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A Novel Bonding Method for Ionic Wafers
M. M. R. Howlader, Tadatomo Suga, and Moon J. Kim

Abstract—A novel method for bonding sapphire, LiNbO3,
quartz, and glass wafers with silicon using the modified surface
activated bonding (SAB) method is described. In this method,
the mating surfaces were cleaned and simultaneously coated with
nano-adhesion Fe layers using a low energy argon ion beam.
The optical images show that the entire area of the 4-in wafers
of LiNbO3/Si was bonded. Such images for other samples show
particle induced voids across the interface. The average tensile
strength for all of the mating pairs was much higher than 10 MPa.
Prolonged irradiation reduced polarization in LiNbO3, sapphire,
quartz, and Al-silicate glasses. Fe and Ar ion-induced charge
deposition result in the formation of an electric field, which was
responsible for the depolarization. The lattice mismatch induced
local strain was found in LiNbO3/Si. No such strain was observed
in the Al-silicate glass/Si interface probably because of annealing
at 300 C for 8 h. The Al-silicate glass/Si interface showed an
interfacial layer of 2 nm thick. A 5-nm-thick amorphous layer was
observed with the other layer across the LiNbO3/Si interface. The
EELS spectra confirmed the presence of nano-adhesion Fe layers
across the interface. These Fe layers associated with the electric
field induced by ion beam irradiation for prolonged period of
time, particularly in LiNbO3/Si, might be responsible for the high
bonding strength between Si/ionic wafers at low temperatures.

Index Terms—Auger electron spectroscopy, charge decomposi-
tion, depolarization, electron energy loss spectroscopy (EELS) and
bonding strength, ionic wafers, lattice mismatch, modified hollow
cathode ion source, polarization, surface activated bonding.

I. INTRODUCTION

THE ionic materials are comprised of positive and negative
ions, which are bound together by their electrostatic attrac-

tion. These materials spontaneously polarize at different polar-
ization levels. Ionic materials such as LiNbO , sapphire, quartz,
and glass have diverse applications in electronic, photonic, and
micro-electro mechanical systems. Single crystalline LiNbO is
the material of interest for the fabrication of optoelectronic mod-
ulators, piezoelectric components, and microwave tunable de-
vices [1]. The other material of interest is sapphire. With its wide
transmission window, sapphire can improve bandwidth, reduce
crosstalk, noise, and instability of CMOS optical receivers [2].
In addition, quartz, an optically transparent substrate, is consid-
ered as a candidate material for image sensors, displays, and
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optical waveguides [3]. Furthermore, the silicate glass is an in-
expensive material compared with quartz, which is used for high
frequency displays and those with a high pixel count [4]. There-
fore, the bonding of these materials with single crystalline sil-
icon can offer high-speed, high-bandwidth, and highly sensitive
novel devices.

The wafer bonding technology enables the integration of dif-
ferent materials onto a single die. Wafer bonding techniques in-
clude direct wafer bonding, anodic bonding, eutectic bonding,
thermal compression bonding, and temporary bonding. These
techniques use high temperature, high voltage, high pressure,
and specific composition to bond together diverse materials. A
common challenge of these techniques is the bonding incapa-
bility of these materials due to lattice mismatch.

As alternatives to wafer bonding, few methods, which are
crystal ion slicing [5], [6], chemical vapor deposition, radio fre-
quency (RF) sputtering [7], and pulsed laser deposition, have
been reported to combine these materials. The issues of how to
improve the values of pyroelectric, electro-optic [1], and optical
[6] properties of these films produced by these methods for such
applications remain.

In order to get rid of these issues, we have developed a di-
rect wafer bonding method at room temperature called the sur-
face activated bonding (SAB) method. The SAB method joins
two smooth, clean surfaces after removing contaminants, e.g.,
carbon and native oxides using an atom beam, ion beam, or
plasma sources in a vacuum. The SAB method enables atomic
level bonding, which produces interfaces with strengths equiv-
alent to those of bulk materials. This technique has been imple-
mented in the bonding of dissimilar metals to semiconductors
to insulators at room temperature without heating and gluing.
However, we have found difficulty in bonding ionic crystals with
other materials using the normal SAB method.

