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Abstract

Wafer bonding techniques, which are very different from epitaxial growth techniques, can be
used not only for the fabrication of micro-electromechanical systems (MEMS), silicon on
insulator (SOI), and Si-based device integration, but have recently been applied to the
achievement of high-quality homojunctions and heterojunctions in the photoelectric field. That
is, carrier transport at the interface of the wafer-bonded junction should be unimpeded and
carrier recombination at the bonded interface should be restrained. For Si/Si wafer bonding,
although a high bonding strength and a bubble-free bonded interface are needed for the
fabrication of the MEMS and SOI, a perfect Si/Si bonded interface which is expected to be
bubble-free, oxide-layer-free, and dislocation-free is needed for the achievement of
high-performance photoelectric devices, such as Ge/Si single-photon avalanche photodiodes.
On the other hand, for Ge/Si heterogeneous hybrid integration (high lattice mismatch),
threading dislocations (TDs) in the Ge film can be eliminated by low-temperature
heterogeneous wafer bonding, due to the lower diffusion rate of misfit dislocations (MDs) at the
Ge/Si bonded interface. This is very different from epitaxial growth, in which high-density TDs
form in the integrated Ge layer due to the threading of MDs at high-temperature. In this paper,
we review the wafer bonding of Si-based semiconductors based on different bonding methods.
The advantages and disadvantages of different bonding methods are pointed out for comparison.
We focus on the illustration of the fabrication of Si/Si and Ge/Si wafer pairs with TD-free,
bubble-free, and oxide-layer-free bonded interfaces. Finally, the outlook for the development of
Si/Si and Ge/Si wafer bonding and devices based on the wafer bonding technique is considered.
We trust that this work may provide guidance for the low-temperature heterogeneous hybrid
integration of different group materials with ultrahigh lattice mismatch, such as GeSn on Si and
III-V materials on Si.
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1. Introduction

With the development of microelectronics [1-5] and optoelec-
tronics [6—10], the information era and the big data era have
arrived successively on schedule. It is worth mentioning that
the Moore’s law [11-15] was first proposed over 50 years ago.
Although many people have attempted to predict an end date
for this law over the years, new revolutionary techniques, such
as the fin field-effect transistor (FinFET) technique [16-18],
the fully-depleted silicon-on-insulator (FD-SOI) technique
[19-21], and the gate-all-around (GAA) technique [22-24]
have been proposed, which allowed this law to continue to
hold true. However, the number of transistors on a chip can-
not possiblyincrease indefinitely, due to the fact that the size
of transistors cannot possibly decrease indefinitely. The main
factor limiting the decrease in size of the transistor has been
suggested to be the physical difficulty in the Si-based fabric-
ation process [25-27]. When the channel length of the tran-
sistor decreases to several nanometers, the thickness of the
gate oxide decreases by several atomic layers. The electrical
characteristics of the small transistor are difficult to control
due to the increased leakage current induced by the quantum
tunneling effect [28-30]. However, a further decrease in the
size of the transistor is an important issue for the development
of the integrated circuit.

The development of the Si complementary metal oxide
semiconductor (CMOS) circuit triggers a further investiga-
tion of micro-electro-mechanical systems (MEMS) [31-33].
MEMS is a micro-system which contains several micromod-
ules (micro-devices), such as a power source, sensor, control
circuit, and processor. At present, MEMS has a wide range
of applications in the field of material science, energy sci-
ence, biomedicine, etc [34—37]. The development of MEMS
has been accompanied by the rise of the study of MEMS
packaging techniques. The packaging of MEMS can not only
protect the micro-device from mechanical and environmental
damage, but can also solve the problem of the heat dissipa-
tion of the chip. Many MEMS packaging techniques have been
proposed to package the micro-system, such as the flip chip
packaging technique [38, 39], multichip component technique
[40, 41], multichip packaging technique [42, 43], wafer level
packaging technique [44, 45], and three-dimensional (3D)
integration packaging technique [46, 47].

The wafer level packaging technique based on Si/Si wafer
bonding, and the 3D integration packaging technique based
on Si/Si wafer bonding and through silicon via (TSV) tech-
nique [48-50] are two popular and important packaging tech-
niques for the application of MEMS. Wafer level packaging is
commonly used in the vacuum packaging of MEMS [51-55].
Vacuum packaging based on Si/Si wafer bonding provides
a vacuum cavity for the MEMS device, to protect the mov-
able structures in some specific MEMS devices, such as

the accelerometer [56, 57], gyroscope [58, 59], and pressure
sensor [60, 61]. With the development of the integration of
MEMS, 2D packaging based on photolithography is unable
to meet market demands due to the fact that the feature size
of semiconductor devices is gradually reaching its physical
limits. That is, the number of integrated devices cannot be
further increased in the future. Although some emerging tech-
niques, such as the interposer technique [62—64] to achieve
2.5 D packaging, and the wire-bonding interconnect tech-
nique [65] to achieve quasi-3D packaging, have been proposed
to increase the number of integrated devices, the integration
level and the reliability of these techniques need to be fur-
ther considered. 3D integration of the MEMS device based
on wafer bonding and TSV techniques can achieve genuine
device integration in the vertical direction. Overall, Si/Si wafer
bonding plays an important role in the integration of MEMS.

Furthermore, Si/Si wafer bonding has potential applica-
tion prospects in the fabrication of photoelectric devices. Cur-
rently, the fabrication of the Si avalanche layer of Ge/Si ava-
lanche photodiodes (APD) is based on the traditional Si/Si
homoepitaxy technique [66—69]. Due to the existence of lattice
vacancies during Si/Si homoepitaxy, the Si avalanche layer
commonly exhibits weak n-type doping (10'>—10'® cm~3).
In addition, the residual P atom in the pipeline and on the
chamber wall (or heater strip) from a previous run can dif-
fuse into the epitaxial intrinsic Si layer during homoepitaxy
of intrinsic Si. This leads to a high concentration of P atoms
(10'7 ¢cm=3 [70]) in the epitaxial intrinsic Si layer. On the
other hand, the Si/Si homoepitaxy is commonly carried out at
high temperature (>850 °C), thus the P atoms in the heavily-
doped Si substrate can also diffuse into the epitaxial intrinsic
Si layer due to the high diffusion rate of P atoms in Si [71-73].
When the P concentration in the Si avalanche layer increases,
the electric field in the Si avalanche layer decreases and that
in the Ge layer increases, as shown in figure 1(a), leading
to the pre-breakdown of the device, as shown in figure 1(b).
Thus, the fabrication of an impurity-free and vacancy-free
Si avalanche layer is very important for the achievement
of high-performance Ge/Si APD. Potential methods for the
fabrication of a high-quality Si avalanche layer include the
low-temperature Si/Si wafer bonding technique and the Smart-
Cut technique. Based on these two techniques, the quasi-bulk-
Si layer can be transferred to the heavily-doped Si substrate
at low temperature. Thus, the achievement of a Si/Si bonded
interface which shows perfect electrical properties is also very
important.

On the other hand, in the past few years, Ge/Si photo-
electric devices drew the attention of researchers due to the
fact that these devices can not only respond to infrared light,
but they can also be directly integrated with the CMOS cir-
cuit. It is well-known that the fabrication of Ge/Si photo-
electric devices is based on established and mature epitaxial
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Figure 1. (a) I-V curves and (b) electric fields of Ge/Si APDs with different doping concentrations of Si avalanche layer.

techniques, such as reduced pressure chemical vapor depos-
ition (RPCVD) [74, 75], ultra-high vacuum chemical vapor
deposition (UHV-CVD) [76, 77], and molecular beam epitaxy
(MBE) [78, 79]. However, epitaxial growth of the Ge film
by these devices commonly requires ultrahigh vacuum (1073
Pa) and high temperature (600 °C-800 °C). In addition, the
Ge/Si heterogeneous epitaxial growth produces high-density
threading dislocations (TDs) (108-10° cm~2 [80, 81]) in the
Ge film due to a 4.2% lattice mismatch between Ge and Si.
Furthermore, after Ge growth, high-temperature cyclic anneal-
ing (700 °C-900 °C) should be carried out to decrease the TD
density (TDD) to 10°~107 cm~2 [82-84]. This may lead to
serious Ge/Si intermixing at the Ge/Si interface and the blue
shift of the absorption wavelength of the photoelectric devices.
It has been reported that the TDs in Ge film act as acceptor-
like defects at the middle of bandgap [85, 86], leading to the
increase of the dark current of the device.

Many modified Ge/Si epitaxial methods were proposed to
decrease the TDD, such as the two-step Ge layer growth [80],
Ge/SiGe multiple quantum well segregation [87, 88], graded
SiGe buffer layer growth [89], and selective growth [90, 91].
It was reported that each method can lead to a decrease in the
size of the TDD to 10° cm~2. However, the dark current dens-
ity of the Ge/Si photoelectric devices based on these epitaxial
methods is still too high (10-50 mA cm~2 [92-99]) due to
the fact that the distribution of the TDs is nonuniform in the
epitaxial Ge film. It was reported in our previous works [80]
that the TDD near the Ge/Si interface (within 100 nm) is as
high as >108 cm~2. With the increase of Ge film thickness, the
TDD decreases. Thus, further lowering the epitaxial growth
temperature to <400 °C and the TD density to <103 cm™2
are two challenges for heterogeneous Ge/Si epitaxial growth.
However, it is obvious that these two indicators are problem-
atic in attempting to achieve Ge/Si epitaxial growth, due to
the fact that the quality of epitaxial Ge film is low when lower
epitaxial temperature is applied, and the epitaxial growth pro-
cess cannot avoid the 4.2% lattice mismatch. One potential
method for further decreasing the TDD is the heterogeneous
Ge/Si wafer bonding and Smart Cut™ technique. It was repor-
ted that low-temperature Ge/Si wafer bonding can eliminate
the TDs in Si-based Ge film. The Ge/Si wafer bonding and
Smart Cut™ technique are considered to be an alternative for

Ge/Si epitaxial growth and the fabrication of Ge/Si photoelec-
tric devices.

As described above, Si/Si wafer bonding and Ge/Si wafer
bonding are two important techniques for improving of the
quality of the Si avalanche layer and the elimination of TDs
in Si-based Ge film, respectively. In this paper, we review
the progress of Si/Si wafer bonding and Ge/Si wafer bonding
to provide guidance for further understanding the importance
of Si-based wafer bonding techniques in microelectronics and
optoelectronics.

