,
100 ◦C, 150 ◦C, and 225 ◦C were 3.8, 3.4, 2.8, and 3.3 nm,
respectively, as summarized in Table III. The decreased thick-
ness of the amorphous layer from 50 ◦C to 150 ◦C indicates
absorption of hydroxyl molecules from the interface to the bulk
of silicon. At 225 ◦C, the increased thickness of the amorphous
layer compared with that in 150 ◦C attributes to the desorption
of hydroxyl molecules from the bulk of silicon to the interface.
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Fig. 4. HRTEM images of the silicon/silicon interfaces created by SPAB that
were heated at (a) 50 ◦C, (b) 100 ◦C, (c) 150 ◦C, and (d) 225 ◦C for 1 h in
air. The sequential activation includes a 50-W oxygen RIE plasma with time of
15 s at 60 Pa and a 2500-W MW nitrogen radical with time of 30 s at 60 Pa.

The heating at 225 ◦C starts producing hillocks at the interface,
which may turn into voids at higher temperatures to absorb the
gas produced from the desorbed water at the interface. The heat-
ing at higher temperature (i.e., 600 ◦C) increased the thickness
of the amorphous layer compared with the room temperature
[15]. In addition, the bonding strength was severely reduced at
600 ◦C due to the brittle nature of the amorphous oxide layers
and excess voids. The finding of this paper combined with the
previous one may indicate water absorption from the interface
to the bulk and water desorption from the bulk of silicon to the
interface, depending on the temperature range.

Although the HRTEM images at further high temperatures
may allow insight into the phenomena of the amorphous layer,
the IR images at different temperatures give a wide level under-
standing important to understanding the bonding mechanism.
Water absorbs by silicon and then desorbs water into bulk
silicon. This process may generate interfacial silicon oxides
with unprecedented phenomena at macro scale, which can be
investigated by taking the IR images of the interfaces before and
after heating. The reactivity measurements at the bonded inter-
face of two oxygen-plasma-treated SiN layers were examined
using a bonded structure from which one of the GaAs wafers is
removed. The SiN layers were deposited on GaAs wafers and
bonded after treating with oxygen plasma. The heating of the
bonded structures at 150 ◦C and 300 ◦C increased the interfacial
thickness and density of SiOx [28].

D. Heating Influence on Interfacial Voids

To extend the growth mechanism of SiO2 at the bonded
interface in the sequential activation process under heating
at high temperature, the specimen prepared by a 200-W RIE

power at 60 s and 50 Pa followed by 2500-W MW nitrogen
radicals at 30 s and 60 Pa was heated for 2 h in air. Fig. 5
shows the IR images of silicon/silicon interfaces heated from
room temperature to 800 ◦C with 200 ◦C steps. It also in-
cludes the result for 900 ◦C. The IR images were taken for
the same bonded specimen heated at different temperatures.
At room temperature, a number of processing particles and
induced voids appeared across the prepared interface. From
200 ◦C to 400 ◦C, a few voids were newly generated, and some
preexisting voids grew larger. At 600 ◦C, the size, shape, and
quantity of the voids were significantly changed, and an abrupt
change was observed. The abrupt change of the size and shape
of the voids at 600 ◦C may be attributed to the viscous flow of
hydrogen gases across the interface [18], [20]. At 600 ◦C, the
voids became bubbles. At 800 ◦C, new shapes of the bubbles
were defined when compared with the voids at 900 ◦C. The
shapes and sizes of the bubbles and voids cannot further be
changed with increased temperature due to the strong bonding
of the surrounding area of the bubbles and voids.

