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Abstract: Wafer direct bonding is an attractive approach to manufacture future micro-electro-
mechanical system (MEMS) and microelectronic and optoelectronic devices. In this paper, a combined
hydrophilic activated Si/Si wafer direct bonding process based on wet chemical activation and O2

plasma activation is explored. Additionally, the effect on bonding interface characteristics is compre-
hensively investigated. The mechanism is proposed to better understand the nature of hydrophilic
bonding. The water molecule management is controlled by O2 plasma activation process. Accord-
ing to the contact angle measurement and FTIR spectrum analysis, it can be concluded that water
molecules play an important role in the type and density of chemical bonds at the bonding interface,
which influence both bonding strength and voids’ characteristics. When annealed at 350 ◦C, a high
bonding strength of more than 18.58 MPa is obtained by tensile pulling test. Cross sectional SEM
and TEM images show a defect-free and tightly bonded interface with an amorphous SiOx layer
of 3.58 nm. This amorphous SiOx layer will induce an additional energy state, resulting in a lager
resistance. These results can facilitate a better understanding of low-temperature hydrophilicity
wafer direct bonding and provide possible guidance for achieving good performance of homogenous
and heterogenous wafer direct bonding.

Keywords: hydrophilic bonding; water molecule; O2 plasma activation; bonding strength; amor-
phous SiOx layer

1. Introduction

Wafer direct bonding can combine two mirror-polished wafers together by van der
Waals forces, and then form strong chemical bonds without any intermediate material
between surfaces. It has gained remarkable attention in the fields of three-dimensional (3D)
integration [1], micro-electro-mechanical systems (MEMS) [2], optoelectronic and photonic
devices [3–5], fabrication of silicon-on-insulator (SOI) and III-V compounds-on- insulator
(such as GeOI and InGaSbOI) substrates [6–8].

One of the main targets of wafer direct bonding is to obtain high bonding strength
and void free bonding interface after low temperature post annealing. Surface activation
is considered to be an effective way for low temperature direct bonding [9]. Different
surface treatment methods have been developed to realize high bonding strength and good
interface characteristics, such as wet chemical activation [10,11], reactive ion etching (RIE)
plasma activation [12,13], N2 microwave (MW) radicals [14], Ar fast atom bombardment
(FAB) [15], and so on. Furthermore, intermediate nano-layers (such as Al2O3, Si, Fe) are
also used as an assisted layer in wafer direct bonding [16–18]. Although MW radicals and
FAB activation can realize excellent bonding even at room temperature, they are usually
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achieved in special activation equipment, resulting in high experiment cost and lack of
flexibility. Bonding with intermediate nano-layer increases complexity of bonding process,
and reduces electrical and optical properties of bonded pairs. Plasma activated bonding
(PAB) is one of the promising candidates for low temperature wafer direct bonding, it
can be achieved in any equipment producing plasma. Much progress in terms of plasma
type, plasma treatment parameters and annealing conditions have been studied. Nitrogen
(N2), oxygen (O2) and argon (Ar) are the most commonly used activated gases [19]. A
mixed gas of O2/CF4 also has been proposed to enhance bonding strength and restrain
the formation of interfacial voids [20,21]. However, to develop compatible activation
processes for different wafers and different activation systems, there is still a challenge
of plasma activated wafer direct bonding. Another important factor in plasma activation
wafer bonding is the hydrophily of the wafer surface. The bonding process is the result
of the combined influence of micro defects and adsorbed water (H2O) molecules on the
substrate surface [22,23]. The effect of plasma activation parameters on the hydrophily of
wafer surface has been widely investigated. Its influence on the formation of SiOx layer
and electrical properties of bonding interface are also analyzed [24]. Although the better
hydrophily, the higher surface energy, the excess H2O will prevent Si-OH bonds converting
into Si-O bonds [21], resulting in the decrease of bonding strength. Therefore, there is a
balance between Si-OH bond and Si-O-Si bond during bonding, an optimal amount of
H2O molecules on wafer surface is needed for excellent bonding. Furthermore, it is of great
significance to study on the comprehensive effect of activation parameters on bonding
interface characteristics, and establish the relationship among surface hydrophily, bonding
strength, interface composition and electrical characteristics.

