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ABSTRACT Single-crystalline magnesium oxide (MgO) is an attractive material of substrates for high-
temperature devices and high-temperature superconducting films. However, it is difficult to achieve the
direct bonding of MgO/MgO because of its high brittleness and hardness, as well as the weak bonding force
between the crystal faces. In this paper, we presented a hydrophilic direct bonding method of MgO by using
two-step surface activation and a high-temperature annealing process. The bonding strengths under different
annealing temperatures, pressures and times were measured. A high bonding strength (~7 MPa) and a fine
bonding interface without any microcracks and voids were obtained after annealing at 1200 °C, 140 min and
4 MPa. The bonding interface was characterized by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The bonding mechanism of MgO/MgO was also clearly clarified. For the demo
application, a MgO sealed cavity was formed by using the direct bonding method which is commonly used
in the microelectromechanical systems (MEMS) devices for harsh environment applications.

INDEX TERMS MgO single crystal, direct bonding, surface activation, high temperature annealing, bonding

interface.

I. INTRODUCTION

Single-crystalline magnesium oxide (MgO) is an attractive
alternate material to sapphire and silicon for microelec-
tromechanical systems (MEMS) applications because of its
superior mechanical and thermal properties at elevated tem-
peratures [1]-[3]. Features of MgO, such as low dielectric
constant (<9.6), low high-frequency dielectric loss, ultra-
high melting point (2800 °), and good lattice matching
with high-temperature superconducting materials all sup-
port it as strong candidate substrates for the fabrication of
high-temperature sensors in some areas (e.g. gas turbines,
combustors, and other aerospace propulsion applications,
etc.) [4]-[6]. Since the wafer bonding is a fundamental
technology of MEMS, the direct bonding of MgO plays an
important role in MgO-based sensor manufacturing [7]-[11].
However, MgO is an ionic crystal with high hardness and
brittleness, and the bonding force between the crystal faces
is very weak.
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Plasma-activated bonding is one of the promising facile
methods in hydrophilic bonding field. To date, Ar/O2/N»
plasma activation has been successfully applied to the direct
bonding of SiO, and glass [12], [13]. Wang et al. proposed
a method to reduce voids formation between the bonding
interfaces of Si-based materials by using O, plasma activation
with fluorine [14]-[16]. Currently, on the basis of successful
application of vacuum ultraviolet (VUV) in Au/Au direct
bonding and polyether ether ketone (PEEK) and Pt heteroge-
neous bonding [17], [18]. Xu et al. used VUV/Oj3 activation
and a multistep low-temperature annealing process to achieve
the direct bonding of Si/quartz glass, Si/Si, quartz/quartz
and SiC to some other materials (eg. SiO, and glass) and
enhance their bonding strength [19]-[22]. Li et al. proposed
a hydrophilic sapphire wafer bonding method by combining
O3 plasma activation and high temperature bonding process,
which have been successfully applied in wireless passive
sensors and fiber-optic pressure sensors for harsh environ-
ments [23]-[26]. Silke H. Christiansen et al. also enhanced
the bonding energy of wafers via high temperature annealing
process [27], [28]. These reports demonstrate the importance
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FIGURE 1. Schematic of MgO direct bonding process.

of O; plasma activation and high temperature annealing in the
fields of single crystal oxides bonding. Moreover, to avoid the
damage of temperature-sensitive components and broaden
doping profile, wet surface chemical activation was intro-
duced to achieve wafer pre-bonding and reduce the annealing
temperature [29]-[31].