The growth mechanism of SiO2 observed through IR ob-
servations can be explained in conjunction with the HRTEM
observation. The thickness of the SiO2 at 225 ◦C was 2.8 nm. At
this condition, the IR image shows distinct appearance Newton
rings in voids compared with RT. The thickness reduction at
225 ◦C is due to the appearance of those Newton rings. In other
words, the water was desorbed from the bulk, consistent to the
nanostructural observation at 225 ◦C. The water from the bulk
starts causing new voids. At 600 ◦C, the viscous flow due to
gas generation from water generates bubbles. The height of the
SiO2 at the interface supports the viscous flow. Further heating
in 900 ◦C results in increase in the SiO2 thickness.

E. High-Temperature Heating Effect on Interfacial
Nanostructure and EELS Measurements

Transmission electron microscopy (TEM) cross-sectional
samples were prepared by standard sample preparation tech-
niques with low-energy ion milling as the final step. HRTEM,
high angle annular dark field (HAADF)-scanning tunneling
electron microscope (STEM), and EELS were performed us-
ing a field-emission TEM (JEOL 2100F, Cs = 0.50 mm) in
conjunction with a Gatan Enfina 1000 spectrometer operat-
ing at 200 kV. The energy resolution was about 1.0 eV.
The typical probe conditions for EELS used in this paper
consisted of 1.0-nm diameter probe in TEM condition and
a ∼0.3-nm diameter probe with a convergence semiangle
of 14 mrad in STEM condition. Core-loss EELS spectra of
N-K, Si-L2,3, and O-K were recorded. Fig. 6(a) and (b) shows
the HRTEM images of the silicon/silicon-bonded interface that
was processed by a 200-W O2 RIE plasma for 60 s at 100 Pa
followed by a 2000-W N2 MW plasma for 30 s at 100 Pa
before and after heating. This specimen was annealed first at
a temperature of 200 ◦C, then at 400 ◦C, and finally at 600 ◦C.
At all three temperatures, the specimen was annealed for 4 h in
the air with a ramping rate of 200 ◦C/h. The HRTEM images
of the bonded interface showed that the interfacial amorphous
layer of the specimen increased from ∼4.8 to ∼13 nm. This
is much higher than that of the specimen annealed at 225 ◦C.
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TABLE III
AMORPHOUS LAYER THICKNESSES AT THE INTERFACES OF SILICON WAFERS BONDED BY THE SPAB PROCESS AFTER HEATING AT LOW

TEMPERATURES FOR 1 H IN AIR. IN THE SPAB PROCESS, THE SURFACE OF WAFER WAS ACTIVATED BY 50-W O2 RIE PLASMA

FOR 15 s AT 60 Pa FOLLOWED BY 2500-W N2 MW RADICALS FOR 30 s AT 60 Pa

Fig. 5. Infrared transmission images of silicon/silicon interfaces annealed up to 800 ◦C with 200 ◦C steps and 900 ◦C. The sequential activation includes a
200-W oxygen RIE plasma with time of 60 s at 50 Pa and a 2500-W MW nitrogen radical with time of 30 s at 60 Pa. (a) RT. (b) 200 ◦C. (c) 400 ◦C. (d) 600 ◦C.
(e) 800 ◦C. (f) 900 ◦C.

The increased height of the amorphous layers attributes to the
viscous flow of interface oxide at 600 ◦C [20]. Fig. 6(c) shows
the HAADF image of this specimen after heating. Fig. 6(d)
shows a low-loss EELS profile over an energy range from
5 to 50 eV. Spectra have been recorded at 0.5-nm intervals
along the 13-nm line trace shown in Fig. 6(c). All spectra have
been calibrated to the zero loss peak (ZLP) and deconvulated
to remove multiple scattering influences. The spectrum for
silicon reduces with approach to the interface and becomes
constant with the lowest amplitudes through the interface. The
spectrum for oxide increased with approach to the interface
and becomes constant with the highest amplitudes through the
interface.

