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Heterogeneous wafer bonding of InP/Si at room temperature is studied using surface-activated bonding (SAB) technology. To minimize the
degradation of optical property while maintaining enough bonding strength, various bonding conditions including gas species of fast atom beam
(FAB) were examined. The results show that a bonding strength of over 0.5 MPa can be obtained with less degradation of photoluminescence (PL)
property of InP/Si hybrid wafer by combining Xe and Ar gases for FAB. Using this condition, hybrid wafer including quantum wells were fabricated,
which showed sufficient PL property for the fabrication of hybrid photonic devices. The bonding conditions described in this study enabled
realization of continuous wave (CW) operation of InP-based layers/SOI hybrid laser. © 2020 The Japan Society of Applied Physics

1. Introduction

Recently, wafer bonding technology has become attractive for
hybrid II-V/Si photonic integrated circuits (PICs)'™ com-
prising active devices such as lasers and optical amplifiers. As
well as known, III-V materials directly grown on an Si
substrate® is difficult to apply into fabrication of active devices
due to the lattice mismatch between II-V materials and Si.””
Recently, several groups demonstrated high quality quantum
dot lasers directly grown on Si substrate. However, such studies
have failed to address problems such as existing buffer layers
and hardly controlling particular emission wavelength, while
considering integrations with photonic and electronics devices
on the Si substrate.'”'* Wafer bonding technology is the
method to solve the above problems, however, conventional
wafer bonding technologies, such as the hydrophilic
bonding'*'® and plasma-activated bonding (PAB),”>™'” re-
quire a high annealing temperature in order to achieve high
bonding strength. In such annealing, thermal expansion stress
occurs because of the difference between the thermal expansion
coefficient of -V materials and Si.'® For instance, the
thermal expansion coefficient of InP is 4.8 x 107° K" and Si is
2.6 x 107 °K~".” Thermal expansion stress affects optical
property of the active layer such as the hybrid laser due to
the generating dislocation from the interface. Further, the
annealing process requires a lengthy process time because it
first needs a slow temperature rise followed by a gradual
temperature decrease period to reduce the influence of different
thermal expansion. Therefore, lower temperature bonding,
ultimately room temperature wafer bonding technology, plays
a vital role in fabrication III-V/Si hybrid integration'®* for
achieving high-quality PICs.

Surface-activated bonding (SAB) based on fast atom beam
(FAB)*'"*® is one of the most popular room temperature
wafer bonding technologies. Homogeneous bonding of
semiconductors such as sapphire, Si, GaAs, InP, GaP, and
InAs*? and heterogeneous bonding of these materials via
SAB have been reported.

As wafer bonding is conducted at room temperature in SAB,
both mismatch and problem with thermal expansion coefficient
difference are expected to be improved.”> However, although
there is no thermal expansion stress similar to hydrophilic
bonding and PAB, crystal damage introduced by FAB
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irradiation may be the most important factor of optical property
degradation in SAB when fabricating hybrid active devices.
Therefore, it is necessary to minimize the damage introduced by
FAB irradiation. Argon (Ar) is widely used for FAB irradiation.
However, it was investigated that different species showed
different behaviors to bonding interface.”® Therefore, optical
property is also expected to have such dependence.

In this study, we investigate the bonding quality of InP-
based layers/Si, silicon-on-insulator (SOI) wafers based on
SAB technology, especially for maintaining optical property
of large scale PICs in telecom wavelength (1.3 yum or
1.55 pm). Firstly, the most suitable bonding condition of
InP-based layers/Si wafer bonding for minimizing degrada-
tion introduced by FAB irradiation and achieving sufficient
bonding strength are investigated in Sects. 2 and 3.
Subsequently, wafer quality is investigated after substrate
removal, including a preliminary hybrid laser fabrication and
presented in Sect. 4.

2. FAB irradiation effect to photoluminescence of
-V wafers

Figure 1 schematically shows the bonding process of SAB
using irradiation of FAB. A wafer’s surface, covered by
native oxide film or some contaminations, is irradiated and
activated by inert gas radicals. The activated state of surface
means that the dangling bonds of atoms exist on the surface.
The exposed atoms become unstable and try to connect with
other atoms, surface-activated wafers are attached to each
other, and the interatomic stress works between the two
substrates to form the bond. After the alignment of the
irradiated wafers, two wafers are pressed in an ultra-high
vacuum chamber of 10 Pa, which is a principal condition in
the SAB process to maintain the wafer surface active rather
than oxidized. In case of low vacuum levels, where many
gaseous molecules are present, the activated surface is easily
re-contaminated. Therefore, processing under ultra-high va-
cuum is required. Meanwhile, there is no heating process
during the SAB process based on FAB. This fact contributes
to having a high efficiency bonding process and reducing the
defects introduced by thermal expansion stress on a bonded
wafer.