Recently, many researchers have focused on the homoge-
nous bonding (eg. Si/Si, quartz/quartz, sapphire/sapphire, and
so on) and heterogeneous bonding (eg. Ge/Si [32], [33],
Glass/LiNbOj3 [34], GaAs/GaN [35]) instead of MgO/MgO,
and the bonding mechanism has never been explored. In this
paper, a hydrophilic direct bonding method of MgO/MgO
that assisted by a two-step surface activation and then high-
temperature annealing process was proposed for the first
time. After activation treatments, the MgO surface was char-
acterized by atomic force microscope (AFM) and water
contact angle (CA). The bonding strength under different
annealing conditions was measured by a tensile tester to
optimize the bonding parameters. To gain insight into the
bonding mechanism, the bonding interface was investigated
by the scanning electron microscope (SEM) and the trans-
mission electron microscopy (TEM). Besides, a MgO bonded
structure with well-sealed cavity was formed by using wet
chemical etching and the proposed direct bonding method.
The bonding method presented in this paper can achieve high
bonding strength of MgO/MgO, which has the potential to be
broadly used in the fabrication of high-temperature MEMS
devices.

Il. EXPERIMENTAL

The direct bonding procedures of the MgO/MgO illustrated
in Fig. 1 include four primary steps: oxygen plasma surface
activation (OSA), wet chemical surface activation (WSA),
pre-bonding, and high-temperature annealing.

A. MEATERIALS AND SAMPLES PREPARATION

{100}-faces, double-polished MgO pieces with a size
of 10 mmx10 mmx200 um were used for direct bond-
ing. The samples were provided by Shanghai Institute of
Ceramic, Chinese Academy of Sciences, Shanghai, China.
The MgO pieces with the root mean square (RMS) rough-
ness of approximately 0.45 nm were polished by chemical
mechanical polishing technique (CMP). Prior to the surface

VOLUME 8, 2020

TABLE 1. Cleaning steps and parameters of MgO.

Step Conditions Duration (min) Function

Gasoline Room 15 Remove the residual
temperature wax from polishing
Alcohol Room 120 Remove ester and
temperature gasoline
RCA-1 Water bath 15 Remove organic
(80 °C) particles

activation, the samples were cleaned by gasoline, alcohol,
RCA-1 (NH4OH: H>0;: HO = 1:2:7 by volume) solution
and deionized (DI) water for several times and then dried with
high purity nitrogen (N2) gas. The cleaning steps are listed
in Table 1.

B. TWO-STEP SURFACE ACVATION PROCEDURE

Two-step surface activation was used to further clean the
MgO surface and increase the hanging groups. Specifically,
the two MgO pieces were introduced to a plasma system (IoN
Wave 10, America) and sputtered by O, plasma for OSA
processing. The power and chamber pressure are 200 W and
200 mtorr, respectively. The flow rate of O is 200 sccm. Sub-
sequently, the two MgO samples were immediately immersed
in WSA solution of NH4OH: H,O,: H,O (NH4OH: H,0>:
H;O = 1:1:5 by volume). The effects of different dura-
tions of two-step surface activation on the surface roughness,
the hydrophilicity and the pre-bonding of the MgO samples
were investigated.

C. PRE-BONDING PROCEDURE

After two-step surface activation, the two MgO pieces were
covered immediately form one of the edges in air. Then,
a low force was loaded to the center of the pieces to
make them sufficiently contact and achieve the maximum
removal of the residual WSA solution. This process is called
pre-bonding and accomplished at room temperature in a
thousand-level clean room. The pre-bonding strength is very
low because of the weak van der Waals force between
the pieces. Therefore, the pre-bonded MgO samples were
subjected to high-temperature annealing process to enhance
the bonding strength. In addition, the implementation of
pre-bonding avoids pollution during the transferring to the
annealing device and thereby reduces the voids formation.

D. HIGH-TEMPERATURE ANNEALING PROCESS

The pre-bonded MgO samples were transferred to a high
temperature hot-press system (Jiangtai Co., Ltd., China) for
high-temperature annealing process, as shown in Fig. 2.
The system includes an electric control cabinet, a hydraulic
pump and a high-temperature hot-press furnace (HTPF).
The pre-bonded MgO samples were put in a self-designed
graphite mold and then introduced to the HTPF, as shown
in Fig. 2(b). The annealing temperature is controlled by
the electric-control cabinet, the heating rate of which is
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FIGURE 2. The high temperature hot-press system.

modulated by the power. The pressure on MgO was applied
by the hydraulic pump and the pressure head displacement
control system. Moreover, the bench and the movable beam
of the HTPF were equipped with a cylindrical connector
to ensure the verticality of the applied pressure during the
annealing process.