In this study, we performed Si/Si wafer direct bonding using wet chemical activation
combined with O2 plasma activation. The bonding mechanism was proposed to better
understand the nature of the hydrophilic bonding. The hydrophilicity of the wafer surface
was evaluated by contact angle measurement and Fourier transform infrared spectroscopy
(FTIR), and its influence on bonding strength and formation of voids were discussed.
The effect of O2 plasma activation parameters on bonding strength was investigated by
tensile pulling test. The microstructure of bonding interface was observed by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). Finally, the effect
of amorphous SiOx layer and bonding voids on electrical properties of bonding interface
was also discussed.

2. Materials and Methods

Commercially available Czochralski (CZ) grown 4-inch (100 mm diameter) double-
polished n-type (100) Si wafers were used in the experiments. The thickness of the Si
wafer was 500 ± 20 µm, the surface roughness was less than 0.4 nm and the resistivity was
between 2 and 4 Ω·cm.

A combined hydrophilic activation method by wet chemical activation and O2 plasma
activation was applied. The bonding process was described in Figure 1. Firstly, the Si
wafer A and Si wafer B were cleaned in SC1 (NH4OH:H2O2:H2O = 1:1:5 in volume) and
SC2 (HCl:H2O2:H2O = 1:1:5 in volume) solutions at 80 ◦C for 10 min by turns, and then
immersed in SC1 solutions once again for a hydrophilic surface. The O2 plasma treatments
were accomplished using the dry etching machine PVA TePla M4L at the frequency of
13.56 MHz. Next, the wafers were immediately immersed in deionized (DI) water, and
cleaned by the ultrasonic cleaner W-357HP with frequency of 1 MHz and power of 450 W
for 15 min, which was used to remove particles less than 0.2 µm and provide adequate H2O
molecules on the wafer surface. Then, the wafers were dried by N2 in a rotary cleaning
and drying machine CXS-1150A with high rotation speed of 2000 rpm. After all the surface
treatment above, the two wafers were brought into contact, and loaded into a bonding
machine SB6e. Subsequently, the bonding chamber was evacuated to below 5 × 10−4 mbar
to eliminate trapped gas at the initial contact interface. Pre-bonding was accomplished
at room temperature and under a 7 kN applied force for 3–5 min, which could overcome



Processes 2021, 9, 1599 3 of 14

the contact problems causing by surface microscopic fluctuations. Finally, the pre-bonded
wafers were annealed in N2 atmosphere at 350 ◦C for 2 h in an annealing furnace with
nitrogen flow of 6 L/min.
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Figure 1. Schematic illustration of Si/Si wafer direct bonding by combined hydrophilic activa-
tion method.

The hydrophilicity of wafer surface was studied by contact angle testing instrument
JCY-4 with a deionized (DI) water droplet of 2 µL. The surface roughness was measured
by white light interferometer Zygo NewView 7100 with a scanning range of 10 × 10 µm2.
The type and density of chemical bonds at the bonding interface were characterized by
FTIR IRPRESTIGE-21 with wave number range of 400–4000 cm−1 and resolution power of
0.5 cm−1. The bonding voids were detected by the infrared imaging (IR) system conducted
with an IR camera and the image detection software [25]. Then, the bonded wafers were
diced into 1 × 1 cm2 small pieces and glued on the testing bar with ergo 5800. Bonding
strength was measured by tensile machine UTM4104X with a tensile rate of 0.05 mm/min.
The tensile pulling test was carried out in an atmospheric environment with humidity of
50–60%, ignoring the influence of stress corrosion of water on the testing results [26]. The
cross section of the bonded wafer was polished on a CMP rotating disk, and observed by
SEM (FEI Nova 400) and TEM (FEI Talos F200S G2). The 500 nm thick aluminum electrodes
were evaporated on both sides of the bonded pieces, and the I-V characterization were
tested by the semiconductor parameter analyzer HP-4145B.