The normal SAB failure in bonding ionic wafers is due to
their inhomogeneous polarization after surface cleaning. To al-
leviate the adverse influence of polarization, we have modified
the SAB method [8]. In this modified method, we have devel-
oped a modified hollow cathode ion source, capable of sputter
cleaning and depositing thin Fe layers on the surfaces. This
method allows prolonged sputter cleaning required for depolar-
ization of ionic crystal surfaces. Also, it provides ultra-thin Fe
layers, which keep the activated surfaces smooth and improve
the refractive index, improving optical properties of ionic wafers
such as LiNbO . Auger electron spectroscopy (AES) analysis
is used to clarify the cleaning status and to detect the nano-ad-
hesion layers on the surfaces. While the use of Fe as adhesion
layers was intentional, similar results (not refractive index) can
be achieved with nano-layers of Ti and Pd.

In this paper, we report the bonding between bare sapphire/
silicon, LiNbO /silicon, quartz/silicon, and glass/silicon using
the modified SAB method at low temperatures. In this method,
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Fig. 1. Schematic diagram of surface activated bonding tool for wafer surface
activation.

we utilize a modified low energy argon ion beam to remove
surface contaminants and to deposit nano-adhesion Fe layers on
the surfaces.

II. EXPERIMENTAL PROCEDURE

A. Samples

A mirror-polished single crystalline (1102) sapphire wafer
50 mm in diameter, c-cut LiNbO wafer 100 mm in diameter,
quartz wafer 75 mm in diameter, amorphous Al-silicate glass
wafer 125 mm in diameter, and (100) silicon wafer 200 mm
in diameter were used for the bonding experiments. The thick-
nesses of the sapphire, LiNbO quartz, glass, and Si wafers were
1000, 400, 375, 670 and 730 m, respectively. The wafers were
cleaned using the standard chemical cleaning procedure. An
SAB tool scaled for the wafers was used for the experiments.
The tool consists of eight chambers, the transfer chamber sur-
rounded by processing, analyzing, heating, turning over/prelim-
inary alignment (prealignment), alignment/preliminary bonding
(prebonding), and bonding chambers, which all have pressure in
the range 10 –10 torr (Fig. 1). A robot capable of handling
200-mm wafers is positioned in the transfer chamber, which has
access to all chambers except the load lock.

B. Concurrent Surface Activation and Fe Deposition

A modified hollow cathode low energy Ar-ion beam source
capable of etching at an incidence angle of 90 is located in the
processing chamber. The ion source was modified in order to
sputter deposit Fe with simultaneous sputter cleaning. As pre-
viously mentioned, the reason for Fe nano-layer deposition is
to improve adhesion and raise the refractive index to improve
optical properties of LiNbO , for example. The modification
to the ion source was accomplished by covering an Fe ring
on the hollow cathode surface. The accelerated ions in the dis-
charged plasma have significant components in both the radial
and axial directions. The radial ions may sputter Fe from the Fe
ring surface and deposit it on the sample surface used for sputter
cleaning [8].

The source can etch over a surface area of 200 mm in diam-
eter. The wafers are rotated to achieve homogeneous etching

during sputtering. The surface analysis chamber is equipped
with an Auger electron spectroscopy, which accommodates
200-mm-diameter wafers. We have developed a wafer carrier,
which normally carries 200-mm Si wafers, to carry 50-, 100-,
and 125-mm diameter wafers. The wafers were loaded into the
load lock chamber and kept there until the vacuum pressure
reached 10 torr.