2. The process of Si/Si wafer bonding

The investigation of Si/Si wafer bonding starts from the dir-
ect bonding technique proposed by Shimbo er al in 1986
[100]. Compared to the epitaxial growth and ion implantation
techniques in the semiconductor fabrication process, the Si/Si
wafer bonding technique was receiving more and more atten-
tion in the field of MEMS and photoelectric devices because
of its unique advantages. The most popular and common Si/Si
wafer bonding method is direct wafer bonding. Two Si wafers
with a root-mean-square (RMS) below 0.5 nm can directly
contact each other in atmosphere or in vacuum without the
bonder or metal transition layer after the wafers have been
cleaned. Then post-annealing of the contacted wafers is con-
ducted to enhance bonding strength. Popular methods for Si/Si
wafer bonding include wet chemical surface-activated bond-
ing, plasma-activated bonding, high-vacuum surface-activated
bonding, ultraviolet-activated bonding, and semiconductor
interlayer bonding.

2.1. Wet chemical surface-activated method

The wet chemical surface-activated method contains two tech-
niques. One is wet chemical hydrophilic bonding, and the
other is wet chemical hydrophobic bonding. For wet chemical
hydrophilic bonding, during the RCA cleaning of Si wafers,
each cleaning step can activate the Si surface due to the intro-
duction of H,O,, leading to the formation of a thin SiO; layer
on the Si surface. The existence of the SiO; layer represents the
hydrophilia of the Si surface. For wet chemical hydrophobic
bonding, H bonds should be introduced to passivate the Si
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Figure 2. Bonding energy as a function of annealing temperature
for hydrophilic and hydrophobic direct Si wafer bonding.
Reproduced from [101]. © IOP Publishing Ltd. All rights reserved.

surface. Commonly, the treatment of the HF solution of the
cleaned Si surface can achieve H bond passivation.

Toyoda et al [101] and Plach er al [102] systematically
investigated the wet chemical surface-activated method for
Si/Si wafer bonding. For hydrophilic and hydrophobic bond-
ing, a NH4OH:H;0,:H,O = 1:10:60 solution and a 5% HF
solution were used to activate the Si surface, respectively. The
effect of the annealing temperature on the bonding energy of
bonded Si wafers in these two methods is shown in figure 2.
One can see that the bonding energy of Si wafer pairs increases
with the increase in the annealing temperature. The annealing
of the wafer pairs should be carried out at 1000 °C in order
to achieve a high bonding energy of 2.1 J m~?2 for hydrophilic
bonding, while an annealing temperature of 700 °C is required
for hydrophobic bonding. Note that the bond energy of -OH
groups is stronger than that of -H groups. Thus, hydrophilic
bonding is easier to achieve than hydrophobic bonding.

The bonding mechanism of hydrophilic bonding is shown
in figure 3. One can see that H bonding occurs at the interface
when the temperature is below 200 °C. In addition, the S-O-Si
bonds and H,O bubbles begin to form at the bonded interface
when the temperature is above 200 °C. Note that when the
temperature is increased to >700 °C, the hydrophilic reaction
(Si—+ 2H,0 = SiO; + 2H») occurs, and the H,O bubbles at the
bonded interface turn into H, bubbles. Finally, H; gas diffuses
into the Si wafer when the temperature is increased to >900
°C, leading to the disappearance of H, bubbles.

For hydrophobic bonding, as shown in figure 4, when
the wafer pairs are annealed at <300 °C, the wafers are
weakly held by van der Waals force. When the temperature
is increased to >300 °C, the Si-H, bond converts into Si-H
bond and H,, and the Si-Si bond begins to form. When the
temperature is raised to >700 °C, the H, begins to diffuse into
Si wafers, resulting in the disappearance of H, bubbles. TEM
images of bonding interfaces are shown in figure 5. One can
see that an obvious oxide layer appears at the bonded interface
for hydrophilic direct bonding due to the hydrophilic reaction
at the bonded interface. However, the oxide clusters appear at
the bonding interface due to the aggregation of O atoms in the
Si wafer at the bonded interface.

Overall, hydrophilic and hydrophobic direct wafer bond-
ing are two easy methods of Si/Si wafer bonding. Both meth-
ods can achieve a high bonding strength of Si wafer pairs and
bubble-free bonded interfaces. However, the annealing tem-
perature of wafer pairs must be high enough. In addition, the
oxide layer originating from the hydrophilic reaction and the
oxide clusters originating from the aggregation of O atoms are
difficult to eliminate.

2.2. Plasma-activated bonding

As described above, the annealing temperature of Si/Si wafer
pairs should be increased to at least 700 °C to enhance the
Si/Si bonding strength. This is close to the fracture strength of
bulk Si for wet chemical surface-activated bonding. However,
for the packaging of MEMS and the prevention of the diffu-
sion of impurities in the substrate into the intrinsic layer, the
bonding temperature of Si wafer pairs should be decreased to
<400 °C. In order to decrease the annealing temperature of
Si wafer pairs, some researchers propose to introduce plasmas
for the activation of the Si surface. Howlader et al and Suga
et al [103-109] systematically studied the effect of sequen-
tial plasma activation on the bonding strength, bubble density,
bonded interface, and electrical properties of Si bonded wafer
pairs. The plasmas used in the experiment are O plasma in the
RIE system and N microwave plasma radicals. The surface
treatment process is shown in figure 6. Firstly, the Si wafer
surface was exposed to the O plasma, and then the wafers
were treated with N microwave plasma radicals. After that, the
treated Si wafers were contacted to achieve the pre-bonding of
the wafer pairs.

Note that, as shown in figure 7(a), when the wafers were just
contacted to each other, a low bonding energy of ~0.2 J m~2
was achieved. However, when the wafer pairs were stored in
air for 24 h, the bonding energy increased to ~2.2 J m~2. This is
attributed to the formation of Si-O-Si bonds at the Si/Si bond-
ing interface during the storing of the wafer pairs. The bond-
ing mechanism of the sequential plasma activation method can
be described as follows: Firstly, the O plasma treatment in
the RIE system, which is similar to the O ion bombardment
process, removed contaminants on the Si surface and formed
a porous oxide layer on the Si surface. These porous struc-
tures are beneficial for the migration of H,O and H,. After
that, the Si surface was treated by energy-free N microwave
plasma radicals to produce a chemical-metastable oxynitride
thin film on the Si surface. Thus, the Si surface after the O
and N plasma treatment becomes extremely hydrophilic. Some
H,O molecules can diffuse into this oxynitride to form the
Si-O-Si bonds, resulting in an increase in bonding strength at
room temperature.

The temperature dependence of the bonding strength of
the wafer pairs is shown in figure 7(b). One can see that for
wet chemical hydrophilic bonding, the bonding strength of
~16 Mpa was achieved when the temperature reached 1100
°C. However, for sequential plasma activation method, the
bonding strength of ~16 Mpa was achieved at room temperat-
ure. However, with the increase in annealing temperature, the
bonding strength slightly increases at first, and then decreases.
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Figure 5. TEM images of the bonding interfaces. Reproduced from
[101]. © IOP Publishing Ltd. All rights reserved. (a) Hydrophilic
direct wafer bonding and (b) hydrophobic direct wafer bonding.

This feature can be explained by the increase of the bubble
density at the bonded interface, as shown in figure 8.

This is a common phenomenon for hydrophilic wafer bond-
ing and is due to the increase of hydrophilic reactions at the
bonded interface when higher annealing temperatures were

applied, leading to the decrease of the bonding strength of the
wafer pairs. In other words, the Si/Si wafer pairs produced by
sequential plasma-activated bonding cannot suffer from high-
temperature annealing. On the other hand, with the increase
of the annealing temperature, the oxide layer thickness at the
bonded interface increases, as shown in figure 9. When the
temperature increases to 600 °C, the oxide layer thickness
reaches ~13 nm. This is also attributed to a serious hydro-
philic reaction at the bonded interface. The existence of the
oxide layer at the bonded interface produces a high barrier at
the bonded interface, leading to the nonlinearity of the I-V
curves, as shown in figure 10.

Overall, sequential plasma-activated bonding can achieve a
high bonding strength of Si/Si wafer pairs and a near-bubble-
free bonded interface at room temperature due to the appear-
ance of the chemical bonds at the bonded interface after stor-
ing. However, with the increase of the annealing temperature,
the bubble density increases, leading to a decrease in bond-
ing strength. In addition, with the increase of the annealing
temperature, the oxide layer thickness at the bonded interface
increases, leading to the nonlinearity of the I-V curves. That s,
the transport of the carriers at the bonded interface is restrained
by the interface barrier.

2.3. High-vacuum surface-activated bonding

As illustrated above, chemical reactions occur at the Si/Si bon-
ded interface in wet chemical surface activation and plasma
surface activation, due to the introduction of -OH and -H
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groups on the Si surface to enhance bonding strength. The
bonding of the wafers in these two methods takes place in
atmosphere. The absorption of -OH groups in atmosphere
cannot be avoided. In order to eliminate -OH groups on the
Si surface completely, high-vacuum surface-activated bond-
ing was proposed. The surface-activated bonding was con-
ducted in high vacuum. Thus, the molecules in the atmo-
sphere cannot absorb on the Si surface after surface activation.
The surface-activated bonding process is shown in figure 11.
Firstly, Si wafers were loaded into the vacuum chamber after
cleaning. Note that an oxide layer and adsorbed molecules
exist on the Si surface after cleaning. Ar atom beam etch-
ing was carried out when the pressure of the vacuum cham-
ber decreased to <5 x 107> Pa to activate the Si surface.
The surface oxide layer and adsorbed molecules can be totally
removed after Ar atom beam treatment, leaving Si dangling
bonds on the Si surface. The Si surface is difficult to reoxidize
in high-vacuum conditions. Thus, the Si surface can maintain
high activity and achieve the bonding of Si dangling bonds.
Finally, the treated Si wafers were directly bonded by the Si-
Si bonds, achieving high bonding strength.

Suga er al [110-116] started to investigate Si/Si wafer
bonding using high-vacuum surface-activated bonding in the

1990 s. They not only studied the effect of different conditions,
such as annealing temperature, processing time of the Ar
atom, and vacuum degree, on the bonding quality of Si/Si
wafer pairs, but also achieved Ge/Ge [117] and GaAs/Si wafer
bonding [118] by this method. For Si/Si wafer bonding, they
revealed the dependence of bonding strength on the annealing
temperature, as shown in figure 12(a). One can see that the
bonding strength of the wafer pairs fabricated by this method is
greater than that fabricated by wet chemical surface-activated
bonding and plasma surface-activated bonding. This indicates
that the bond energy of the Si-Si bond is higher than that of
the Si-O-Si bond. With the increase in annealing temperat-
ure, a decrease in bonding strength was not observed. Bonding
strength can reach ~18 Mpa when the treated wafers were dir-
ect contacted at room temperature. This is ascribed to the fact
that only Si-Si bonds form at the Si/Si bonded interface, and
other elements were not introduced. Thus, with an increase in
temperature, chemical reactions are absent at the bonded inter-
face, leading to the stabilization of bonding strength.