3. Mechanism for Combined Hydrophilic Bonding

Based on the theory of hydrophilic bonding, the bonding mechanisms of the combined
hydrophilic activation in our experiments are analyzed. The schematic diagram is shown
in Figure 2. After wet chemical cleaning and activation of SC1 → SC2 → SC1, a thin
chemical oxide layer forms on the Si wafer surface. This oxide can instantaneously react
with H2O molecules when exposed in humid air, forming silanol groups (Si-OH) on the
Si wafer surface [27]. Therefore, the wafer surface is covered by Si-OH and absorbs a few
monolayers of water by hydrogen bridges (Figure 2a).

Si-Si+xH2O→ Si-OH + Si-OH + (x− 1)H2O (1)

O2 plasma activation has functions of both ion sputtering and implantation [15].
During activation process, the hydrocarbon contaminants can be removed by ion sputtering
effect. In addition, the Si-O or Si-Si structures on the Si wafer surface are destroyed by
reactive oxygen atoms and high-energy electrons, which makes a large number of bridged
bonds become non-bridged bonds. As a result, there are a lot of dangling bonds on the
Si wafer surface, which can adsorb water molecules (Figure 2b). When the Si wafer is
immersed in DI water for megasonic cleaning, the dangling bonds and Si-OH bonds will
connect with a large number of H2O molecules by covalent bond and hydrogen bond, and
the thickness of the hydration film on the Si wafer surface increases (Figure 2c).
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water molecules are on the Si wafer surface after O2 plasma activation; (c) An increase of thickness of
hydration film on the Si wafer surface due to the megasonic cleaning; (d) The two wafers pre-bond at
room temperature by hydrogen bonds and Si-OH bonds; (e) The Si-OH bonds convert into Si-O-Si
bonds as thermal annealing occurs. (f) An amorphous oxide layer at the bonding interface is formed
and strong bonding is achieved.

Bonding is occurred as two Si wafers come into contact at room temperature, called
pre-bonding. The Si wafers are pressed tightly together with an applied force of 7 kN, and
then bonded together by hydrogen bonds and Si-OH bonds (Figure 2d). However, the
bonding strength is weak because of the low bond energy of Si-OH bond.

2Si-OH + H2O→ Si-OH · · ·H2O · · · Si-OH (2)

With the increase of annealing temperature, the mobility of OH group increases
due to heat energy, and the silicon wafers produce elastic deformation. As a result, the
bonding area increases, and the bonding strength also increases. When the temperature
reaches 200 ◦C, Si-OH bonds begin to convert into Si-O-Si bonds (as shown in Equation (3)),
resulting in an increase of bonding strength. However, the number of Si-O-Si is small
due to the low mobility of H2O molecules. Further increase of annealing temperature
makes the dehydration condensation reaction at the bonding interface accelerate, so a
large number of Si-OH bonds convert into Si-O-Si bonds and the bonding strength can
be greatly increased. At the same time, the fluidity of H2O molecules is greatly enhanced,
so the H2O molecules is easier to get out of the interface, promoting the forward reaction
of Equation (3). Annealing at 350 ◦C for a longer time can ensure the reaction completely
reacted, and form sufficient Si-O-Si bond.

Si-OH + Si-OH→ Si-O-Si + H2O (3)

The excess H2O molecules at the bonding interface will diffuse into the bottom Si
substrate and react with Si to generate hydrogen (H2) (Figure 2e). However, when H2O
molecules on the bonding interface are surplus, Equation (3) goes in the reverse direction,
resulting in the transformation of Si-O-Si bond into Si-OH. Meanwhile, the corrosion of
H2O molecules can also prevent the closure of the bonding, resulting in the decrease of
bonding strength [28].

Si + H2O→ SiO2 + H2 ↑ (4)

Finally, an amorphous oxide layer at the bonding interface is formed, and strong
bonding is achieved (Figure 2f). Some of the H2 produced by Equation (4) is absorbed
by Si substrate or the amorphous oxide layer until it exceeds the solubility limit. Others
accumulate at the bonding interface, forming interfacial voids.
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The bonding strength is closely related to the adsorption energy of the bonding inter-
face, which can be reflected by surface energy. During pre-bonding at room temperature,
the surface energy of the two wafers decreases while the interface energy increases. The
net change in surface energy forms adsorption energy T. which can be expressed by the
surface energy W1, W2 and interface energy W1,2.