C. Surface Activation and Deposition Conditions

The wafers were sputtered separately in the processing
chamber by a low energy argon ion beam with a voltage of
80 V and a current of 3 A. As mentioned earlier, the ion
source sputter cleans and deposits Fe nano-adhesion layers
simultaneously. The sputter cleaning times used for sapphire,
LiNbO , quartz, glass, and Si were 22, 22, 30, 30, and 10 min,
respectively. Sapphire, LiNbO , quartz, and glass and LiNbO
were first cleaned for 20 or 28 min (depending on the material),
then cooled in a vacuum chamber, and finally cleaned for an
additional 2 min.

Due to prolonged cleaning times to depolarize surface atoms
with small amounts of nano-layer Fe, the temperature of the
wafers increased to 200 C within 5–10 min after starting sput-
tering. This increase was confirmed by measuring the tempera-
ture of the wafer by a thermocouple placed on the backside of
the wafer. Without cooling the LiNbO , the bonding between
Si and LiNbO resulted in fractures in the bonded samples be-
cause of the CTE mismatch at 200 C. Similar phenomena were
observed in the bonding of Si with other combinations of ionic
wafers. After cooling the wafers, the temperature significantly
dropped. This resulted in no CTE effects at the bonded interface.

D. Bonding and Characterization

First, the activated (carbon removed and Fe deposited) Si
wafer was transferred to the turning over and prealignment
chamber, turned over, and transferred to the alignment and
prebonding chamber. Second, the activated sapphire, LiNbO ,
quartz, and glass wafers were directly, but separately, trans-
ferred to the alignment and prebonding chamber after sputter
cleaning. Finally, the activated (cleaned and Fe layers de-
posited) sapphire, LiNbO , quartz, and glass wafers were
bonded together in the alignment and prebonding chamber
under a load of 50 kgf.

The bonded wafers were cut into 10 10 mm pieces and
glued to metal bars for a tensile pulling test. Bonding strength
was measured by a tensile pulling tester (AGS-1 kNG) from
the Shimadzu Company. The bonded interfaces were investi-
gated using a high-resolution transmission electron microscope
(HRTEM).

III. RESULTS

A. Auger Electron Spectroscopy for Surface Activation and
Fe Deposition Analysis

The simultaneously cleaned and deposited surfaces are re-
ferred to as activated surfaces hereafter. In order to qualita-
tively investigate the activated surface, we used an AES. To
avoid charging difficulty on oxide surfaces, we used silicon for
the spectroscopy. Since silicon is a semiconductor and has no
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Fig. 2. AES of silicon surfaces before and after activation using modified low
energy Ar-ion beam of 80 eV and 3 A. After activation, AES spectra for 1, 6,
and 36 min treated samples were included. Ion beam allows surface cleaning
and deposits Fe nano-adhesion layers on surface [8].

charging problems with the energetic beam, the information for
surface activation and back sputtering of Fe can be obtained. Al-
though Si is different from oxide materials used in these exper-
iments, we assume that the amounts of contaminants present on
different surfaces are similar. The AES allows for the detection
of the existence and influence of Fe deposition on the surfaces.

Fig. 2 shows the AES of silicon surfaces before and after
sputter cleaning at 1, 6, and 36 min with the modified ion source.
Before surface activation, native oxides are present on the sur-
face. The contaminants such as carbon and native oxides disap-
peared after sputter cleaning for 1 min. The surface treated for
1 min showed a low amount of Fe on the surface. A low amount
of Fe was detectable on the Si surface treated for 1 min and Fe
counts remained constant with the increase of sputter cleaning
time up to 36 min.

B. Optical Images of Interfaces

Fig. 3 shows the optical images of sapphire/silicon,
LiNbO /silicon, quartz/silicon, and glass/silicon interfaces
bonded by the modified SAB method at room temperature. The
sputter cleaning and deposition times for sapphire, LiNbO ,
quartz, glass, and Si were 22, 22, 30, 30, and 10 min, respec-
tively. The size of sapphire, LiNbO , quartz, glass, and Si
were 50, 100, 75, 125, and 200 mm, respectively. The Fe layer
thickness for the 22-min activated Si surface was 2 nm. An
ellipsometer (HS-190) from J. A. Woollam Co., Ltd., was used
for the Fe layer thickness measurement.