They also studied the effect of pressure applied on the wafer
pairs on bonding strength, as shown in figure 12(b). One can
see that the bonding strength of the wafer pairs is almost
unchanged with the increase in applied load. This implies
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that once the activated Si wafers are contacted together, high
bonding strength can be achieved without the applied load.
Figure 13(a) shows the effect of the etching time of the Ar
beam on the bonding strength of the wafer pairs. It is shown
that bonding strength increases at first, then stabilizes at ~12
Mpa, and finally decreases with the increase in etching time.
The increase of the bonding strength is due to the activation
of the Si surface, while the decrease of the bonding strength
results from the increase of the RMS of the Si surface with the
increase of the etching time, as shown in figure 13(b).

It is known that the vacuum level is an important factor in
this method. They also investigated the effect of the vacuum
level on bonding strength and bubble density. As shown in
figure 14(a), bonding strength increases with the increase of
the vacuum level. When the pressure decreases to 5 x 1073
Pa, a bonding energy of 2.5 J m~? can be achieved. Figures

14(b) and (c) show infrared images of the wafer pairs bonded
in a vacuum chamber with a pressure of 2 x 10> and 5 x 10™*
Pa, respectively. One can see that no bubbles can be observed
at the bonded interface when the pressure was set to 2 x 1073
Pa, while some bubbles appear at the bonded interface when
the pressure was increased to 5 x 10~ Pa. This is ascribed
to the fact that the particles and molecules were adsorbed on
the activated Si surface when the pressure was set to a higher
value, leading to the appearance of hydrophilic reactions at
the bonded interface. Thus, the bubbles appear at the bonded
interface. In order to achieve a satisfied Si/Si bonded interface,
a pressure of as low as 10~ Pa should be applied.

Note that a thin amorphous Si (a-Si) layer appears at the
Si/Si bonded interface after wafer bonding by this method,
due to the bombardment effect of the Ar atom beam, as shown
in figure 15(a). This is similar to the ion implantation effect.
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The thin a-Si layer can be totally repaired after annealing at
700 °C for 3 h, as shown in figure 15(b). On the other hand,
the n-Si/n-Si junction fabricated by this method can achieve
a linear electrical property at room temperature, as shown in
figure 15(c). However, the current densities of the n-Si/n-Si
and p-Si/p-Si junctions irregularly change with the increase
of the annealing temperature, as shown in figures 15(d) and
(e). The potential barrier at the bonded interface is shown in
figure 15(f). One can see that the potential barrier of the n-
Si/n-Si junction is smaller than that of the p-Si/p-Si junction.

In addition, the potential barrier at the bonded interface fab-
ricated by this method is smaller than that fabricated by the
plasma-activated method.

Overall, due to the absence of -OH groups adsorbed on the
activated Si surface, the oxide layer and the interface bubbles
at the bonded interface can be eliminated and high bonding
strength can be achieved. However, a thin a-Si layer appears
at the bonded interface. High-temperature annealing (700 °C)
should be conducted to repair this layer. In addition, although
the linear I-V curve can be achieved for the sample bonded
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at room temperature, the [-V curve is still sensitive to the
annealing temperature. High-temperature annealing should be
conducted for achieving low potential barrier height at the bon-
ded interface.

2.4. Ultraviolet-activated bonding

Dry activation, such as plasma activation and Ar atom beam
activation, can lower the annealing temperature of bonded
Si wafer pairs. However, as described above, the mechanism
for low-temperature Si/Si wafer bonding is different. Ultravi-
olet (UV)-activated bonding is another low-temperature Si/Si
wafer bonding technique. Before Si/Si wafer bonding, the Si
wafers were exposed to the UV light to activate the Si sur-
face. The Si surface is extremely hydrophilic after activation.
The mechanism for the UV-activated bonding can be divided
into two parts: surface cleaning, and surface activation. The
UV irradiation can further clean the Si surface, as shown in
figure 16. Some organic molecules may absorb on the Si sur-
face after wet cleaning. When UV irradiation at a wavelength
of 185 nm is conducted on the Si surface, the C-C bonds and C
= C bonds in hydrocarbon break to form ions, free atoms, and
active molecules. On the other hand, UV irradiation (185 nm)
can decompose O; into O3 and O (20, = O3 + O). The O3
can be absorbed again by UV irradiation with the wavelength
of 254 nm to form O, and O. This continuous photosensitized
reaction leads to an increase of active O atoms on the Si sur-
face. The O atoms bond with the C atoms to form CO, and
CO, leading to a cleaning of the Si surface.

UV irradiation can activate the Si surface, as shown in
figure 17. High-energy UV irradiation can break the bonds of
water molecules to form -OH and -H bonds on the Si surface.
The -H bonds can further bond with the surrounding O atoms
to form -OH bonds. In addition, UV irradiation can break the
Si-O bonds in the Si oxide to form Si- and Si-O-bonds, then the
Si- bonds can bond with the -OH bands to form Si-OH bonds
and the Si-O- bonds can bond with the -H bonds to form Si-
OH bonds, leading to an increase inthe hydrophilia of the Si
surface.

Shi et al and Kub et al [119-123] systematically studied
the effect of UV irradiation on Si/Si wafer bonding. The effect
of UV irradiation time on the RMS of the Si surface and
on bonding strength was investigated, as shown in figure 18.
One can see that when a UV irradiation time of 5 min was
applied, the RMS of the Si surface reaches lowest value and
the bonding strength reaches highest value (~15 Mpa). With
the increase of UV irradiation time, the RMS increases and
the bonding strength decreases. This is similar to the outcomes
in high-vacuum surface-activated bonding. They also studied
the dependence of bubble density on UV irradiation time, as
shown in figure 19. It is shown that no bubbles were observed
in the infrared image when a UV irradiation time of 5 min was
applied. When increasing the irradiation time to 10 min, some
bubbles appear at the bonded interface. This may be due to the
increase of the RMS, as shown in figure 18(a).

Bonding strength as a function of annealing temperature
and annealing time is shown in figure 20. One can see that the
bonding strength increases with the increase of the annealing

temperature. This is explained by the increase of the Si-O-Si
bonds formed by the hydrophilic reaction at the bonding inter-
face when higher temperature was applied. In addition, the
bonding strength increases at first, and then tends to become
stable with the increase of the annealing time. The increase of
the bonding strength at first is attributed to the increase of the
hydrophilic reaction when short-time annealing was conduc-
ted, while the stabilization of the bonding strength is due to the
absence of the hydrophilic reaction when long-time annealing
was conducted.

Figures 21(a) and (b) show scanning acoustic microscope
(SAM) images of bonded interfaces with and without UV
irradiation for 5 min, respectively. It is important to note
that although the infrared images show that no bubbles were
observed at the bonded interface when a UV irradiation time
of 5 min was applied, the SAM images show that some small
bubbles still exist at the bonded interface. This indicates that
the resolution of SAM is higher than that of infrared trans-
mission. It is more suitable to evaluate interface bubbles using
SAM. One can see that the bubbles in the sample with UV irra-
diation are smaller than that in the sample without UV irradi-
ation. On the other hand, although the authors did not show the
TEM image of the bonded interface, we can speculate that the
bonding interface contains an oxide layer due to the fact that
the UV-activated method is a hydrophilic bonding method, so
Si-O-Si always exists at the bonded interface.

2.5. Semiconductor interlayer bonding

In order to achieve a real bubble-free bonded interface,
some researchers have attempted to construct a porous semi-
conductor interlayer between two Si wafers to exhaust by-
products produced at the bonded interface. This is known as
semiconductor interlayer bonding. In this method, a smooth
semiconductor interlayer, which is formed by film deposition,
ion implantation, or ion etching, was inserted between two
Si wafers to achieve interlayer bonding. Tong et al [124] and
our colleagues [125-129] systematically studied Si/Si wafer
bonding based on an a-Si layer and on amorphous Ge (a-
Ge), respectively. Tong et al studied the effect of a-Si inter-
layers fabricated by sputtering, ion implantation, RIE etching,
and B,Hg plasma treatment on the bonding strength and inter-
face characteristics of Si/Si wafer pairs. The HF solution was
used to achieve hydrophobic bonding. As described above,
the annealing temperature for hydrophobic bonding should be
increased to >700 °C for the achievement of high bonding
strength. Thus, in order to lower the annealing temperature of
Si/Si hydrophobic bonding, the dehydrogenation of the Si sur-
face was carried out at low temperature. Van de Walle et al
and Tong et al [130, 131]. reported that the H atoms on the
a-Si surface can be released at a lower temperature (200 °C)
than that on the bulk Si surface (300 °C). Thus, Si wafer bond-
ing based on a-Si can be achieved at a lower temperature. On
the other hand, a-Si exhibits a porous structure; it can absorb
and release H atoms when post-annealing is conducted.
Firstly, the As™ implantation was applied to form 150 nm
thick a-Si layer on the Si surface. The ion implantation of
one wafer and two wafers were both conducted for wafer
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Figure 21. Scanning acoustic microscopy images of the bonded
interfaces (a) without UV radiation and (b) with UV radiation for 5
min. Reproduced from [121]. © IOP Publishing Ltd. All rights
reserved.
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Figure 22. Bonding energy versus annealing temperature.
Reprinted from [124], with the permission of AIP Publishing.

bonding. Bonding energy as a function of annealing temperat-
ure is shown in figure 22. One can see that for direct wafer
bonding, the wafer pairs should be annealed at 700 °C to
achieve a bonding energy of ~2.2 J m~2. However, for the
sample with As™ implantation, only 400 °C annealing needs
to be applied for the achievement of a bonding energy of ~2.2J

m~2. Figure 23(a) shows the TEM image of the bonded inter-
face for the as-bonded sample. The a-Si/a-Si bonded interface
can be clearly observed, and a ~300 nm thick a-Si layer exists
at the bonded interface. After annealing at 450 °C for 24 h, as
shown in figure 23(b), most of the a-Si has crystallized, leav-
ing a ~10 nm thick a-Si layer at the bonded interface. After
annealing at 450 °C for 28 h, the a-Si has completely crystal-
lized (not shown here).

They also fabricated a 1 pum thick a-Si layer on the Si
wafer using sputtering and CMP techniques for wafer bond-
ing. The bonding strength of the Si wafer pairs reached the
fracture strength of bulk Si when the annealing temperature
was set to 300 °C. In addition, bubbles were not observed
at the bonded interface due to the absorption of H by the
a-Si film. This indicates that a thick a-Si layer can further
decrease the bonding temperature. They also fabricated a 1-3
nm thick a-Si layer onto the Si by RIE etching for wafer bond-
ing. An annealing temperature of 400 °C needs to be applied
to achieve high bonding strength. Finally, B,Hs plasma was
used to form a 2 nm thick a-Si layer on the Si wafer surface.
The effect of annealing temperature on bonding strength is
shown in figure 24. One can see that bulk fracture strength was
achieved when the temperature was increased to 350 °C. The
lower annealing temperature of the wafer pairs results from the
fact that after treatment with BoHg plasma, the B in Si weak-
ens Si-H, bonds, leading to the breakage of the Si-H, bonds at
a lower temperature.