In addition, the pre-bonded MgO samples were annealed
under the different temperatures and pressures for different
time to investigate the bonding strength.

E. CHARACTERIZATION

The surface roughness was measured by an AFM (Multi-
mode 8, Bruker, Germany) and expressed by the RMS value.
The CA was measured by the contact angle meter DSA 100
(Kruss Co. Ltd., Germany) to clarify the hydrophilicity of the
activated-MgO. The bonded MgO sample were glued with
the jigs. A tensile test was executed by tensile tester (Instron
2710, England) at a speed of 0.5 mm/min to determine the
bonding strength. For the bonding interface characterization,
cross sections of the bonded samples were observed through
a SEM (SU5000, HITACHI, Japan) and a TEM (Tecnai F20,
FEI). EDS analysis attached to SEM and Energy-dispersive
X-ray (EDX) analysis coupled with TEM were performed
across the bonding interface. Moreover, the bubbles and the
voids at the bonding interface were characterized by the
C-mode scanning acoustic microscope (C-SAM, Sonoscan
D9500, America). The TEM MgO test samples were made
using a focusing ion beam (FIB) process.

Ill. RESULTS AND DISCUSSION

A. SURFACE ROUGHNESS CHARACTERIZATION

The RMS values of the MgO pieces before and after surface
activation are listed in Table 2. When the sample was only
treated by OSA for a short time, the surface roughness was
not significantly changed. However, the RMS value increases
slightly with the increasing of the activation time, which may
be the surface damaged by the long-term bombardment of
high-energy particles. The surface roughness changes signif-
icantly with the WSA time, and the samples are not suitable
for direct bonding when the activation time exceeds 180 s.
In addition, two MgO wafers cannot achieve pre-bonding
when only treated by one-step surface activation (OSA and
WSA). On the contrast, the two samples A-E after two-step
surface activation can achieve pre-bonding and can meet the
minimum roughness requirement in MEMS manufacturing.
For further analyzing the effect of the two-step activation
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TABLE 2. Surface roughness of MgO before and after surface activation.

Surface treatment RMS value (nm) Pre-
bonding
Sample OSA (s) WSA (s) Before After
treatment  treatment

0 60 0.365 0.437 x

0 120 0.368 0.492 x

0 180 0.374 0.605 x

0 240 0.352 0.810 x

0 300 0.326 0.858 x

30 0 0.321 0.372 x

45 0 0.365 0.402 x

60 0 0.334 0.415 x

75 0 0.354 0.486 x

90 0 0.401 0.572 x

A 30 60 0.324 0.421 v
B 30 120 0.347 0.538 v
C 45 60 0.324 0.464 v
D 60 60 0.358 0.504 v
E 75 60 0.358 0.512 v

FIGURE 3. 3D AFM images (5 x 5¢ m2) of the MgO (a) before and
(b)-(f) after two-step surface activation.

treatment on the surfaces, 3D AFM images of samples A-E
with area of 5 x 5 um? is shown in Fig. 3. The surface rough-
ness morphology of the activated-MgO shows some non-
uniform spaced surface irregularities. Some asperities appear
on the surface due to the impact of high-energy particles and
the erosion of the WSA solution. Moreover, the RMS value
of sample A after two-step activation treatment is the smallest
(increased from 0.324 nm to 0.421 nm).