The optical images of different bonded interfaces show
dissimilar behavior. For example, two void regions are found
across the interface of sapphire/silicon, whereas the entire area
of LiNbO /silicon is bonded. While the characteristic behaviors
of bonded interfaces were reproducible, the numbers of voids
varied across the interfaces.

Fig. 3. Optical images of (a) sapphire/silicon, (b) LiNbO /silicon, (c) quartz/
silicon, and (d) amorphous Al silicate glass/silicon wafers bonded in ultra-high
vacuum pressure after activation with modified Ar-low energy ion beam at room
temperature. Size of Si, sapphire, LiNbO , quartz, and glass wafers was 200, 50,
100, 75, and 125 mm, respectively.

On the other hand, unbonded areas were found across the
peripheral regions of quart/silicon and glass/silicon wafers.
Therefore, the unbonded characteristics can be classified into
two groups: peripheral and nonperipheral. Surface scratches
by tweezers while holding the wafer and wafer warpage can
be attributed to the voids at the unbonded peripheral areas.
If the wafer warpage is more than 6 m over 8 in, the water
molecules from the controlled atmospheric air after deloading
the bonded sample accumulated in the open region in the
interfaces, causing warpage.

Since the wafers were handled in a 10 000-class clean room,
we assume that the nonperipheral void area is generated due to
the particles left on the activated surfaces.

C. Tensile Strength

The bonded wafers were cut into 10 10-mm pieces and
glued to metal bars (jigs) for the tensile pulling test. The tensile
tester attempted to separate the bonded wafers by pulling metal
bars adhered to the bonded wafers in two opposite directions
perpendicular to the bonded surfaces. The tensile pulling speed
was 1 mm/min, which was computer controlled, as was the data
acquisition.

The tensile pulling test results for sapphire/Si and LiNbO /Si
bonded wafers with transparent Fe layers, including bonding
and annealing conditions, are shown in Table I. The respec-
tive bonding strengths were in the range as of 6.8–13.5, 8–37.5,
6–14.4, and 15–45.2 MPa. The numbers of samples randomly
picked for sapphire/Si, LiNbO /Si, quartz/Si, and glass/Si pairs
were 9, 31, 12, and 40, respectively. The broad range of bonding
strength may be due to different inclusions such as dust/particles
at the interface, inhomogeneous force application to the surfaces
due to parallelism problem of the jigs and their angle during
pulling test, and inhomogeneous plasma etching of the surface,
etc. [9]. The average tensile bonding strength for each pair of
bonded samples was higher than 12 MPa. The majority of the
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TABLE I
TENSILE RESULTS OF SAPPHIRE/SI, LiNbO (LN)/SI, QUARTZ/SI, AND AL

SILICATE GLASS/SI WAFERS BONDED WITH TRANSPARENT FE LAYERS AT

ROOM TEMPERATURE. QUARTZ/SI AND AL SILICATE GLASS/SI PAIRS WERE

ANNEALED IN AIR AT 300 C

Fig. 4. (a) Low resolution and (b) high resolution TEM images for Al-sili-
cate glass/Si heated at 300 C. Bonded sample was heated to enhance bonding
strength.

samples fractured from the bulk materials and showed excellent
bonding strength. The other samples that fractured at the glue
and interface showed tensile strengths below 10 MPa.

Sapphire/Si and LiNbO /Si bonded wafers were not heated
because of their adequate bonding strengths. Whereas quartz/Si
and glass/Si wafers were heated at 300 C for 8 h in air to in-
crease their bond strengths. These bonded pairs were delami-
nated during dicing into chips.