Our colleagues introduced a thin a-Ge layer between two
Si wafers to achieve Si/Si wafer bonding with a high bond-
ing strength and a bubble-free bonded interface. Firstly, we
investigated the RMS of a sputtered a-Ge layer on the Si sub-
strate versus input power and operation pressure, as shown in
figure 25(a). One can see that the RMS of the a-Ge film is
small (<0.4 nm) and is almost static at lower power (3—120 W),
while it increases sharply at a higher power setting (>120 W).
In addition, the RMS of the a-Ge film also shows little change
at low pressure, while it increases sharply when the pressure
exceeds 0.4 Pa. Finally, an a-Ge film with an RMS of 0.28 nm
(power = 20 W and pressure = 0.3 Pa) was selected for bond-
ing experiments. Before a-Ge wafer bonding, we studied the
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Figure 23. TEM images of the bonded interfaces for (a) the as-bonded sample and (b) the sample further annealed at 450 °C for 24 h.

Reprinted from [124], with the permission of AIP Publishing.
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Figure 24. Bonding energy versus annealing temperature.
Reprinted from [124], with the permission of AIP Publishing.

effect of a-Ge layer thickness on the hydrophilia of the Ge film,
as shown in figure 25(b). One can see that with an increase in
the thickness of the a-Ge layer, the contact angle decreases
at first, and then trends towards stability (~3°). This indic-
ates that the sputtered a-Ge film (>2 nm) exhibits extremely
hydrophilic behaviour. The inset shows the effect of sputter-
ing power on contact angle. It demonstrates that the contact
angle remains static with the increase of sputtering power. We
also investigated the contact angle of the a-Ge versus expos-
ure time, as shown in figure 25(c). One can see that with the
increase of the exposure time, the contact angle increases,
indicating a decrease in the level of hydrophilia. This is due
to the oxidation and carbonization of the a-Ge surface when
the a-Ge film is exposed to air, as shown in the inset of
figure 25(c).

We also investigated the effect of the secondary anneal-
ing temperature on bubble density and bonding strength, as
shown in figures 26 and 27(a). One can see that with the
increase in secondary annealing temperature, bubble density
increases at first, and then decreases. In addition, bonding
strength increases with the increase of the annealing temperat-
ure. The increase in bubble density at first results from residual
hydrophilic reactions at the bonded interface, and the decrease
in bubble density is attributed to the crystallization of the a-Ge
film at the bubble position when higher a annealing temperat-
ure was applied (as discussed below).

Figures 27(b)—(e) show metalloscope images of the Si
surfaces of the samples with secondary annealing after a
pulling test of the bonded wafers. One can see that the Ge pit
position is the bubble position. When the sample is annealed
at higher temperature, the color of the bubble position, which
is yellow at a lower annealing temperature, turns black. This
is due to the crystallization of the a-Ge film at the bubble pos-
ition, as shown in figure 28. When the sample is annealed at
350 °C, the a-Ge at the bubble position starts to crystallize and
the a-Ge film out of the bubble position still shows amorphous
phase. When the annealing temperature increases to 400 °C,
the entire Ge film at the bonded interface has crystallized.

Figure 29 shows the TEM images of the Si bonded inter-
face with a 90 nm thick Ge layer annealed at 400 °C for 20 h.
One can see that the a-Ge at the a-Ge/a-Ge bonded interface
crystallizes to poly-Ge and the a-Ge at the a-Ge/Si interface
still shows amorphous phase. This indicates that the poly-Ge
film at the Si/Si bonded interface can absorb the by-products
(H, and H,O) in the bubbles, leading to the disappearance of
the bubbles at a higher annealing temperature (figure 26). We
also simulated stress in the bonded wafer pairs, as shown in
figure 30(a). One can see that the stress symmetrically distrib-
utes in the wafer pairs, and that the largest stress appears at
the a-Ge/a-Ge interface. This reveals that the crystallization of
the a-Ge starts from the a-Ge/a-Ge interface and extends to the
a-Ge/Si interface, as shown in the inset of figure 30(a), due to
the stress-induced crystallization of the a-Ge.

On the other hand, we cannot observe an oxide layer at the
bonded interface, as shown in figure 29(b). The O element
cannot be detected by the TEM energy dispersion spectrum
(EDS), as shown in figure 30(b). This suggests that the bonded
interface is an oxide-layer-free interface. The mechanism for
the absence of the oxide layer at the bonded interface is shown
in figure 31. Firstly, the oxide layer forms at the bonded inter-
face due to the hydrophilic reaction. When the crystallization
of the a-Ge occurs at the bonded interface, the atom migration
becomes serious, the Ge atoms migrate into the oxide layer and
the O atoms migrate into the Ge film, leading to the decompos-
ition of the oxide layer.

We also investigated bubble density as a function of a-Ge
layer thickness at 350 °C and 400 °C, as shown in figures 32
and 33. One can see that when the samples were annealed at
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Figure 26. SAM images of Si bonded wafer pairs annealed at (a) 350 °C for 10 h, (b) 350 °C for 10 h/300 °C for 10 h, (¢) 350 °C for 10
h/350 °C for 10 h, and (d) 350 °C for 10 h/400 °C for 10 h. Reproduced from [126]. © IOP Publishing Ltd. All rights reserved.

350 °C for 20 h, the bubble density decreases slightly with the
increase of the a-Ge layer thickness. However, bubbles still
exist at the bonded interface, even for the sample with a 100
nm thick a-Ge layer. Only small bubbles (0-0.01 mm? and
0.01-0.1 mm?) were observed at 350 °C with the increase of
the a-Ge layer thickness, as shown in figure 34(a). In addi-
tion, as shown in figure 34(b), the bonding strength (7-8 Mpa)
remains almost unchanged with the increase in a-Ge layer
thickness. This is due to the fact that the crystallization of the
a-Ge film is insufficient at 350 °C, so the bubbles cannot be
totally absorbed, leading to lower bonding strength in the Si
wafer pairs. For the samples annealed at 400 °C for 20 h, the
bubble density decreases with the increase in a-Ge layer thick-
ness. The bubbles almost disappear when the a-Ge layer thick-
ness reaches 30 nm. Not only the smaller bubbles, but also
the large bubbles (>0.1 mm?), as shown in figure 34(a), can

be totally absorbed at 400 °C with the increased a-Ge layer
thickness, due to sufficient crystallization of the a-Ge at 400
°C. The crystallization of the a-Ge also leads to an increase in
bonding strength (1618 Mpa).

In order to reveal the repair process of bubbles dur-
ing annealing, a pulling test was conducted for the sample
annealed at 350 °C for 20 h, as shown in figure 35(a).
One can see that some bubbles have crystallized and some
bubbles still show amorphous phase. The Raman shift of the
bubble in figure 35(c) is shown in figure 35(e). It shows
that the crystallization of the a-Ge film begins at the cen-
ter of the bubbles and expands to the edge of the bubble.
This is consistent with the bubble evolution shown in fig-
ure 36. The bubble starts to darkenfrom the center in the
SAM image, until finally the entire bubble becomes a bonded
region.
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The sputtered a-Ge film was immersed into DI water and
was then spin-dried before bonding in the experiments shown
above. We also fabricated bonded Si/Si samples using the
direct contact method in which the sputtered a-Ge was not
immersed inDI water, as shown in figure 37. One can see
that after annealing at 350 °C for 20 h, lots of bubbles
appear at the bonded interface in the sample whose a-Ge film
was immersed in DI water, while no bubbles appear at the
bonded interface for the sample whose a-Ge film was not
immersed inDI water. This is attributed to the fact that the
a-Ge surface absorbed few -OH groups when the a-Ge film
was not immersed in DI water, leading to a decrease in hydro-
philic reactions at the bonded interface, and the disappearance
of bubbles.

We also studied the effect of annealing temperature on
the I-V curves of n-Si/n-Si bonded wafer pairs, as shown in
figure 38(a). One can see that the [-V curves of the wafer
pairs are all linear. This indicates that the barrier at the bonded

interface is low enough for carrier transport. With an increase
in the annealing temperature, the current increases, indicat-
ing a decrease in resistance at the bonded interface. When
the annealing temperature reaches 400 °C, the current of the
bonded wafer pairs is close to that of bulk n-Si. This is attrib-
uted to the crystallization of the a-Ge film with an increase in
annealing temperature. This is suggestive of low resistance at
the n-Si/n-Si bonded interface.

We also studied the effect of a-Ge layer thickness on the
I-V curves of p-Si/n-Si junction annealed at 350 °C for 20 h
and 400 °C for 20 h, as shown in figures 38(b) and (c), respect-
ively. One can see that the I-V curves all exhibit rectification
characteristics. This indicates that the carriers at the bonded
interface can transport well at the bonded interface. With an
increase in the thickness of the a-Ge layer, both reverse current
and forward current decrease. This is attributed to an increase
in resistance at the bonded interface due to the insertion of the
thick a-Ge layer. On the other hand, the reverse current for the
sample annealed at 400 °C for 20 h is higher than that annealed
at 350 °C for 20 h. This can be ascribed to the increase in
electrical conductivity inducted by the crystallization of the
a-Ge film.

Overall, the semiconductor interlayer bonding technique
can achieve Si/Si wafer bonding with a high bonding strength
and a bubble-free bonded interface. This method is low-
cost and easy to accomplish. In addition, the interface oxide
layer formed by the hydrophilic reaction can be totally
decomposed due to the crystallization of the semiconductor
interlayer. The bonded homojunction can achieve a linear
-V curve comparable to that of bulk material. However,
due to the insertion of the semiconductor interlayer, the
resistance at the bonded interface increases, leading to a
decrease in the reversed current and forward current of the
device. Although the crystallization of the semiconductor
interlayer may lead to adecrease in interface resistance, the
thickness of the semiconductor interlayer should be as low
as possible.
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Figure 31. (a), (b) Crystallization process of a-Ge at the Si/Si bonded interface. (c), (d) Kinetic process of the Ge and oxygen atoms at the
Si/Si bonded interface. (a)—(d) [127] (2019) © (Springer Nature). With permission of Springer.