B. HYDROPHILICITY CHARACTERIZATION

To verify the bonding mechanism, a water contact angle test
was conducted to investigate the effect of surface activation
on the hydrophilicity of the samples. One of the important
reasons for the poor hydrophilicity of MgO is the existence
of the adsorbed organics and the low density of the hydroxyl
(-OH) groups. As shown in Fig. 4(a), high hydrophilicity
surfaces are formed after O, plasma activation. The CA
values decrease sharply from 79.8° to 2° with the increasing
of the OSA treatment time. This means the organic contam-
inants are removed and the reactive surfaces are generated.
Additionally, because the CA increases with the exposure
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FIGURE 5. (a) Annealing curves of pre-bonded MgO samples at different
temperatures and times. (b) Bonding strength measurement platform.

time, the MgO samples should be pre-bonded as soon as
possible [24]. The result shown in Fig. 4(b) indicates that
the use of WSA alone is not an effective way to improve
the surface hydrophilicity. However, the WSA solution pro-
vides high concentration of OH™, which helps to achieve
pre-bonding of MgO wafers. Subsequently, the CA of MgO
samples A-E after two-step surface activation were tested, as
shown in the inset of Fig. 4(b). The results illustrate that the
two-step surface activation is an effective method to improve
surface hydrophilicity and achieve MgO pre-bonding. The
durations of OSA and WSA in the two-step activation process
were chosen as 30 s and 60 s, respectively.

C. BONDING STRENGTH CHARACTERIZATION

Fig. 5(a) shows the high temperature annealing curve of
MgO. Firstly, the pre-bonded MgO samples were heated
at 200 °C for 30 min. Then the temperature was raised
to 1000 °C, 1200 °C, and 1400 °C with the rate of 10 °C/min,
and kept for 100 min, 120 min, 140 min and 160 min, respec-
tively. Meanwhile, different pressures (i.e., 2 MPa, 4 MPa and
6 MPa) were applied to the MgO samples and maintained
the same time under the annealing temperature. Finally,
the bonded MgO samples were subjected to a tensile test to
investigate the effect of the annealing temperatures, times and
pressures on the bonding strength, as shown in Fig. 5(b).

As presented in Fig. 6(a), when the annealing time and
pressure were fixed at 140 min and 4 MPa, the bonding
strength significantly increased to 6.81 MPa with the anneal-
ing temperature increasing from 1000 ° to 1200 °. However,
the bonding strength did not increase obviously when the
annealing temperature exceeding 1200 °. The effect of the
pressure on bonding strength was investigated, as shown
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FIGURE 6. Bonding strength of MgO samples under different annealing
parameters. The variation of the bonding strength with the (a) annealing
temperature, (b) pressure and (c) time. (d) 3D map of the bonding
strength under different annealing temperatures and pressures as the
annealing time was fixed at 140 min.

in Fig. 6(b). A strong bonding strength was obtained under
the temperature of 1200 ° and the pressure of > 4 MPa.
But the bonded wafers fractured when the pressure exceeded
7 MPa. As shown in Fig. 6(c), when the annealing temper-
ature and pressure were fixed at 1200 ° and 4 MPa, and
the annealing time was varied from 100 min to 160 min,
the bonding strength was always around 6.78 MPa and
did not continue to increase after annealing for 140 min.
This means that an annealing time of 140 min is suffi-
cient for atomic interdiffusion across the bonding interface
at 1200 °C. For longer annealing time, the bonding interface
was stable and the bonding strength kept almost constant.
As seen in Fig. 6(d), the bonding strength of the MgO samples
after annealing at 1000 ° was weak (<3.5 MPa), which cannot
even withstand the mechanical stress produced by SEM sam-
ple preparation. Finally, the MgO direct bonding parameters
are chosen as a temperature of 1200 °C, a pressure of 4 MPa,
and a duration of 140 min.

D. BONDING INTERFACE CHARACTERIZATION

The cross-sectional SEM images of the MgO bonded struc-
tures after annealing under the different temperatures at a
pressure of 4 MPa is shown in Fig. 7. The SEM sam-
ples were separated using laser cutting equipment and split-
ting pliers. Many cracks and gaps were clearly observed
at the bonding interface when the annealing temperature
was 1000 °C, as shown in Fig. 7(a). A fine bonding interface
without any voids and cracks was obtained when annealing
at 1200 °, as shown in Fig. 7(b). Moreover, Figs. 7(c)-(e)
show the different magnification SEM images of the bond-
ing interface. It can be seen that the bonding interface is
smooth and flat, which indicates that good bonding quality
can be achieved when annealing at 1200 °C and 4 MPa.
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FIGURE 7. Cross-sectional SEM images of the bonded MgO after
annealing at (a) 1000 °C and (b) 1200 °C and 4 MPa. Meanwhile,

the images at 1.66 kx, 2.11 kx and 5.00 kx magnifications of the bonding
interface after annealing at 1200 °C were observed in (c), (d) and (e),
respectively. (f) CSAM image of the bonded MgO.