D. Microstructure Observation of Interfaces

Fig. 4 shows the low- and high-resolution (HR) transmis-
sion electron microscopy (TEM) images of Al-silicate glass/Si

Fig. 5. TEM images with (a) low magnification and (b) high magnification for
LiNbO /Si bonded at room temperature. Sample was not heated after bonding.
Amorphous layer with dark crystalline Fe layer is observed across the interface.
Observed lattice fringes are not as sharp as they should be because crystal tilt for
HRTEM imaging was optimized to mediate a slight rotational misorientation of
bonded LiNbO /Si pair.

heated at 300 C at room temperature after bonding. The activa-
tion time for glass and Si was 30 and 10 min, respectively. The
low magnification images showed an interface free from strain
and defects. Thermal annealing may improve localized strain.
The HRTEM image showed a layer, presumably containing de-
posited Fe, of about 2 nm thick between the crystalline Si and
amorphous silicate glass interface.

Fig. 5(a) shows a low-magnification image for LiNbO /Si
bonded at room temperature. The image shows periodic
shading due to the local strain between the two lattice sites
[10]. Fig. 5(b) shows the HRTEM image of the LiNbO /Si
bonded interface. The observed lattice fringes are as sharp as
they could be because the crystal tilt for HRTEM imaging was
optimized to mediate a slight rotational misorientation of the
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Fig. 6. Compositional distribution by EELS analysis across LiNbO /Si inter-
face. Upper left and upper right (red) lines show Si and Nb, respectively [12].
Center of interface is near crossing of these two curves. Fe curve is across center,
which looks like a Gaussian curve. Left and right sides from center represent Si
and LiNbO wafers, respectively. Horizontal and vertical axes represent dis-
tance across interface in nanometers and signal counts�10 , respectively. Spa-
tial resolution of analysis shown is about 1 nm.

bonded LiNbO /Si. An amorphous layer of 5 nm was observed
across the interface. A dark contrast region, probably crystalline
Fe, was found across the interface. In order to investigate the
elemental distribution across the bonded interface, an electron
energy loss spectroscopy (EELS) analysis was carried out.

E. EELS for Fe Investigation

Fig. 6 shows the longitudinal EELS analysis for elemental
distribution across the Si/LiNbO interface corresponding to
the bonded interface shown by HRTEM. Fe is shown to be at its
highest concentration at the center of the interface. Its amount de-
creases as it moves into the bulk materials both on the Si (left) and
LiNbO (right) sides. At the intersection of Si and Nb curves (that
apparently is at the center of the interface), little Fe is found on
LiNbO compared with Si. However, the irradiation time for the
LiNbO waferwas22min,whereas the irradiation timeforSiwas
10 min. Thus, the thickness of Fe on LiNbO should be higher
than that of Si. This might correspond to the lower projected
range and implantation [11] of Ar and Fe in LiNbO than those in
Si. The EELS spectra showed lower Fe implantation/occupation
in the lattice sites of LiNbO . Damage accumulation may be
due to the randomly incorporated Ar and Fe. Heating effects
may also be due to the implanted Ar and Fe ions in the wafers.

IV. DISCUSSION

A. Polarization and Depolarization

After an extensive investigation of the activation time depen-
dence on the bonding of ionic crystals with Si, we have care-
fully chosen the activation time for ionic wafers. The activation
time for Si was not detrimental to the bonding with sapphire,
LiNbO , quartz, and glass. However, if the activation time was
less than 20 min for LiNbO and 30 min for quartz, and glass,
Si did not bond with these wafers.

The AES study of the Si surface showed that the time to re-
move the contaminants and native oxides from these materials
ranged from a few seconds to several minutes. Also, the sur-
face cleaning does not significantly increase Fe layers on the
surfaces after a 6-min activation period. Furthermore, the Si/Si
wafers were bonded after 30–60 s of activation. The facts indi-
cate that longer activated times of these samples than that of Si
is intrinsically related to the material properties. This intrinsic
nature could be the surface polarization of these ionic wafers.

As previously mentioned, the sputter cleaned and Fe nano-
layer coated ionic wafers were not bonded unless treated for
about 20 min. While the thickness of deposited Fe layers be-
come constant after 6–10 min, the extra discrepant time (10–20
min) required for the activation of LiNbO and sapphire is in-
dicative of the dominant influence of polarization over bonding
more than Fe layers deposition.