3. The process of Ge/Si wafer bonding

Compared to homogeneous Si/Si wafer bonding, the
investigation of heterogeneous Ge/Si wafer bonding is
relatively recent, and few groups have focussed on the study
of Ge/Si wafer bonding and its applications in the photoelec-
tric field. Si-based Ge film fabrication is mainly based on
epitaxial growth. Thus, the wafer bonding technique is not
widely used in the semiconductor technology. The reason for
fewer available works on the subject of Ge/Si wafer bonding
can be ascribed to the following five reasons: (1) there is a
4.2% lattice mismatch between Ge and Si materials. If Si and

Ge wafer surfaces are not properly treated before bonding,
misfit dislocations may diffuse into the Ge wafer. (2) There
is a thermal expansion coefficient mismatch between Ge and
Si materials (Ge [132]:5.5 x 10~% K~! and Si [133]:2.6 x
10~6 K—1). If the annealing temperature is not well controlled,
the thermal stress may be large enough to trigger separation
or to crack the bonded sample during annealing due to the
thickness of the bulk wafer (hundreds of micrometers). (3)
The unstable oxides of Ge materials, such as GeO and Ge,O,
form easily on the clean Ge surface, leading to instability in
the Ge/Si bonded interface. Although the HF solution can
remove most stable Ge oxide (GeO;) on the Ge surface, the
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Figure 32. SAM images of the Si bonded wafer pairs with (a) 5 nm, (b) 10 nm, (c) 20 nm, (d) 30 nm, (e) 45 nm, and (f) 70 nm thick a-Ge
layer annealed at 350 °C for 20 h. Reproduced from [126]. © IOP Publishing Ltd. All rights reserved.

Figure 33. SAM images of the Si bonded wafer pairs with (a) 5 nm, (b) 10 nm, (c) 20 nm, (d) 30 nm, (e) 45 nm, and (f) 70 nm thick a-Ge
layer annealed at 350 °C for 20 h. Reproduced from [126]. © IOP Publishing Ltd. All rights reserved.

unstable oxide is difficult to remove cleanly. The unstable formation of interface bubbles. (4) Although bonding strength
oxide can evaporate and break existing Ge/Si bonds during may increase when high-temperature annealing is conduc-
higher temperature annealing (=400 °C), resulting in the ted, the wafers may separate or crack during annealing, and
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Figure 35. (a) Optical microscope image of the bonded interface of the sample annealed at 350 °C for 20 h. (b)—(d) Enlarged drawing
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Figure 36. SAM image of a single bubble at different crystalline stages. Reprinted from [128], Copyright (2018), with permission from

Elsevier.

Ge/Si interdiffusion is serious at high temperature. Thus, it is
difficult to obtain a desired Ge/Si bonding interface at higher
annealing temperatures. However, the bonding strength of the
Ge/Si wafer pairs annealed at a lower temperature is relatively
lower than that annealed at higher temperatures. This leads
to unsatisfied electrical properties at the bonded interface. (5)
The most important reason is that an oxide layer formed by

hydrophilic or hydrophobic reactions exists at the Ge/Si inter-
face in most Ge/Si wafer bonding techniques. The existence of
the oxide layer at the bonded interface restricts carrier trans-
port at the bonded interface and leads to an increase in the RC
time constant. Thus, the 3 dB-bandwidth may decrease. This
factor limits the use of this wafer bonding technique in the
optoelectronic field.
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°C for 20 h with DI water immersion, (b) 400 °C for 20 h with DI

water immersion, (¢) 350 °C for 20 h without DI water immersion,
and (d) 400 °C for 20 h without DI water immersion. Reproduced

from [129]. © IOP Publishing Ltd. All rights reserved.

Although many challenges need to be overcome with regard
to Ge/Si wafer bonding at present, there are four distinct
advantages of this technique which show potential as an altern-
ative to the traditional epitaxy technique. (1) Ge/Si wafer
bonding can be carried out atlow temperatures <300 °C.
This is much lower than those used in the epitaxy technique
(deoxygenation of the Si substrate at >850 °C and epitaxial
growth of the Ge film at ~600 °C). (2) Low-temperature Ge/Si
wafer bonding can achieve a TD-free Ge/Si bonded inter-
face due to the restriction of nucleation and the diffusion of
misfit dislocations at low temperature. (3) Ge/Si wafer bond-
ing retains the crystalline quality and photoelectric charac-
teristics of bulk Ge. (4) Ge/Si wafer bonding may be com-
bined with the Smart-Cut technique to fabricate an Si-based
Ge film whose quality may be considered comparable with
bulk Ge.

Proposed techniques for achieving Ge/Si wafer bond-
ing currently include: wet wafer bonding, which is divided
into hydrophilic wet wafer bonding and hydrophobic wafer
bonding, plasma-activated bonding, dry wafer bonding, high-
vacuum surface-activated bonding, and semiconductor inter-
layer bonding.

3.1 Hydrophilic wet wafer bonding

For hydrophilic wet wafer bonding, after cleaning the Ge and
Si wafers, they were bonded in DI water and post-annealed
for wafer bonding. Similar to Si/Si wafer bonding, high-
temperature annealing of Ge/Si wafer pairs was investigated
by Kanbe ef al [134—-137] firstly. After cleaning the Si and Ge
wafers in the organic solution, the wafer surfaces were deox-
idized using the HF solution. Then the wafers were further

cleaned using H;SO4:H,0,:H,O and HCI:H,O solutions,
respectively. After cleaning, the Si and Ge wafer surfaces both
exhibit hydrophilic qualities. Subsequently, the wafers were
contacted to each other in DI water and annealed at 880 °C
in H, atmosphere for 90 min to enhance bonding strength.
TEM images of the Ge/Si bonded interface are shown in
figures 39(a) and (b).

One can see that a transition layer with the thickness
of several tens of nanometers appears at the Ge/Si bonded
interface and some island-like structures appear in the trans-
ition layer. These island-like structures result from the interdif-
fusion of Ge and Si atoms at the bonded interface during high-
temperature annealing. In addition, dislocation lines along the
[110] direction exist in the island-like structures, and distor-
tion of the lattice at some positions on the bonded interface
was observed. These abnormal features are attributed to the
lattice mismatch and the thermal mismatch between Ge and Si.
On the other hand, an obvious oxide layer appears at the Ge/Si
bonded interface, as shown in figures 39(b) and (c). Moreover,
a serious interdiffusion exists at the bonded interface; a diffu-
sion depth of ~50 nm was detected. The EDS curve presents a
O atom distribution at the Ge/Si bonded interface, indicating
the existence of Si and Ge oxide layers at the bonded interface.

Kanbe et al fabricated a Ge/Si device based on this Ge/Si
bonding method, as shown in figure 40(a). Although the device
achieves a quantum efficiency of 40% at near-infrared wave
range, the dark current of the device is too large, as shown in
figure 40(b). The dark current reaches 0.5 mA when the reverse
bias increases to 10 V. The large dark current of the device
may be attributed to the interdiffusion and the formation of
dislocations at the bonded interface.

Following their study of high-temperature Ge/Si wet wafer
bonding, Kanbe et al also study the low-temperature anneal-
ing of wet-bonded Ge/Si wafer pairs at 250 °C and 350 °C
for 12-48 h. TEM images of the Ge/Si bonded interface are
shown in figure 41(a). One can see that compared to the Ge/Si
interface annealed at high temperature, the quality of the bon-
ded interface annealed at low-temperature was improved. Mis-
fit dislocations and TDs cannot be observed clearly at the
bonded interface. Only a 3-5 nm thick amorphous transition
layer appears at the bonded interface. In addition, this layer is
non-uniform. This may be due to the introduction of excess-
ive H,O at the bonded interface. C and O atoms were detec-
ted at the bonded interface, as shown in figure 41(b), indic-
ating the existence of contaminants and an oxide layer at the
bonded interface. In addition, interdiffusion was observed at
the bonded interface. The Ge/Si device based on this wafer
bonding method also exhibits large dark current, as shown in
figure 41(c). This may be due to low bonding strength when
annealed at low temperature, and the existence of contamin-
ants at the bonded interface.

Overall, whether high-temperature annealing or low-
temperature annealing, the hydrophilic Ge/Si wet wafer bond-
ing cannot achieve a good Ge/Si bonded interface. A thick
oxide layer appears at the Ge/Si bonded interface due to bond-
ing in DI water, and excessive hydrophilic reactions at the
Ge/Si bonded interface. High-temperature annealing triggers
the formation of TDs and Ge/Si intermixing at the bonded
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interface, while low-temperature annealing suffers from low
bonding strength, resulting in the large dark current of the
Ge/Si device.

3.2. Hydrophobic wet wafer bonding

In recent years, Lee et al [138, 139] investigated the crystalliz-
ation of the a-Ge film on a SiO, isolation layer induced by the
Si window to achieve Ge/Si wafer bonding in a BOE solution.

20

The induction process of the a-Ge film and the Ge/Si wafer
bonding process are shown in figure 42. Firstly, a SiO, isol-
ation layer was deposited on the Si substrate. Then, a seed Si
window for the crystallization of the a-Ge was opened on the
Si0; isolation layer. After that, a 300 nm thick a-Ge layer was
deposited on the Si substrate and then a SiO, capping layer
was deposited on the a-Ge layer. Finally, the Si substrate was
annealed at 950 °C for 4 s using rapid thermal annealing to
trigger the crystallization of the a-Ge film.
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Figure 42. Process of Ge/Si hydrophobic wet wafer bonding. © (2012) IEEE. Reprinted with permission from [139].

After annealing, the Si substrate was immersed into the
BOE solution to remove all the SiO, on the substrate. The Ge
film was attached to the Si substrate by van der Waals force in
the BOE solution. Finally, the Si substrate was taken out of the
BOE solution and annealed at 400 °C for 1 h to achieve Ge/Si
bonding. Figure 43 shows TEM images of the Ge/Si bonded
interface. One can see that a 7 nm thick amorphous transition
layer appears at the bonded interface. The element distribution
in the transition layer is Si:54%, Ge:14%, and O:32%. This
indicates that the transition layer is an oxide layer. In addition,
the a-Ge turns into a single-crystal Ge after annealing. Note
that the crystallization of the a-Ge film not only appears at the
Si window, but also in the Ge film on the SiO; layer. The Ge
film on the SiO; layer is demonstrated to be TD-free; misfit
dislocations and TDs only exist at the Si window.

Lee et al fabricated a waveguide Ge/Si p-i-n photodiode
based on this bonding method, as shown in figure 44(a). The
dark current of this photodiode is shown in figure 44(b). One Figure 43. .TEM images of the Ge/Si bonded interface.fabrica_ted by
can see that the I-V curve shows rectification characteristics. ~1Ydrophobic wet wafer bonding. © (2012) IEEE. Reprinted with

. . R permission from [139].