For introducing SAB based on FAB irradiation into InP/Si
hybrid integrated circuits, it is necessary to study the

© 2020 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematic image of the bonding process of surface-activated bonding based on a fast atom beam.

dependence of the damage introduced in the semiconductor
crystal on the type of gas used for FAB irradiation. In order to
get insights on the most suitable gas species to the InP wafer,
in this study several types of gas species are considered.
Photoluminescence property has the merits as the measure-
ment property of having a wide spectral coverage, generally
nondestructive characteristic, and no special pretreatment
required, thus, variation of photoluminescence (PL) property
is used as the method to evaluate damage to the semicon-
ductor crystal.””*®

The wafer layer structure used in this experiment is shown
in Fig. 2. The sample wafer consisted of four GalnAs
quantum wells (QWs) with different thicknesses (3 nm,
Snm, 9nm, 33nm) at different depths (50 nm, 250 nm,
450 nm, 650 nm) respectively, separated by a 200 nm InP
layer. As the four QWs have different emission wavelengths
because of quantum-size effect, depth dependence of the
damage introduced by FAB irradiation can be confirmed by
the degradation ratio of each quantum well. In this FAB
irradiation experiment, five types of FAB gas species (Xe,
Kr, Ar, Ne, N,) were evaluated.

PL intensity was measured twice, before and after FAB
irradiation, to derive the amount of degradation due to the
irradiation. A 1064-nm yttrium-aluminum-garnet (YAG)
laser was used as the pumping light source. PL spectra of
the sample wafer irradiated by Xe, Kr, Ar, Ne, N,-FAB is
shown in Figs. 3-7. In order to evaluate the degradation of
the PL intensity after FAB irradiation, irradiation time
dependence of the normalized PL intensity is shown in
Fig. 8. The PL intensities at the 450 nm quantum well were
mostly over 80% for all five types of FAB sources.
Moreover, only the normalized PL intensity at 250 nm
QW and 50nm QW are shown. PL intensity decreases
with increasing both FAB irradiation time and FAB current
for all types of FAB sources, which means short irradiation
time and low FAB current should be chosen to achieve the
lowest crystal damage. However, the amount of degradation
showed a source dependence. FAB source dependence on
PL intensity degradation is like Ne > N, > Ar > Kr > Xe
under the same irradiation conditions as the same
as the order of atomic mass. The heavy atom has the least
effect on PL intensity at both 50 and 250 nm quantum
well.

Another important parameter is the FAB irradiation current
dependence of PL intensity, which is corresponding to FAB
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Fig. 2.

(Color online) Wafer layer structure.

irradiation energy. Figure 9 shows the dependence of PL
intensity at 50, 250 and 450 nm QWs after FAB irradiation.
At each QW, the normalized PL intensity decreases with
increasing irradiation current for all types of FAB gas
species, which means PL intensity decreases with increasing
FAB irradiation energy. Among the five species, the results
of Xe-FAB show the least degradation of PL intensity at all
QWs. Moreover, the normalized PL intensity is kept >85%
at 250 nm and 450 nm QWs with FAB irradiation current of
5mA.

Based on the simulation result by Stopping and Range of
Tons in Matter (SRIM) software, which is commonly used in
the ion implantation simulation, the deepest penetration depth
was about 10nm when the FAB source is Ne. Simulation
parameters were set to an irradiation angle of 27° that was
matched to our equipment and an irradiation energy of 1 keV.
Figure 10 shows the simulation results of the vacancy
distribution in InP caused by Xe, Kr, Ar, Ne and demon-
strates that the defect depths are like Ne > Ar > Kr > Xe,
which is the same as atomic mass order. The heavier atom
forms the shallower defect depth in the InP semiconductor
crystal, which agrees with the PL intensity degradation after
FAB irradiation. We also obtained a transmission electron

© 2020 The Japan Society of Applied Physics
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microscope (TEM) cross
Si wafers, which will be

section image of the bonded II-V/
described in detail in the following

section. There is an amorphous layer between III-V and the
Si wafer, and the thickness of the amorphous layer agreed
with the simulation result of the vacancy distribution in InP.
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(Color online) PL spectra for Xe-FAB currents of (a) 5 mA, (b) 25 mA, (c¢) 50 mA, and (d) 100 mA (excitation wavelength: 1064 nm).