T = W1 + W2 −W1,2 (5)

The adsorption energy T represents the energy per unit area that promote wafers to
bond, that is, the energy required to separate the bonded wafers. The adsorption energy
can overcome the elastic energy accumulated in the wafer due to wafer deformation, and
prevent the wafer from de-bonding. It can be seen that the higher adsorption energy, the
higher bonding strength. In order to improve the adsorption energy, it can be achieved by
increasing surface energy of the wafer surface.

Surface treatment can destroy the lattice structure on the wafer surface, and then
dangling bonds are formed due to the residual binding force of surface atoms pointing
towards space in the asymmetric force field. The more surface dangling bonds, the greater
surface energy. Hydrophilic surface treatment can increase the number of dangling bonds
through chemical and physical methods, so that more H2O molecules can be absorbed on
the wafer surface and improve surface energy.

4. Results and Discussion
4.1. Surface Hydrophilicity

H2O molecules play an important role in hydrophilic wafer direct bonding. A straight-
forward way to study surface hydrophilicity is to measure the contact angle of a drop of
water on the wafer surface. The lower contact angle, the higher surface hydrophilicity,
and the higher surface energy. The samples for contact angle test are cut into 2 cm × 4 cm
pieces, and then activated with different O2 plasma activation parameters. Since the contact
angle of Si wafer is very small after hydrophilic treatment, the droplets will spread rapidly
on the surface of the wafer. Therefore, the DI water droplets is 2 µL, and the test needs to
be completed as soon as possible.

Figure 3 displays the contact angles of Si samples in bare, wet activation, O2 plasma
activation and combined activation. In general, there is a natural oxide layer of several
nanometers on the Si wafer surface, which makes the wafer surface easily adsorb hydro-
carbon contaminants. Thus, the contact angle of the bare Si wafer is 60.24◦ (Figure 3a).
After wet cleaning by SC1 solution, the hydrocarbon contaminants on the Si wafer surface
are removed and a new chemical oxide layer forms, so the contact angle decreases to
5.64◦ (Figure 3b). O2 plasma activation can further improve the hydrophilicity of the Si
wafer surface because of the increase of the number of dangling bonds created by ion
bombardment, and the contact angle is 4.73◦ (Figure 3c). The combined activation method
renders the Si wafer surface more hydrophilic and the contact angle is 4.35◦ (Figure 3d). It
shows that both wet chemical activation and O2 plasma activation can clean and activate
the Si wafer surface, resulting in a high surface energy.

In order to study the influence of surface hydrophilicity on voids’ formation and
bonding strength, the contact angle measurements with different O2 plasma parameters
are carried out, and the results are listed in Table 1. The contact angle measurements are
completed within 60 min after activation, and all the samples are only treated by O2 plasma
activation. Both the contact angle and bonding strength are the average value of three
times’ tests. The contact angle of O2 plasma activated Si wafer is less than 5◦ for most
samples, indicating a high hydrophilic surface. It can be seen that the contact angles of
activated surface show a decreasing trend as the O2 plasma activation time and power
increase. Due to longer activation time and a higher activation power create a large number
of dangling bonds on the Si wafer surface, which can absorb more H2O molecules. Thus,
the hydrophilicity of the Si wafer surface increases, and the contact angle decreases. In
addition, this result can be correlated with the surface roughness, which increase with O2
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plasma activation time and power, as shown in Figure 4. Rough surfaces are known to
have a lower contact angle according to the Wenzel equation [29].
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Figure 3. Contact angle of Si wafer surfaces at different conditions. (a) Bare Si wafer without
activation; (b) After wet cleaning by SC1 solution; (c) After O2 plasma activation with power of
150 W, O2 flow of 100 sccm and time of 60 s; (d) SC1 cleaning followed by O2 activation.

Table 1. Bonding samples with different O2 plasma activation parameters.