However, the dark current sharply increases with the increase

inthe reverse bias, and the saturation characteristic is not so

satisfied. In addition, the forward current is lower, indicating  defects in the re-crystalline Ge layer on the SiO, isolation layer
the existence of large series resistance. This may be due to the  cannot be eliminated, leading to a deterioration in device per-
poor quality of the Ge layer and the unsatisfied Ge/Si bonded  formance.

interface. The responsivity of the photodiode is shown in figure
44(c). At —2 V reverse bias, the responsivity of the device at a
wavelength of 1310 nm is only 0.3 A W~ In addition, the Ge
film thickness is 300 nm, and the calculated 3 dB-bandwidth  Byun et al [142-144] and Gity er al [145-147] systematically
is dozens of GHz [140]. However, the 3 dB-bandwidth of this  investigated low-temperature Ge/Si wafer bonding based on a
device is only 16 GHz, as shown in figure 44(d), whichis much  free radical surface treatment. O and N free radicals were used
lower than that of the epitaxial waveguide Ge/Si p-i-n photo-  to activate wafer surfaces to be hydrophilic. The wafer bonder
diode [141]. for the hot-pressed treatment of contacted wafer pairs was used

Overall, although hydrophobic wet wafer bonding can to enhance bonding strength and achieve pre-bonding. Firstly,
restrict the occurence of TDs in the Si window, the point after Si and Ge wafers had been cleaned, the wafer surfaces

3.3. Plasma-activated bonding

21
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Figure 44. (a) Schematic diagram of the Ge/Si p-i-n photodiode based on hydrophobic wet wafer bonding. (b) Dark current of the device.
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were activated by the O or N free radicals. Next, the wafers
were contacted to each other and put into the wafer bonder for
hot-pressed treatment. The wafers were firstly bonded under a
force of 1 kN (5 min) at a chamber pressure of 10~> mbar, and
they were then annealed in situ at 100 °C for 1 h under a force
of 500 N. Finally, an ex situ annealing at 200 °C and 300 °C
for 24 h was conducted to achieve Ge/Si wafer bonding with a
high bond strength. O and N free radical surface treatment can
form stable GeO, on the Ge wafer due to the oxidation of the
Ge surface, and enhance hydrophilic qualities, respectively, as
shown in figure 45.

SAM images of Ge/Si wafer pairs treated by different free
radicals are shown in figure 46. One can see that lots of bubbles
appear at the Ge/Si bonded interface in the sample without free
radical treatment, while an obvious decrease in bubble density
was observed at the Ge/Si bonded interface with both O and
N free radical treatment. In addition, the bubble density at the
Ge/Si bonded interface treated by N free radicals is lower than
that treated by O free radicals. As is well-known, the oxide
layer at the bonded interface can transfer by-products out of
the wafer pairs; that is, the thicker the oxide layer at the bon-
ded interface, the fewer the by-products trapped at the bonded
interface. Figure 47 shows the TEM images of the Ge/Si bon-
ded interface treated by different free radicals. One can see that

22

the oxide layer thickness at the bonded interface without the
plasma treatment is 1.3 nm, and that treatment with the O and
N free radicals gives a thickness of 1.6 and 2.2 nm, respect-
ively. Thus, bubble density at the Ge/Si bonded interface in
the sample treated by the N free radical is lowest. This is con-
sistent with the SAM images.

Gity et al exfoliated a 700 nm thick Si-based Ge film
by means of plasma-activated Ge/Si wafer bonding and the
Smart-Cut technique. They also fabricated a p~ Ge/n™-Si het-
erojunction based on this exfoliated Ge film, as shown in
figure 48(a). The dark current of this p~Ge/n™-Si heterojunc-
tion is shown in figure 48(b). One can see that although the
p~Ge/n™-Si heterojunction shows the rectification character-
istic, the forward current is lower, indicating the existence of
high resistance at the bonded interface. In order to enhance
the forward current, the heterojunction was annealed at 400
°C for 30 min. As shown in figure 48(b), the forward current
increases after post-annealing, while the dark current slightly
increases. The on/off current ratio of the p~Ge/n™-Si hetero-
junction with 100 pm diameter mesa at —0.5 V reaches 5 x
10*, and ideality factors of 5.48 and 2.28 were achieved before
and after post-annealing.

The activation energies before and after post-annealing are
shown in figure 49(a). One can see that the activation energy
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Figure 45. XPS curves of Ge surfaces treated by (a) O and (b) N free radicals. Reprinted from [142], Copyright (2012), with permission

from Elsevier.

Figure 46. SAM images of the Ge/Si bonded interfaces (a) without free radical treatment, (b) with O free radical treatment, and (c) with N
free radical treatment. Reprinted from [142], Copyright (2012), with permission from Elsevier.

of 0.33 eV of the heterojunction was obtained before post-
annealing. This value is close to half of the Ge band gap. Thus,
the mechanism for the generation and recombination of the
carriers is dominant in the p~ Ge/n™-Si heterojunction before
post-annealing. However, the activation energy of the hetero-
junction is ~0.013 eV after post-annealing. This is much lower
than that of the Ge band gap. Thus, the band-to-band tunnel-
ing (BBT) mechanism may be responsible for carrier trans-
port at the heterojunction after post-annealing, as shown in
figures 49(b) and (c).

Overall, the bubble density at the Ge/Si bonded interface
can be decreased using plasma-activated Ge/Si wafer bond-
ing, while the bubbles cannot be totally eliminated due to the
hydrophilic reaction at the bonded interface. More import-
antly, the oxide layer still exists at the bonded interface even
if surface activation is applied. The carriers at the bonded
interface can only transport by tunneling. This is not good for
the fabrication of high-performance Ge/Si devices.

23

3.4. Dry wafer bonding

The Ge and Si wafers were contacted in a BOE solution
using the wet wafer bonding method described above. In other
words, the bonded Si wafer is the original Si substrate after the
corrosion of the SiO,. However, in dry wafer bonding, after the
corrosion of the Si0O,, thermal release tape was used to transfer
the thin film on the original Si substrate to a new substrate. Dry
wafer bonding can be divided into two parts. One is direct thin
film transfer, and the other is aligned thin film transfer. Kiefer
et al [148] investigated direct thin film transfer for Ge/Si wafer
bonding. They intended to transfer a 200 nm thick Si thin film
in SOI substrate to a Ge wafer surface. Firstly, the Si thin film
was defined and etched, and then the SOI wafer was immersed
into the HF solution to corrode the BOX layer. After corrosion,
the Si thin film was attached to the Si substrate by weak van der
Waals force. Next, the Si thin film was peeled off from the Si
substrate using thermal release tape, and transferred to the Ge
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Figure 47. TEM images of the Ge/Si bonded interfaces (a) without
free radical treatment, (b) with O free radical treatment, and (c) with
N free radical treatment. Reprinted from [142], Copyright (2012),
with permission from Elsevier.

substrate after the wafer was removed from the HF solution.
Finally, the Ge wafer was annealed at 400 °C for 30 min to
enhance bonding strength.

This bonding method is also a form of hydrophobic bond-
ing due, to the fact that the Si thin film surface was passivated
by H bonds before bonding. The optical microscope image of
the transferred Si thin film is shown in figure 50(a). The TEM
image of the Ge/Si bonded interface is shown in figure 50(b).
One can see that no TDs were observed at the Ge/Si bon-
ded interface. Only a thin amorphous transition layer (1.2 nm)
appears at the bonded interface. The absence of TDs can be
attributed to the thin Si film and the low temperature anneal-
ing. However, the 1.2 nm thick amorphous transition layer
introduces a barrier at the Ge/Si bonded interface, restrict-
ing the transport of carriers, as shown in figure 51. One can
see that the carrier transport mechanism at the bonded inter-
face is the barrier tunneling mechanism. This is similar to that
of the Ge/Si bonded interface fabricated by plasma-activated
bonding.

Liu et al [149, 150] recently achieved Ge/Si micro-ribbon
bonding by means of aligned thin film transfer. The bonding
process is shown in figure 52. Firstly, the SOI substrate with
70 nm thick n™-top Si and the GOI with 60 nm thick p~top Ge
were defined and etched to form Si and Ge ribbons on the SiO,,
respectively. After that, the SOI and GOI were put into the HF
solution to remove all the SiO, , leaving Si and Ge ribbons on
the Si substrate. Next, thermal release tape was used to transfer
the Si ribbons onto the Ge ribbons to achieve the Ge/Si micro-
ribbon bonding. Micro-ribbon alignment was conducted for
this bonding method. This bonding method is also considered
to be a hydrophobic bonding.

The TEM image of the Ge/Si bonded interface is shown in
figure 53(a). One can see that TDs were not observed in the
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Ge or Si thin film, while an oxide layer with a thickness of 3
nm was clearly observed at the Ge/Si bonded interface. This
can also be identified from the EDS curves shown in figure
53(b). Liu et al fabricated a p~Ge/n™-Si heterojunction using
this bonding method, as shown in figures 53(c) and (d). The
dark current of this p~Ge/n™"-Si heterojunction is shown in
figures 54(a) and (b). One can see that the threshold voltage of
this heterojunction is only 0.3 V, which is much lower than
that for the Ge/Si heterojunction fabricated by the plasma-
activated bonding. An ideality factor of 2.15 was achieved for
this ribbon heterojunction, which is also much lower than that
for the wafer-bonded heterojunction (5.48). However, the for-
ward current of this device does not improve effectively. Due
to the existence of the oxide layer at the bonded interface, the
tunneling effect is dominant at the bonded interface, as shown
in figure 54(c).

3.5. High-vacuum surface-activated bonding

High-vacuum surface-activated bonding method has been used
in Si/Si wafer bonding. As described above, an Ar atom beam
was emitted to clean and activate the Si surface. However, for
high-vacuum surface-activated Ge/Si wafer bonding, an Arion
beam was applied to activate the Si and Ge surface. The fab-
rication process is shown in figure 55. The surface activation
of Ge and Si surfaces in high-vacuum was conducted after
cleaning the wafers. Next, the wafers were aligned and bon-
ded together in high vacuum (~10~° Pa). Finally, the bonded
wafer pairs were post-annealed to enhance bonding strength.

The TEM image of the Ge/Si bonded interface in the sample
annealed at 150 °C for 2 h is shown in figure 56(a). One
can see that TDs are absent at the Ge/Si bonded interface.
Only a 0.9 nm thick amorphous transition layer appears at
the Ge/Si bonded interface. The amorphous transition layer
at the Ge/Si bonded interface is thinner than that occurring
in Si/Si wafer bonding. This may be due to the fact that the
damage to a surface bombarded by an Ar ion beam is less
extensive than that caused by bombardment from an Ar atom
beam. The SAM image of the Ge/Si bonded interface annealed
at 150 °C for 2 h is shown in figure 56(b). One can see
that few bubbles appeared at the bonded interface when low-
temperature annealing was conducted. Razek et al also stud-
ied the effect of annealing temperature on the I-V curve of
the Ge/Si heterojunction, as shown in figure 56(c). One can
see that the threshold voltage of this heterojunction is only
0.3 V and an ideality factor of 1.1 for the heterojunction was
achieved after post-annealing, indicating the excellent per-
formance of the Ge/Si heterojunction.