(Color online) PL spectra for Kr-FAB currents of (a) S mA, (b) 25 mA, (c) 50 mA, and (d) 100 mA (excitation wavelength: 1064 nm).

Interestingly, the depth in the simulation was different
from what we observed in PL intensity degradation.
Therefore, the reason for PL intensity degradation is not
directly related to the defect caused by atom penetration. A
possible explanation for this might be due to the defect

© 2020 The Japan Society of Applied Physics
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Fig. 6. (Color online) PL spectra for Ne-FAB currents of (a) 5 mA, (b) 25 mA, (c) 50 mA, and (d) 100 mA (excitation wavelength: 1064 nm).

caused by the propagation of energy through phonon or
creation of the carrier trap at the surface to enhance non-
radiative recombination. Actually, we can observe the
amorphous-like layer at the surface, which will be explained
in Sect. 4. This thickness could be related to the PL intensity
degradation. Less FAB irradiation energy contributes to less

of an amorphous layer and less PL intensity degradation.””

Although we have no direct evidence at this moment,
the amorphous layer might increase non-radiative recombi-
nation.

As a conclusion, Xe-FAB has the least effect on PL
intensity under the same FAB irradiation conditions, which

052004-4 © 2020 The Japan Society of Applied Physics
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means Xe-FAB should be chosen as the FAB source for the
InP wafer.

3. InP/Si wafer bonding process based on
Xe & Ar-FAB

As mentioned before, a wafer sample irradiated by Xe-FAB
has the least effect on PL intensity. To introduce this Xe-FAB
irradiation condition into InP/Si wafer bonding for main-
taining optical property of the hybrid optical device, it is
necessary to study the InP/Si wafer bonding condition as the

(Color online) Irradiation current dependence of the normalized PL intensity (FAB irradiation time: 10 s).

Therefore, to achieve enough bonding strength and im-
proved optical property, InP/Si wafer bonding using two
gases, Xe and Ar, was carried out. To maintain the PL
intensity after FAB irradiation, Xe was selected to be the
FAB source of the InP wafer. Moreover, for achieving
enough bonding strength, Ar was selected to be the FAB
source of the Si wafer, which is commonly used for Si
bonding. This means FAB-A is Xe and FAB-B is Ar in
Fig. 1.

Before the wafer bonding process, a wet chemical cleaning
process was performed to remove both native oxide and
contamination. After the wafer cleaning process, both the Si
wafer and InP wafer were put in the chamber of the SAB
system. The Si and InP wafers were fixed to the chamber’s
upper and lower side. Subsequently, FAB irradiation was
carried out by two FAB guns with different gases from the
irradiation angle of 27°. After irradiation, InP and Si wafers
were pressed at 2 MPa under 25 °C in an ultra-high-vacuum
chamber.

Comparison of bonding strength under various irradiation
conditions of Xe to InP wafers was performed. The FAB
irradiation conditions of Si and InP wafer are shown in
Tables I and II. The irradiation condition of Si was fixed
according to Si/Si bonding strength in our prior experiments.

Based on the results described in the previous section, the
PL intensity presents an insignificant degradation when
quantum well depth is deeper than 50 nm. Therefore, to get
insights on the suitable irradiation condition of the InP wafer,

initial step. However, InP/Si wafer bonding cannot be Table I. FAB irradiation condition of Si in the bonding experiment.
achieved by Xe-FAB according to our trial experiment — . .

1 D h . di f Xe bei lativel Gas Irradiation Irradiation Irradiation
resu ts. Due to t e atomlc' radius of Xe being relatively  rr  Gas  Flow current voltage time
bigger compared with other inert gas atoms, the roughness of
wafer surface irradiated by Xe is bigger than the sample Si Ar 30 50 mA 107 kV 90's
irradiated by other inert gases.>” seem

052004-6 © 2020 The Japan Society of Applied Physics
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Table Il. FAB irradiation condition of InP wafer in bonding experiment.
Wafer Gas Gas Flow Irradiation current Irradiation voltage Irradiation time Bonding strength
InP Xe 17 sccm 25 mA 1.06 kV 10s 0.48 MPa
17 sccm 35mA 1.03 kV 0.58 MPa
20 sccm 50 mA 1.04 kV 0.39 MPa
Ar 30 sccm 25 mA 0.90 kV 10s 0.91 MPa
50 mA 1.10kV 2.05 MPa
100 mA 1.33kV 1.76 MPa
n 1.0
<_09 ¢
5 508
207
c
>606 ¢ .
3 T05 .
8§04 o e
S
£ 503 = * Xe
=l o
o 02 &
0.1
0.0
0 05 1 15 2 25