No. Power
/W

O2 Flow
/Sccm

Time
/S

Contact Angle/◦ Bonding Strength/Mpa
Mean and SDTesting Results Mean and SD 1

1 150 100 60 4.73 4.59 4.35 4.56 ± 0.19 16.95 ± 1.42
2 150 100 120 3.71 3.35 4.21 3.76 ± 0.43 11.23 ± 1.47
3 150 100 300 2.77 3.88 3.73 3.46 ± 0.60 4.18 ± 0.47
4 100 50 120 3.98 4.39 4.04 4.14 ± 0.22 4.46 ± 0.72
5 100 100 120 3.76 4.04 4.26 4.02 ± 0.25 10.63 ± 1.63
6 100 150 120 3.27 3.93 3.86 3.69 ± 0.36 3.64 ± 0.56
7 50 100 120 5.50 5.28 4.97 5.25 ± 0.27 6.80 ± 0.26
8 200 100 120 3.49 3.35 3.71 3.52 ± 0.18 9.12 ± 1.52

1 SD is the standard deviation.
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Four samples (sample 1–4) with different voids’ morphology are further studied. The
size of the interfacial voids and the IR images are shown in Figure 5. Although the IR
image system can only detect voids whose diameters are larger than 0.2 mm, we can make
a preliminary judgment of the cause of voids formation by the visible voids’ morphology. It
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can be seen that sample 1 has a perfect bonding interface, and only one void with diameter
of less than 2 mm is observed by IR image. Thus, it shows a high bonding strength of
16.95 MPa. There is a big void (diameter > 5 mm) in sample 2, which is caused by particles,
because the void’s size does not change after annealing. The bonding defects on the edge
of sample 2 are mainly caused by micro defects on the wafer edge, which are reduced
after annealing due to the increasing of intermolecular force. These defects have little
effect on the formation of chemical bonds across the bonding interface. Thus, the bonding
strength is 11.23 MPa for the area without visible voids. Unfortunately, the interfacial
voids of sample 3 and sample 4 are clearly visible. Some big voids (diameter > 5 mm)
appear after pre-bonding, and then begin to expand and grow bigger when annealing at
higher temperatures, indicating the presence of C contamination at the bonding interface.
The C contamination may come from environment or wafer container, and it is more
likely to accumulate on the high surface energy wafers. Subsequently, a large number of
voids appear after annealing, and the bonding strength for sample 3 and sample 4 is only
4.18 MPa and 4.46 MPa, respectively. The sharply decrease of bonding strength is mainly
due to the large number of voids in the bonding interface. Moreover, the C contamination
will also prevent the conversion of Si-OH to Si-O-Si bond. According to the mechanism
of hydrophilic bonding in Section 3, the small and dense voids (Diameter < 1 mm) are
caused by H2 molecules produced during bonding process, as shown in Equation (4). The
bigger and sparse voids (1 mm < diameter < 2 mm) are mainly due to the gathering of H2O
molecules produced by Equation (3). It can be concluded that excessive H2O molecules are
adsorbed on the Si wafer surfaces of sample 3 and sample 4. In addition, the morphology of
interfacial voids can be used to qualitatively analyze the hydrophilicity of the wafer surface.
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FTIR is employed to characterize the type and density of the chemical bonds on the
bonding interface for further understanding of the void’s formation and bonding strength
variation. The FTIR spectra of samples 1–4 are illustrated in Figure 6. All of the samples are
annealed at 350 ◦C for 2 h, and the FTIR spectra subtract the environmental background.
It is seen that, all of the FTIR spectra contain peaks at 611, 739, 889, 1108 and 3486 cm−1,
indicating that the chemical reaction during bonding process is basically the same. Among
them, the peak at 611 cm−1 corresponds to Si-Si substrate absorption. The peak at 739 cm−1

corresponds to Si-C stretching vibration, introduced by C contamination. The peak at
889 cm−1 corresponds to Si-H deformation vibration, indicating the formation of hydrogen
bond. The peak at 1108 cm−1 corresponds to the antisymmetric stretching vibration of Si-