3.6. Semiconductor interlayer bonding

Our group focused on the investigation of Ge/Si wafer bond-
ing and Ge/Si layer exfoliation based on an a-Ge interlayer
between Ge and Si wafers [125, 127, 152, 153]. Before bond-
ing, we investigated the RMS of the a-Ge on the Ge substrate
as a function of input power, as shown in figure 57(a). One can
see that the variation trend of the curve is similar to that for the
a-Ge film on the Si substrate. Finally, the a-Ge with RMS of
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Figure 50. (a) Optical microscope image of the transferred Si thin film. (b) TEM image of the Ge/Si bonded interface fabricated by the
direct thin film transfer. (a), (b) Reprinted with permission from [148]. Copyright (2011) American Chemical Society.
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Figure 51. Carrier transport at the Ge/Si bonded interface fabricated by direct thin film transfer. Reprinted with permission from [148].
Copyright (2011) American Chemical Society. (a) At equilibrium. (b) At high forward bias. (c) At high reverse bias.
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Figure 52. Fabrication process of Ge/Si micro-ribbon bonding. ©
(2017) IEEE. Reprinted with permission from [149].

0.46 nm was selected for Ge/Si wafer bonding. In addition,
the contact angles versus the thickness and the exposure time  Figure 53. (a) TEM image of the Ge/Si bonded interface fabricated
of the a-Ge layer on the Ge substrate were also investigated, by Ge/Si micro-ribbon bonding. (b) EDS curves of the Ge/Si =
o shown n izurs 57 and (¢, esecivel. One can see [0 e, Oute) mings s o e G
that the a-Ge layer on the Ge substrate, whose thickness is lar- (2017) IEEE. Reprinted with permission from [149].
ger than 2 nm, exhibits extremely hydrophilic characteristics.
In addition, the hydrophilia also increases with an increase in
exposure time. temperature increases to 350 °C, as shown in figure 59(c), the
For Ge/Si wafer bonding, we firstly studied the effect of a- bubble density slightly decreases and some small bubbles turn
Ge layer thickness on bubble density. After deposition of the dark and dim. This may be due to the enhanced absorption
a-Ge layer, the Ge and Si wafers were taken out of the chamber  of by-products by the a-Ge film before crystallization when
and directly bonded (~1 min). After that, the contacted wafers the annealing temperature was increased. However, bubbles
were annealed at 300 °C for 20 h. The CSAM images of the still exist at the bonded interface. In order to investigate the
Ge/Si bonded interface are shown in figure 58. One can see  bubble density when the sample was annealed at 400 °C, we
that with the increase of the a-Ge layer thickness, the bubble decreased the thickness of the Ge wafer to 20 pum before
density slightly increases. This is attributed to the increase of annealing due to the fact that if the contacted wafers were
the -OH groups absorbed on the a-Ge layer with the increase  directly annealed at 400 °C, the wafers might separate due
of the a-Ge layer thickness. to the large thermal mismatch between Ge and Si. The SAM
We also studied the dependence of the bubble density of image of the Ge/Si bonded interface after annealing at 400 °C
Ge/Si bonded wafers on the annealing time, as shown in fig-  is shown in figure 59(d). One can see that bubbles still exist at
ures 59(a) and (b). One can see that with the increase of the the bonded interface. High-temperature annealing still cannot
annealing time, the bubble density shows no change. This significantly decrease bubble density.
indicates that the by-products at the bonded interface are In order to further decrease the bubble density, we stud-
difficult to transfer outside the wafer. In addition, when the ied bubble density as a function of exposure time (the time
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Figure 56. (a) TEM image of the Ge/Si bonded interface fabricated using high-vacuum surface-activated bonding annealed at 150 °C for
2 h. (b) SAM image of the Ge/Si bonded interface annealed at 150 °C for 2 h. (c) I-V curves of the Ge/Si heterojunction. (a)—(c)

Reproduced from [151]. © IOP Publishing Ltd. All rights reserved.

that the a-Ge layer was exposed to the air after sputtering and
being taken out of the chamber), as shown in figure 60. One
can see that with a decrease in exposure time, bubble density
decreases. This is due to the fact that with the decrease of the
exposure time, the -OH absorbed on the a-Ge layer decreases,
leading to a decrease in the hydrophilic reaction (decrease of
H,) at the bonded interface. When the exposure time was set to
3 s, a near-bubble-free Ge/Si bonded interface was achieved.
We fabricated a p~Ge/n™-Si heterojunction diode based on
the Ge/Si interlayer wafer bonding method, as shown in fig-
ure 61. The Ge wafer was chemical thinned and polished to
10 pm before the fabrication of the heterojunction diode. The
effect of the annealing condition on the diode performance was
investigated. The annealing condition of diode A is 300 °C for
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20 h, that of diode B is 300 °C for 20 h and further 300 °C
for 10 h, and that of diode C is 300 °C for 20 h and further
400 °C for 10 h. The IV curves of the heterojunction diodes
are shown in figure 62(a). One can see that these three diodes
all show rectification characteristics, and a high on/off ratio of
3.4 x 10° was achieved for diode B. This is higher than that
of the p~Ge/n*-Si heterojunction diode fabricated by means
of plasma-activated bonding and dry bonding. This indicates
that the quality of the Ge/Si bonded interface fabricated by
means of interlayer bonding is higher. The dependence of the
I-V curve of the heterojunction diode is shown in figure 62(b).
One can see that when the temperature decreases to 250 K,
the dark current decreases sharply. This indicates that most
of the recombination mechanism is restricted at near-room
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interface annealed at (c¢) 350 °C for 20 h and (d) 400 °C 20 h. (a)—(d) Reproduced from [152]. © IOP Publishing Ltd. All rights reserved.
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Figure 60. SAM images of the Ge/Si bonded interface bonded with the exposure time of (a) 20 s, (b) 10 s, and (c¢) 3 s. (a)—(c) Reproduced

from [152]. © IOP Publishing Ltd. All rights reserved.

temperature. This is very important for the fabrication of sens-
itive detectors (such as single-photon avalanche photodiodes)
operated at near-room temperature. On the other hand, a lower
ideality factor was achieved for diode B (1.75 at 300 K and
1.02 at 150 K), as shown in figure 62(c).

In order to reveal the different electrical properties of the
different diodes, a TEM examination of the Ge/Si bonded
interface was conducted, as shown in figure 63. One can see
that after annealing at 300 °C for 20 h, as shown in figures
63(a)—(d), the a-Ge at the Ge side has turned into single-crystal
Ge (c-Ge), and that at the Si side still exhibits amorphous
phase. In addition, an oxide layer appears at the Ge/Si bon-
ded interface. More importantly, TDs were not observed in
the Ge wafer at the bonded interface. After further annealing
at 300 °C for 10 h, as shown in figures 63(e)—(h), almost all
of the a-Ge has turned into c-Ge, leaving a 1-2 ml amorph-
ous layer at the bonded interface. Note that the oxide layer
disappears at the bonded interface and that TDs also cannot
be observed after annealing. After further annealing at 400 °C
for 10 h, as shown in figures 63(i)—(1), the a-Ge has almost
completely turned into c-Ge, although some distorted atoms
appear at the bonded interface. Similarly, an oxide layer also
cannot be observed at the bonded interface.

In order to investigate TDs in the Ge layer, the etch pit
method was applied, as shown in figure 64. The TDs in diode B
were extracted to be 2.8 x 10° cm~2, as shown in figure 64(a),
and thisein diode C were extracted to be 2.1 x 10° cm~2, as
shown in figure 64(b). Thus, the deterioration of the perform-
ance of diode C is due to the increase of the TDs in the Ge
layer. In order to investigate the carrier mechanism at the bon-
ded interface, the activation energy of the heterojunction diode
was extracted, as shown in figure 64(c). One can see that the
activation energy of diode B is 0.32 eV, thus the generation
and recombination mechanism is dominant in diode B. The
activation energy of diode C is 0.05, thus the BBT mechanism
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can be responsible for carrier transport. The activation energy
of diode A is 0.19 eV, thus the carrier migration at the bonded
interface is a mixed mechanism of both recombination and the
BBT mechanisms. The schematic diagrams of carrier transport
at the Ge/Si bonded interface are shown in figure 65.

We also investigated the crystallization mechanism of the a-
Ge film and the oxide layer evolution at the bonded interface.
When the Ge/Si wafer pairs were annealed at 300 °C for 20 h,
the a-Ge layer at the unbonded region still shows amorphous
phase, as shown in figures 66(a)—(c), while that at the bon-
ded region has crystallized, as shown in figures 66(d)—(f). We
believe that the stress-induced crystallization of the a-Ge film
at the bonded region may be responsible for this phenomenon.
In order to reveal the crystallization process of the a-Ge film
at the bonded interface, Ge/SiO, wafer bonding with the a-
Ge interlayer was also investigated. The TEM image of the
Ge/Si0, bonded interface is shown in figures 66(g)—(i). One
can see that the a-Ge crystallizes from the Ge substrate. This
is consistent with Ge/Si wafer bonding.

In addition, no oxide layer was observed at the a-Ge/a-Ge
bonded interface. Thus, the crystallization of the a-Ge film and
the oxide layer evolution were drawn, as shown in figure 67.
One can see that when the a-Ge shows amorphous phase, a thin
oxide layer formed by the hydrophilic reaction appears at the
a-Ge/a-Ge bonded interface. When the Ge/Si wafer pairs were
annealed at 300 °C for 20 h, a-Ge starts to crystallize from
the Ge substrate and turns into c-Ge induced by the Ge sub-
strate. Due to the crystallization of the a-Ge, the atom migra-
tion becomes serious at the bonded interface, the Ge atoms
migrate into the oxide layer and the O atoms migrate into the
Ge layer, leading to the decomposition of the oxide layer at
the bonded interface. Finally, the a-Ge completely crystallizes
when 400 °C-annealing was conducted.

We also fabricated a p~ Ge/n*-Si heterojunction diode with
1 pm thick Ge layer: the XRD examination of the Ge(004)



J. Phys. D: Appl. Phys. 53 (2020) 323001

Topical Review

DC magm.tron spultcrmg Pre-bonded in a bonder
(T=100 °C, F=800N)

r =

asin , M ¢ e
I Ge/Si mesa etched by
ICP (SFe)

Bonded at RT and annealed

c-Si
Etched by

at 300 °C for 20 h H;PO4H,0,:H:0

CMP and annealed at
300 °C (crystallization)

Sputtering top and
bottom Al electrodes

Figure 61. Fabrication process of the p~ Ge/n ™ -Si heterojunction diode based on Ge/Si interlayer wafer bonding. Reproduced from [152].

© IOP Publishing Ltd. All rights reserved.