Bonding strength [MPa]

Fig. 11. (Color online) Relation between PL intensity after FAB irradiation
of 50 nm quantum well and bonding strength.

a relation between the PL intensity of 50 nm QW after FAB
irradiation and the bonding strength is shown in Fig. 11. The
bonding strength was measured by the pulling test of bonded
2-inch wafers. Although the maximum bonding strength of
the wafer bonded using Ar-FAB (current: 50 mA) is over
2 MPa, which is stronger than the maximum bonding strength
of the wafer bonded using Xe-FAB (current: 35 mA), the PL
intensity after FAB irradiation drastically decreased when the
FAB source of InP wafer is Ar. At the bonding strength of
0.5 MPa, the PL intensities are kept over 50% for Xe and
40% for Ar at 50 nm quantum well depth. In our previous
research, we found that a bonding strength of 0.5 MPa is
good enough to process hybrid photonic devices.*"
Therefore, Xe-FAB could be the better choice for achieving
enough bonding strength for hybrid laser process as well as
for keeping PL intensity after FAB irradiation. Please note
the depth position of the active layers for actual hybrid
photonic devices are deeper than several hundred nm. Thus,
the PL intensity in real devices can be maintained as high as
over 85% according to Fig. 8.

4. Evaluation of bonding quality after removal of InP
substrate

Finally, we evaluated the bonding quality after removing the
InP host substrate. Figure 12(a) shows the layer structure of
the InP epitaxial wafer on the Si substrate after the removal of
the InP substrate. This epitaxial wafer consists of an active
layer of GalnAsP five quantum wells (5QWs), emitting at
1550 nm, sandwiched by InP cladding layers, and superlattice
layer consisting of 14 pairs of 7 nm-GalnAsP and 6 nm-InP
which is an interlayer for blocking various dislocations
generated from the interface caused by the wafer bonding
process.*?
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Fig. 12. (Color online) Image of (a) InP-based layers/Si wafer after the InP
substrate and GalnAs etching stop layer removal and (b) layer structure of
InP-based layers/Si wafer after InP substrate and GalnAs etching stop layer
removal.

After InP-based layers/Si wafer bonding process men-
tioned in the previous section, the hybrid wafer was polished
to 100 ym and subsequently dipped in HCI solution at a
temperature of 40 °C for the removal of the InP substrate up
to an etching stop layer. To achieve the accurate comparison,
the GalnAs etching stop layer (A~ 1.65nm) was also
removed by H,SO4:H,0,:H,0 solution (1:1:40) under the
temperature of 25 °C. The surface image of the wafer after
substrate removal is shown in Fig. 12(b). There are no
obvious voids and just a little bit peeling off at orientation flat
and the right side of wafer due to held by tweezers during the
wafer bonding process.

Figure 13 shows PL mapping images of (a) the initial InP-
based epitaxial wafer, (b) InP-based layers/Si wafer after the
InP substrate and GalnAs etching stop layer removal, and (c)
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Fig. 13. (Color online) PL mapping image of (a) as-grown InP-based
epitaxial wafer before bonding, (b) InP-based layers/Si wafer after bonding
and (c) InP-based layers/Si wafer after 280 °C.

InP-based layers/Si wafer after heating at 280 °C. The heating
process was set to be 280 °C because the process temperature
of Si0, deposition process in hybrid laser fabrication process
is at about 280 °C.

From the PL mapping images, there is a uniform epitaxial
layer bonded on the Si wafer. The PL. mapping image after
280 °C heating is almost the same with the one before
heating.

Figure 14 shows (a) PL spectra of the center point of
bonded InP/Si wafer (b) wavelength peaks in three PL
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Fig. 14. (Color online) (a) PL spectra of center point of epitaxial wafer
before bonding, InP/Si wafer without heating, and InP/Si wafer after 280 °C,
and (b) wavelength shift of main peak in three PL spectra.

spectra. There is barely no degradation of PL intensity and
variation of PL spectrum shape even after bonding and
heating at 280 °C. About the wavelength shift after wafer
bonding process and heating at 280 °C, a blue shift of 6.8 nm
is present. There were no differences between the wafer after
the bonding process and wafer after heating process at 280 °C
(initial InP epitaxial wafer: 1553.6 nm, after removal of InP
substrate: 1546.8 nm, after heating at 280 °C: 1546.8 nm).