Processes 2021, 9, 1599 8 of 14

O-Si, revealing the formation of SiOx layer at the bonding interface. The peak at 3486 cm−1

corresponds to the stretching vibration of Si-OH, reflecting the amount of adsorbed H2O
molecules at the bonding interface. Only weak Si-OH peaks are observed in sample 1,
which indicates that the reaction between Si wafers reaches the saturation state under
this condition, and nearly all of the Si-OH bonds convert into Si-O-Si bonds. Samples 2,
sample 3 and sample 4 all have obvious Si-OH peaks, indicating that the wafers are more
hydrophilic before bonding. This result is consistent with the test result of contact angle
in Table 1. During annealing, the Si-OH dehydrate to form Si-O-Si, and H2O molecules
and H2 molecules gather in the bonding interface, so the voids appear. However, sample 2
has no obvious defects after annealing, but the bonding strength is lower than sample 1.
This may be because excess H2O at the bonding interface participates in the reaction and
generates a small amount of H2. The H2 accumulates at the bonding interface, and then
form small interfacial voids, which cannot be detected by the IR image system. Otherwise,
the excess H2O and H2 molecules of sample 2 can be absorbed by the amorphous layer at
the bonding interface and the Si substrate. The Si-OH peak intensity of sample 4 is higher
than that of sample 2, but the contact angle is lower. This may be due to the presence
of a higher Si-C peak of sample 4. Compared with sample 4, sample 3 exhibits higher
hydrophilicity due to long time plasma bombardment and high plasma energy, but the
bonding strength is lower than that of sample 4. This is due to that surplus H2O molecules
on sample 3 cause the transformation of Si-O-Si bond into Si-OH. The bond energy of
Si-OH bond is lower than Si-O-Si bond, so the bonding strength is low. It can be concluded
that, the hydrophilicity of wafer surface affects both the interfacial voids and bonding
strength. An optimal activation process needs to control the H2O molecules on the Si wafer
surface at an appropriate level.
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4.2. Bonding Strength

Bonding strength is a key parameter factor to evaluate the mechanical properties
of bonding interface, and it is also very important for further applications of bonding
technology in MEMS devices and packaging. The bonding strength of Si/Si bonded wafers
are tested by tensile pulling test. The bonding strength with different process parameters
are analyzed in Figure 7, which is the average value of three pieces taken from the same
bonded wafer. The variations between measurements maybe caused by sample fixing
problems or the shear force during preloading. All of the wafers are annealed at 350 ◦C for
2 h in N2 atmosphere.
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Figure 7a illustrates the effect of O2 plasma activation power on bonding strength.
It can be seen that, with the increase of activation power, the average bonding strength
initially increases and then decreases. That is because a higher O2 plasma activation power
results in greater ions’ energy, and then the bombardment on the Si surface is more obvious.
Therefore, more dangling bonds form on the Si wafer surface, and more H2O is adsorbed.
Thus, the surface energy is higher, resulting in a higher bonding strength, as analyzed in
Section 3. However, when the activation power increases from 150 W to 200 W, the average
bonding strength decreases from 11.23 MPa to 9.12 MPa. On the one hand, the increase
of activation power results in the increase of hydrophilicity. Excessive H2O is adsorbed
on the wafer surface, causing “overreaction” between wafers. Therefore, a lot of H2O
and H2 are produced during annealing. Some of them are adsorbed by bonding interface
or Si substrate, and others gather to form interfacial voids, resulting in the decrease of
bonding strength. On the other hand, the ions’ physical bombardment is so serious that
some damages on Si surface emerge. With the activation power increasing from 150 W to
200 W, the surface roughness increases from 0.120 nm to 0.281 nm (as shown in Figure 4).
The increase of surface roughness prevents the closure of bonding interface, as a result the
bonding strength decreases. Similarly, the average bonding strength reaches a maximum
value of 16.59 MPa when the plasma activation time is 60 s. Whether the activation time
decreases or increases, it will lead to a rapid decrease of bonding strength, as shown in
Figure 7b. This is also the composite effect of surface morphology and chemical state on Si
wafer surface. Shorter O2 plasma activation time results in a lower surface energy, whose
contact angle is higher, as shown in Table 1. Thus, the Si wafer surface cannot absorb
enough H2O molecules to form Si-OH bond for dehydration and condensation reaction in
the subsequent bonding and annealing process, and the bonding strength is low. Although
long-time O2 plasma activation can make the Si wafer surface more active, excessive O2
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bombardment not only cause excessive H2O on the Si surface, but also increase surface
roughness (as shown in Figure 4), both are not beneficial to Si/Si wafer direct bonding.