In addition, since the crystal orientations of MgO were not
precisely aligned during the pre-bonding process, the cleav-
age occurred along the crystal orientation. The EDS analysis
demonstrates that there were no other elements at the bond-
ing interface except for the existence of the sputtered gold
element, as presented in Fig. 7(e). Furthermore, according to
the CSAM result shown in Fig. 7(f), few bubbles existed at
the edge of the bonded structure, which may be caused by the
unevenness of the graphite mold end face.

For gaining insight into the bonding mechanism, a TEM
was used to analyze the bonding interface, as shown in Fig. 8.
The TEM sample with the size of 2 um is shown in Fig. 8(a).
Figs. 8(b)-(d) show the TEM images of the bonding interface
at different magnifications (i.e., ~10 kx, 40 kx and 450 kx)
and demonstrate that the bonding interface was void-free
and defect-free. As shown in Fig. 8(e), a transition layer
of approximately 2 nm was obviously observed across the
bonding interface. There was no obvious crystal defects (such
as dislocations, lattice defects, and crystal distortion) in the
transition layer. Moreover, the distance of the crystal lattices
in the transition layer was similar to that at the unbonded
places. This means that the connection interface had good
crystal quality and was not damaged by high temperature.
The EDX mapping illustrated in Fig. 8(f) showed that the Mg
and O elemental maps were highlighted in dark green and
navy blue, respectively. The results proved that only Mg and
O were distributed across the bonding interface layer, which
revealed that the interface was not modified.

E. BONDING MECHANISM

The bonding mechanism of MgO was analyzed based on the
above results and the bonding model of other materials (sap-
phire/sapphire and other heterogeneous bonding) [36]-[40],
as shown in Fig. 9. The activated-surfaces exhibited high
hydrophilicity after OSA process, which means the organic
contaminants were easily decomposed and evaporated off,
and the density of hydroxyl groups was increased. When the
OSA-treated samples immersed in a high -OH concentration
solution, the -OH will be filled and adsorbed on the surface,
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FIGURE 8. TEM images of the MgO bonding interface at (a) 1.99 kx,

(b) 10.03 kx, (c) 42.9 kx and (d) 450 kx magnifications. (e) The TEM image
at a ultra-high magnification of 1190 kx. (f) EDX mappings: Mg map in
dark green and O map in navy blue.

and further increase the number of hydroxyl groups and
enhance the surface activation energy. On the other hand,
the Mg(OH), formed by the diffusion of the water molecules
from the air to the surface of MgO (as shown in reaction (1)) is
another reason for the increase in -OH. Therefore, the bonded
surface after two-step activation will generate a large amount
of hydroxyl and Mg-OH groups (as shown in Fig. 9(a)),
which are beneficial to the contact area and the pre-bonding
strength.

MgO + H,0 — Mg(OH), (1

Since the hydroxyl groups are easily combined with the
water molecules and forms hydrogen bonds, the bonding
interface during pre-bonding process is actually contacted by
hydrogen bonds between the water molecules and the polar
hydroxyl groups, as shown in Fig. 9(b). Since a portion of the
residual solution was evaporated along the bonding interface
and the Mg-O groups on the sample surfaces were infinitely
pulled close, the pre-bonding strength was enhanced [41].
When the pre-bonded sample was annealing at high tem-
peratures, a dehydration condensation reaction (as demon-
strated in reaction (2)) occurred on the bonded surfaces.
The hydrogen bonds are then converted into high-strength
covalent bonds (Mg-O-Mg) [16], [20], as shown in Fig. 9(c).
In addition, the small asperities on MgO surface caused by
surface activation may have a stronger deformation than the
bare MgO, which is beneficial to “dislocation filling”” and the
closed gaps during the high-temperature annealing process.
Meanwhile, the effective contact area between MgO pieces is
also increased due to the pressure. This is help to reduce the
voids at bonding interface and increase the bonding strength.