We will concentrate only on LiNbO to understand the polar-
ization criterion of LiNbO , which occurs due to surface struc-
ture change after treatment by energetic sources. In general, the
position shift of lithium and niobium cations in the same di-
rection relative to the oxygen plane rises to the polarity of that
of a crystal. When Ar-ion plasma hits the targeted surface of
LiNbO , solid-state reactions such as etching of surface ele-
ments, e.g., Li, Nb, and O, and implantation [11], [12] of a
certain amount of Ar ions are expected. These physical pro-
cesses increase the temperature and induce an electric field in
the sample. The Auger analysis of the silicon surface showed
the presence of Ar-ions after activation. In addition, we detected
an increase of sample temperature to as high as 473 K during
activation. We note that the samples to be sputtered clean were
placed on metallic plates, which served as the ground.

The RF plasma [13], electron beam [14], and electric field [15]
are generally used for modification of the surface of LiNbO for
waveguide applications. These processes have been reported to
inverse domain and reduce polarization of LiNbO [13]–[15].
The charge deposited by a plasma and electron beam neutralizes
the polarization, resulting in depolarized activated surfaces.
Therefore, we believe that the electric field generated by the
charge deposition due to the activation for a long time neutralizes
polarization in LiNbO and other ionic materials.

B. Bonding Mechanism

The Fe nano-adhesion layer deposition and depolarization are
two independent mechanisms that contribute to adhesion en-
hancement of the ionic wafers bonded with Si. It is almost im-
possible to distinguish separate roles of these two parameters on
the bonding of ionic wafers.

Recently, the sputter cleaning time for Si/Si bonding was
reported to be 30 s because there is no concern of polariza-
tion in Si wafers. The ionic wafers were not bonded with Si
without Fe nano-adhesion layers. Surface adhesion layers were
needed to produce adhesion between Si/Al silicate glass and
quartz/quartz wafers. The modified Ar-ion source was used for
sputter cleaning with simultaneous Fe deposition [8], [12].

The EELS measurements showed Gaussian distribution of Fe
across the interface. Enhancing strength of Si/Al silicate glass
and Si/quartz by heating may indicate rearrangement of Fe with
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host atoms. Prolonged sputter cleaning with nano-layers Fe de-
position may depolarize and smooth the mating surfaces. Sub-
sequent bonding may induce strong adhesion by cross-linking
Fe on mated depolarized surfaces.

V. CONCLUSION

We have bonded sapphire/Si, LiNbO /Si, quartz/Si, and sili-
cate glass/Si wafers using a modified surface activated bonding
(SAB) process at room temperature. A low energy argon ion
beam of 80-eV energy with 3-A current was used, which was
capable of sputter cleaning and depositing Fe nanolayers on the
surfaces. The Auger electron spectroscopy showed Fe and Ar
ions on the activated surfaces. The optical images showed that
the entire area of 4-in wafers of LiNbO /Si was bonded. Such
images for other samples showed particle-induced voids across
the interfaces. The average tensile strength for all of the mating
pairs was much higher than 10 MPa.

The prolonged irradiation reduced polarization in LiNbO ,
sapphire, quartz, and Al-silicate glasses. Fe and Ar ions induced
a charge deposition probably resulting in the electric field, which
was responsible for the depolarization. The lattice mismatch-in-
duced local strain was found in LiNbO /Si. No such lattice strain
was observed in the Al-silicate glass/Si interfaces probably
because of annealing at 573 K for 8 h. The Al-silicate glass/Si
interface showed a new 2-nm-thick layer. An amorphous layer
5 nm thick was observed with a dark layer across the LiNbO /Si
interface. The EELS spectra confirmed the presence of nano-ad-
hesion Fe layers across the interface. These Fe layers associated
with the electric field induced by ion beam irradiation for a long
time, particularly in Si/LiNbO , mightbe responsible for thehigh
bonding strength between Si/ionic wafers at low temperature.
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