R e e 10
10 romoffmuo diode B
b (OSV) 0L i
_10%3 )
< Ot . =
g —diode A | §
g 107 diode B | E
A diode C | ©
O A 7
10"5 10F
£ 100 pm (a)
-0 ! L L -

0
Voltage (V)

Voltage (V)

-4 Q =’ :
250K _m u=ls Hﬁ

WK 1.

T
diode ¢ 0 1

20 F ; (C.) |150K : El : ﬁq\":‘\'T?( 0
2 7 o e || EEE G e
qVkT

Figure 62. (a) I-V curves of the p~ Ge/n™-Si heterojunction diode (100 zzm) based on Ge/Si interlayer wafer bonding. (b) Temperature
dependence of the I-V curve of diode B (200 pm). (c) Ideality factors of the heterojunction diodes. (a)—(c) Reproduced from [152]. © IOP

Publishing Ltd. All rights reserved.

peak is shown in figure 68(a). One can see that the FWHM of
the wafer-bonded Ge film is only 34"’ which is much smaller
than that of the epitaxial Ge film (375""). This indicates that
the quality of the wafer-bonded Ge film is higher than that
of the epitaxial Ge film. Figure 68(b) shows the I-V curve
of wafer-bonded Ge/Si photodetectors with diameters of 32
and 100 pm. It can be seen that all the devices show good
rectification characteristics. Responsivities of 0.49 and 0.61 A
W~ were achieved for photodiodes with diameters of 32 and
100 pem, respectively, at 1310 nm. In addition, a responsivity
of 0.16 and 0.24 A W~! was obtained at 1550 nm for these
two devices, respectively. Figure 68(c) shows the responsivity
of the heterojunction diode as a function of wavelength. One
can see that the responsivity of both photodiodes extends to
1560-1630 nm, which is beyond the absorption edge of the
bulk Ge. This results from the Ge bandgap narrowing induced
by the 0.205% tensile strain. The responsivity at 1630 nm is
94 and 17 mA W~! for these two devices, respectively. This
indicates that the wafer-bonded Ge/Si heterojunction photodi-
ode is suitable for optical communication in all WDM bands,
including the L-band and the entire C band.

We also attempted to fabricate the Si-based Ge film using
the interlayer wafer bonding and Smart-Cut technique. HT
implantation (at a dose of 5 x 10'® cm? and energy of 150
keV) was applied to create a defective blistered region below
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the Ge surface. Before Ge/Si wafer bonding, a 2 nm thick a-
Ge layer was deposited on the substrate. The exposure time
of 3 s was set for near-bubble-free wafer bonding. After con-
tact, the wafer pairs were successively annealed at 150 °C
under a force of 2 MPa for 1 h, 250 °C under a force of
0.5 MPa for 1 h, 350 °C without force for 1 h, and 400 °C
without force for 1 h to trigger the exfoliation of Ge film. The
whole bonding process took place under a chamber pressure of
1073 mbar.

The camera image of the exfoliated Ge film is shown in
figure 69(a). One can see that most of the Ge film was trans-
ferred onto the Si substrate. Only one bubble bursts on the
Si substrate. The SAM image and SEM image of the Ge/Si
bonded interface are shown in figures 69(b) and (c), respect-
ively. One can see that few bubbles appear at the Ge/Si bonded
interface, indicating that less hydrophilic reactions appear at
the bonded interface due to the short exposure time of a-Ge.
The Ge film is uniformly located on the Si substrate and no
cracks were observed at the bonded interface.

The XRD peak of the Ge film is shown in figure 70(a). One
can see that the exfoliated Ge film exhibits 0.275% compres-
sion strain and the FWHM of the exfoliated Ge film is 96"
which is also smaller than that of the epitaxial type, while it
is slightly larger than that of the thinning type shown above.
There is a shoulder peak at the left side of the Ge(004) peak
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which results from the interference effects between the sub-  post-annealing, the shape of the Ge peak becomes symmetrical
strate and the strained layers created by the HT implanta- and the bottom half of the Ge peak becomes narrow, indicat-
tion [154—156]. This indicates that the strain in the Ge film ing the relaxation of the nonuniform strain and the repair of the
is nonuniform. In addition, the shape of the Ge peak of the as-  point defects in the Ge film. However, the FWHM of the Ge
exfoliated Ge film is unusual. The upper half of the Ge peak  film (104”) slightly increases. This is due to an increase in TDs
is sharp, while the bottom half of the Ge peak is broad. This  when high-temperature annealing was conducted, as shown in
is due to point defects in the as-exfoliated Ge film induced by  figures 70(b) and (c). One can see that the number of TDs in
the H* implantation. In order to eliminate the point defects, the as-exfoliated Ge film is less than 103 cm~2, and that in
high-temperature annealing (500 °C) was conducted for 1 h. the post-annealed Ge film thsi number increases to 10% cm 2.
The XRD peak is shown in figure 70(a). One can see that after More importantly, the peak position shows right-shift after
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post-annealing, and the compression strain turns into tensile
strain (0.392%) after post-annealing.

We fabricated two wafer-bonded Ge/Si p-i-n photodiodes
using the exfoliated Ge film. The dark current of the p-i-n
photodiode based on the as-exfoliated Ge film is shown in
figure 71(a). One can see that a low dark current of 5.97 mA
cm~2 was achieved for the 24 pm-diameter mesa at —1 V
and that a dark current of 14.1 mA cm~? was achieved for
the 32 pm-diameter mesa. These values are comparable with
the epitaxial Ge/Si p-i-n photodiode. A dark current of 207.6
mA cm~2 was achieved for the p-i-n photodiode based on the
exfoliated Ge film annealed at 500 °C for 1 h with the 24
pm-diameter mesas. The increase of the dark current of the
post-annealed p-i-n photodiode is attributed to the increase of
TDs in the Ge film. The increase in TDs leads to the increase
in bulk current density, as shown in figures 71(b) and (e).
The activation energy of the photodiode was also extracted,
as shown in figure 71(c) and (f). One can see that the activa-
tion energies of both photodiodes are close to 0.33 eV, indic-
ating that the recombination mechanism is dominant in both
photodiodes.

The photocurrents of the photodiodes are shown in
figures 72(a) and (b). One can see that the responsivities of
the photodiode based on the as-exfoliated Ge film at 1310 and
1550 nm were obtained to be 0.304 and 0.221 A W—!, respect-
ively, and that based on the exfoliated Ge film annealed at
500 °C for 1 h increase to 0.475 and 0.381 A WL, respect-
ively. The increase in responsivity is ascribed to the 0.392%
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tensile strain in the Ge film after post-annealing. The ideal-
ity factors of these two devices are shown in figure 72(c). It
is shown that an ideality factor of 1.19 of the device without
post-annealing was achieved, and that this increases to 1.56
after post-annealing. The deterioration of the performance of
the device is due to an increase in TDs in the Ge film after
post-annealing.

4. Outlooks for Si/Si wafer bonding and Ge/Si wafer
bonding

The investigation of Si/Si wafer bonding is currently mature
. We can easily achieve Si/Si bonded wafer pairs with high
bonding strength, low bonded temperature, and a bubble-free
bonded interface. These features are basic requirements in
MEMS. However, it is difficult to apply Si/Si wafer bonding
techniques to the photoelectric field at present. Due to the
fact that the carriers must transport through the Si/Si bonded
interface for photoelectric devices, it is sufficient to lower the
potential barrier at the bonded interface for carrier transport
and to restrict carrier recombination. The difficulties inherent
in the application of Si/Si wafer bonding in the photoelec-
tric field may be categorised as follows: (1) the oxide layer
at the Si/Si bonded interface should be totally eliminated at
the bonded interface. (2) The Si/Si bonded interface should
exhibit the electrical properties of bulk Si. (3) Small bubbles
(several nanometers), which are difficult to detect using the
IR transmission technique or the CSAM technique, should be
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eliminated. These small bubbles may lead to leakage current probability of related Ge/Si single-photon avalanche
at the Si/Si bonded interface. The research direction for Si/Si  photodiodes.

wafer bonding in the future should focus on the replacement The study of Ge/Si wafer bonding and photoelectronic
of the epitaxial Si layer with a wafer-bonded (exfoliated) Si  devices based on this technique is still incomplete. Using the
layer. For example, the epitaxial Si multiplication layer in the above techniques, we can fabricate a Si-based Ge film without
Ge/Si avalanche photodiode may be replaced by wafer-bonded  TDs at low temperature. The quality of wafer-bonded Ge film
Si layer. This may lead to a decrease in the dark current of the ~ will hopefully be higher than that of epitaxial varieties. This is
device, and the decrease of the dark count rate and afterpulsing  due to a low-temperature achievement of the covalent bond at
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Figure 68. (a) XRD examination of the Ge(004) peak. (b) Photocurrent of the heterojunction diode. (c) Responsivity of the heterojunction
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Figure 69. (a) Camera image of the exfoliated Ge film. (b) SAM image of the Ge/Si bonded interface. (c) SEM image of the Ge/Si bonded

interface. (a)—(c) (2019) IEEE. Reprinted with permission from [153].
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Figure 70. (a) XRD curves of the exfoliated Ge film annealed at different temperature. AFM images of (b) the as-exfoliated Ge film and (c)
the exfoliated Ge film post-annealed at 500 °C for 1 h etched in secoo solution for 10 s. (a)—(c) (2019) IEEE. Reprinted with permission

from [153].

the bonded interface. Low-temperature annealing can elimin-
ate TD nucleation and diffusion at the bonded interface. How-
ever, many problems still need to be solved in the bonding
process, such as how to further lower the bonding temperature,
how to totally eliminate small bubbles at the bonded interface,
how to fundamentally eliminate misfit dislocation, how to
exfoliate the whole Ge film on the Si substrate, and how to
effectively repair the point defects in the Ge film without the
introduction of TDs.

The research direction of Ge/Si wafer bonding can be iden-
tified as follows. (1) Introduction of porous materials at the
Ge/Si bonded interface to absorb by-products at the bonded
interface. (2) Increasing the implantation dose of the HT to
further decrease the exfoliation temperature of the Si-based Ge
film. (3) Introduction of amorphous material or polycrystalline
material at the Ge/Si bonded interface to eliminate misfit dislo-
cations. (4) Etching the implantation damage in Ge film to fur-
ther enhance Ge film quality. (5) The application of short-time
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Figure 71. (a) IV-curves, (b) current versus mesa diameter, and (c) activation energy of the Ge/Si p-i-n photodiode based on the
as-exfoliated Ge film. (d) IV-curves, (e) current versus mesa diameter, and (f) activation energy of the Ge/Si p-i-n photodiode based on the
exfoliated Ge film annealed at 500 °C for 1 h. (a)—(f) (2019) IEEE. Reprinted with permission from [153].
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high-temperature annealing methods to improve the Ge film
quality, such as nanosecond-pulsed laser annealing.
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