Figure 15 shows the TEM cross-sectional image of (a)
complete structure (b) wafer bonding interface of the hybrid
wafer. As shown in the figures, the SQWs structure remains
after wafer bonding and the heating process at 280 °C. There
is an amorphous-like intermediate layer with the thickness of
3 nm between the InP-based epitaxial layers and Si wafers.**
Comparing with the other kinds of FAB gas species, such as
Ne, Ar, the sample bonded by Xe-FAB has a relatively
thinner amorphous layer,”*” corresponding to the less
degradation of PL intensity. To investigate the variation of
the peak wavelength, the XRD scan data of as-grown InP-
based layers and bonded InP-based layers/Si were measured
in Fig. 16. The result of calculated fitting curves reveals that
the compressive strain of well layers slightly reduced from
0.98% to 0.975%.

Because PL wavelength depends on the strain in MQWs
sensitively, we assumed that the reason why 6.8 nm blue-shift
of wavelength in the PL spectrum after wafer bonding
process is compressive strain relaxation in the MQWs layer
caused by the removal of the InP substrate and GalnAs
etching stop layer. It is assumed that strain relaxation resulted
in the level of heavy hole in the valence band of quantum
well dropping.

As the thermal expansion coefficients are different between
InP and Si, the thermal expansion mismatch between InP and
Si contributes to form the peak wavelength shift after the
wafer bonding process for conventional wafer bonding
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Fig. 17. (Color online) High-resolution omega scans of InP peak in XRD
measurement of as grown epitaxial wafer and InP-based layers/Si wafer after
bonding.

Fig. 15. (Color online) TEM image of (a) bonded InP-based layers/Si

wafer and (b) wafer bonding interface.
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Fig. 16. (Color online) High-resolution XRD measurement of as-grown

InP-based wafer and after bonding wafer.
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Fig. 18. (Color online) I-L characteristics of hybrid InP-based layers/SOI
FP laser.

technologies. However, in this work, there is no PL wave-
length shift after heating at 280 °C, which means that thermal
expansion takes place independently at Si and InP owing to
the amorphous layer, which is a buffer layer at the bonding
interface between III-V and Si wafer.

To evaluate the bonding quality of InP-based layers/Si
wafer from another point of view, we also measured high-
resolution omega scans of InP peak of as-grown epitaxial
wafer and InP-based layers/Si wafer after bonding by X-ray
diffraction (XRD) as shown in Fig. 17. A FWHM of the InP
peak is 12.24”, which is attributed to a grown InP-based
epitaxial wafer. Moreover, the FWHM of the InP peak is
45.57", which is attributed to InP-based layers/Si wafer. This
result demonstrates that even the strain generated at the
bonding interface is relatively small, which contributes to
barely no degradation of the PL intensity at MQWs by the
bonding itself.

This result also shows that SAB based on Xe & Ar-FAB at
room temperature is suitable to be introduced in the fabrica-
tion of high-quality III-V/Si hybrid laser.

Using this developed technology, we then fabricated a
hybrid InP-based layers/SOI Fabry—Pérot (FP) laser. The
wafer structure was similar to the structure shown in Fig. 12;
however, the SOI wafer had waveguide patterns. Current-
light (I-L) characteristics under 20 °C continuous wave
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operation is shown in Fig. 18. The laser operation was
achieved using SAB at room temperature. The threshold
current and output power of this hybrid FP laser is 35 mA and
over 3 mW with a 1300 pum-cavity-length corresponding to a
reasonable threshold current density of 897 Acm 2. This
result indicates that the bonding condition described in the
previous sections is suitable for the fabrication of a hybrid
laser.

5. Conclusion

In this work, we investigated SAB at room temperature to
achieve both enough bonding strength and optical property
for hybrid photonic devices based on heterogeneous inte-
gration. To suppress the degradation of PL intensity by FAB
irradiation, five types of FAB gas species were evaluated for
irradiation. We found out that among the five types of gas
species, Xe-FAB is the suitable choice. The bonding
condition that could be introduced into the hybrid laser
fabrication process is the InP epitaxial wafer: 35 mA 10 s by
Xe-FAB and Si wafer: 50 mA 90s by Ar-FAB at room
temperature. This condition showed a bonding strength of
over 0.5 MPa and no significant PL degradation with respect
to the required temperature of the fabrication process.
Finally, we have fabricated a hybrid InP-based layer/SOI
FP laser based on the developed bonding condition with the
threshold current of 35 mA, corresponding to the threshold

21
current density of 897 A cm 2, which means SAB tech- oo
nology could be introduced in hybrid III-V/Si laser fabrica-
tion. 23)
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