The role of nitrogen radicals on the bonded interface of the
annealed specimen at 600 ◦C was investigated using EELS
measurements. Fig. 7(a) shows the EELS for the detection of
elements at the bonded interface. Elemental detection at the
bonded interface using the EELS spectra provides such insights
that were done at a, b, and c points marked on the image in
Fig. 6(c). There was no nitrogen detected in all the spectra [29].
The O-K edges at 540–560 eV were observed at the amorphous
oxide layer of the interface. Further analysis of the Si-L2,3

of amorphous silicon oxide compared with standard Si and
SiO2 provides the characteristic behavior of amorphous layer
at the interface. Fig. 7(b) shows the Si-L2,3 edges from the
interfacial amorphous oxide layer compared with the standard
Si and SiO2. The Si-L2,3 edges from the amorphous SiO2

were identical with that of the standard SiO2 at the bonded
interface. This implies that SiO2 is present at the interface.
The scanning for the elemental distribution of Si and O across
the interface also showed the proportional distribution, which
is consistent with that of the result of amorphous SiO2 at the
interface.

Before heating, the role of N2 MW radicals in SPAB has
been investigated. Although there is no nitrogen detected ei-
ther in bulk silicon or amorphous SiO2 layer at the interface,
the bonding strength in SPAB is higher than that in the O2

RIE plasma-activated bonding at room temperature [30]. The
improved bonding strength was due to the N2 MW radical
treatment after the O2 RIE plasma activation. The interfacial
amorphous silicon oxide was oxygen deficient. This is due to
the existence of SiOxNy (beyond EELS detection limit) at the
sequentially plasma treated surfaces [14], [15], [20]. These sur-
faces are hydrophilic and highly reactive. When these surfaces
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Fig. 6. (a) HRTEM images of Si/Si sequential plasma-activated bonded
interfaces of specimen before heating, (b) after heating at 600 ◦C, (c) STEM
image of silicon/silicon-bonded interface recorded with a HAADF detector.
Horizontal line indicates EELS line scan position. (d) STEM-EELS spectrum
imaging line profile across the interface amorphous layer. The specimen for the
STEM image were processed by a 200-W O2 RIE plasma for 60 s at 100 Pa
followed by a 2000-W N2 MW plasma for 30 s at 100 Pa. The specimen
was annealed first at a temperature of 200 ◦C, then at 400 ◦C, and finally at
600 ◦C. At all three temperatures, the specimen was annealed for 4 h in air
with a ramping rate of 200 ◦C/h.

Fig. 7. (a) EELS from locations a, b, and c marked in Fig. 6(c). (b) Si - L2,3

edges of the standard Si, SiO2, and the interfacial amorphous oxide layer.

are contacted in air, the OH− molecules from air terminated on
the surfaces react and produce water across the interface. The
water can easily be diffused through SiOxNy layer into bulk.
This results in strong covalent bonds of Si-O-Si at the interface
due to reactions between the highly reactive surfaces (SiOxNy)
in SPAB.

IV. CONCLUSION

The sequentially plasma-activated silicon surfaces have
shown hydrophilic and highly reactive behavior. The bonding
mechanism is not identical with the conventional hydrophilic
bonding of silicon/silicon. While postbonding heating does
not impact on bonding strength compared with that at room
temperature, the HRTEM of the bonded interface shows water
rearrangement. The water from the interface absorbs in bulk, re-
sulting in a thinner amorphous silicon oxide layer up to 150 ◦C.
Further heating of the SPAB-bonded wafers desorbs water from
the bulk. The heating at 225 ◦C starts producing hillocks at
the interface, which turns into voids at temperatures higher
than 400 ◦C to absorb the gas of hydrogen produced from the
desorbed water at the interface. The new and bigger voids due
to hydrogen gas appear at 600 ◦C, and they start accumulating
at 800 ◦C, resulting in bubbles due to the accumulation of voids
at the preferential sites. The EELS measurements showed that
no nitrogen was detected in silicon or the interfacial silicon
oxide. The Si - L2,3 edges from the amorphous silicon oxide
were identical with those of the standard SiO2 at the bonded
interface.
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