Mg-OH + OH-Mg — Mg-O-Mg + H,0 2)

In general, the pre-bonding process realizes the prelimi-
nary interdiffusion of atoms between the wafers, while the
high-temperature annealing facilitates the further interdiffu-
sion of atoms. Finally, a strongly-bonded MgO pair without
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voids and deflects is obtained by using hydrophilic direct
bonding method, as shown in Fig. 9(d).

F. FABRICATION OF A MGO WELL-SEALED CAVITY
As shown in Figs. 10(a)-(f), a cylindrical cavity was pat-
terned on MgO surface by wet chemical etching method.
In our previous work, we have analyzed the effect of different
concentrations of etchant on the etching rate and the surface
roughness of MgO [42]. Therefore, the parameters of the wet
chemical etching process are a phosphoric acid concentration
of 50%, a temperature of 120 °, and a duration of 3 min. The
cavity was designed with the diameter of 6 mm and the depth
of 12 um on the MgO piece (10 mmx10 mmx0.5 mm).
Then, direct bonding of the etched-MgO and a bare MgO
(10 mmx 10 mmx0.2 mm) under the annealing conditions
of 1200 °C, 4 MPa and 140 min to form a sealed cavity.
For observing the integrity of the cavity, the bonding inter-
face was tested by SEM, as shown in Fig. 11. The cavity
length (~ 11.54 um) is consistent with the theoretical etching
depth, as shown in Fig. 11(b). This means that there was no
obvious collapse and deformation of the cavity after the high
temperature bonding procedure. At the same time, the CSAM
test result shown in the inset of Fig. 11(a) illustrated a small
amount of bubbles around the cavity.

Sealing performance is an crucial indicator to weigh the
reliability of the bonding methods and the MEMS devices.
Therefore, a leaking experiment was performed on the
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FIGURE 11. The cross-sectional SEM images of the bonding interface of
the cavity. Meanwhile, the inset shows the CSAM image of the bonded
MgO cavity.

bonded MgO cavity. Firstly, the bonded structure was intro-
duced into an vacuum chamber (<50 Pa) for 30 min. Then
the chamber was injected with light fluorine oil and filled
with nitrogen to keep the cavity under a pressure of 0.2 MPa
for 60 min. The helium leaking rate of the structure is
3.1 x 1072 Pa-m3/s, which was less than the limitation of
the measured leakage rate of 5 x 10~° Pa-m’/s. For fur-
ther evaluating the sealing of the cavity, the bonded sample
was transferred to a heavy fluorinated oil at 125 °C and
maintained for 200 min for leaking test. It can be observed
that almost no bubbles appeared around the cavity, which
indicated that the cavity was well sealed.

IV. CONCLUSION
We proposed a hydrophilic direct bonding method using
the two-step surface activation and the high temperature
annealing process for a high bonding strength combination
of MgO/MgO. A high hydrophilic and reactive surface was
formed after the two-step surface activation treatment. The
overall surface roughness of the MgO changed a little before
and after activation. Moreover, the effect of annealing param-
eters on bonding strength was investigated, and a high bond-
ing strength of 6.8 MPa was obtained after annealing at
1200 © and 4 MPa for 140 min. The SEM and TEM images
illustrate that the bonding interface was tight and void-free.
The transition layer was no crystal defects and dislocations.
The leaking test was performed on a bonded MgO cavity to
verify the sealing performance of the direct bonding method.
The proposed facile MgO/MgO direct bonding method
shows a great potential for developing MgO-based MEMS
devices in harsh environment.
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