The effect of O2 flow on bonding strength is also studied, as shown in Figure 7c. The
optimal O2 flow for the maximum average bonding strength is 100 sccm in our experiment.
With the increase of O2 flow, the ion density increases and the activity of the Si wafer
surface enhances. Then, the Si surface can adsorb more H2O to form Si-OH bond. The high
Si-OH density results in a large number of Si-O-Si bond, and the bonding strength increases.
However, as the O2 flow increases to 150 sccm, excessive ion bombardment on the Si wafer
surface occurred. A strong hydrophilic Si surface is formed, whose contact angle is 3.69◦.
As a result, the surplus Si-OH bonds produce a lot of H2O and H2 molecules at the bonding
interface when annealing, and many interfacial voids appear and the bonding strength
decreases [25]. Otherwise, the pre-bonding time has little effect on average bonding
strength, as shown in Figure 7d. Close contact and chemical reaction between Si wafers
are completed within 3 min, and the average bonding strength is higher than 10.63 MPa.
There is a slightly increase of bonding strength as the pre-bonding time increase to 10 min,
but the small difference can be ignored because of it is insignificant in comparison to the
measurement error. Thus, the optimized pre-bonding time is 3 min. These results are
consistent with our previous work [30], indicating that this activation method has good
applicability for different activation equipment.

According to the above experiments, the optimized bonding parameters are obtained.
The plasma activation power is 150 W, O2 flow is 100 sccm, activation time is 60 s and
pre-bonding time is 3 min. Figure 8 illustrates the testing results of the tensile testing
for an optimized sample. It is seen that the sample fractures when the tensile force is
1858 N, so the maximum bonding strength is 18.58 MPa (with the bonding area is 1 cm2).
The interfacial fracture photograph shows that, the bonding sample breaks partly from
adhesive surface of glue and silicon, and others from bulk silicon and bonding interface.
The fracture area from glue and silicon interface accounts for 70.4% of the total area, which
is because of the low adhesion strength of ergo 5800 and silicon. The results show that, the
actual bonding strength is higher than the testing results, indicating the bonding strength
is higher than the breaking strength of bulk Si 16 MPa.
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4.3. Microstructure of Bonding Interface

The microstructure of Si/Si bonding interface obtained by combined hydrophilic
activation with O2 flow of 100 sccm, activation power of 150 W, activation time of 60 s,
pre-bonding time of 3 min and annealing temperature of 350 ◦C is studied by SEM and
TEM. Figure 9a is the SEM image of Si/Si bonding interface. It is evident that the bonding
interface is smooth and void free, a tightly bond at microscale has been successfully
achieved. In order to further analyzing the microstructure and chemical composition
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of the bonding interface, the TEM samples are prepared by focused ion beam (FIB), as
shown in Figure 9b. The cross-sectional HRTEM images in Figure 9c show that direct
bonding at atomic scale has been realized. A 3.58 nm thick amorphous transition is clearly
observed across the bonding interface. Additionally, the STEM image of the bonding
interface at HAADF mode is shown in Figure 9d, the line scanning is conducted along the
arrow direction. To test the element distribution and content of the interface, the elemental
mapping is also identified by energy-dispersive X-ray spectroscopy (EDX), as presented in
Figure 9e,f. It shows that the components of the amorphous transition layer are O and Si
element, and the two elements diffused into each other. It indicates that stable SiOx layer
has been formed and intermolecular bonding has been realized. Figure 9g presents the
atomic ratio of O and Si at the bonding interface. The O and Si atoms distributed uniformly
at the bonding interface, and the atomic fraction is almost the same, indicating that the
bonding interface are mainly Si-O structures.
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4.4. Electrical Characteristics

Electrical property of the bonding interface is crucial for microelectronic and optoelec-
tronic devices. I-V characteristics of Si/Si bonding interface are tested by the semiconductor
parameter analyzer, and the I-V curves with different O2 plasma activation time are shown
in Figure 10. Both samples are activated by O2 plasma activation with O2 flow rate of
100 sccm, activation power of 150 W and annealed at 350 ◦C for 2 h. It can be seen that the
bulk resistances of the bonded samples at 5 V bias voltage is 1.2 kΩ and 2.3 kΩ, respectively,
when the O2 plasma activation time is 60 s and 300 s. Both of these values are much higher
than the bulk Si resistance 0.2–0.4 Ω used in the experiments, whose resistivity is 2–4 Ω·cm,
length is 0.1 cm and area is 1 cm2. On the one hand, the high resistance is caused by
the existence of an amorphous SiOx layer, which induces an additional energy state at
the bonding interface. On the other hand, O2 plasma activation will generate induced
charges at the bonding interface; thus, the fixed oxide charges and the interface trap density
increase. These oxide charges form a depletion region and generate additional energy states
at the bonding interface, resulting in the increase of the barrier height [31] and further raise
the resistance. Otherwise, the resistance increases with the increase of O2 plasma activation
time. A longer plasma activation time causes a thicker SiOx layer, and the potential barrier
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at the bonding interface increases [24]. The dense bubbles at the bonding interface (as
shown in Figure 5, sample 3) can also degrade the electrical properties.
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Furthermore, the positive and negative voltage bidirectional scanning is carried out
to analyze the influence of interfacial state on electrical performance across the bonding
interface, as shown in Figure 11. It can be seen that the I/V curves do not coincide with
each other as the applied voltage changing from negative to positive and then from positive
to negative. This is attributed to the loose amorphous SiOx layer at the bonding interface,
which causes the capacitance effect during testing. At this time, the charge storage and
release of the interfacial state cannot keep up with the change of voltage, so the current
shifts. Compared with Figure 10, it is evident that a longer O2 plasma activation makes the
current shift greatly during positive and negative voltage bidirectional scan. This is due
to the thicker SiOx layer at the bonding interface. The bonding voids caused by surplus
H2 and H2O are also crucial for current shift. The existence of voids and SiOx layer at
the bonding interface make the interfacial state more serious, so the charge filling and
releasing speed cannot keep up with the voltage changing speed. To further improve
the electrical properties of the bonding interface, much efforts must to be done to reduce
interfacial effect.
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5. Conclusions

In summary, we have investigated and optimized a low temperature Si/Si wafer direct
bonding process using wet chemical activation and O2 plasma activation. Based on the
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mechanism of combined hydrophilic bonding, surface hydrophilicity, bonding strength,
microstructure and electrical characteristics of bonding interface are analyzed. The H2O
molecules management is controlled by O2 plasma activation power, activation time and
O2 flow. The contact angle measurement shows that O2 plasma activation can render the
wafer surface highly hydrophilic. The contact angle shows a decreasing trend as the O2
plasma activation time, activation power and O2 flow increasing. FTIR spectrum analysis
shows that H2O molecules play an important role in Si/Si hydrophilic wafer direct bonding,
which affects not only the formation of interfacial voids, but also bonding strength. An
optimal amount of H2O molecules on Si wafer surface is needed for excellent bonding. In
our experiment, the optimized contact angle controlled by O2 plasma activation process
is 4.56◦. The bonding strength is more than 18.58 MPa with O2 flow rate of 100 sccm,
activation power of 150 W, activation time of 60 s, pre-bonding time of 3 min and annealing
temperature of 350 ◦C. The SEM and TEM images show that the bonding interface is smooth
and void free. An amorphous SiOx layer of 3.58 nm has been clearly observed across the
bonding interface, indicating the intermolecular bonding has been realized between wafers.
The I/V measurements show that the current transportation across the bonding interface
is related to O2 plasma activation time and voids density. Longer activation time results
in bigger resistance. The amorphous SiOx layer will induce an additional energy state,
resulting in the increase of the barrier height. Thus, the resistance of the bonded pairs is
much higher than the Si samples used in the experiment. Furthermore, dense interfacial
voids will make the interfacial state more serious and degrade the electrical properties.
These studies give a comprehensive understanding of hydrophilic wafer direct bonding,
and can be of great aid to realize high quality bonding for MEMS and optoelectronic devices.
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