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Integration of the high-quality GaSb layer on an Si substrate is significant to improve the GaSb application in opto-
electronic integration. In this work, a suitable ion implantation fluence of 5x10'®-cm~2 H ions for GaSb layer transfer is
confirmed. Combining the strain change and the defect evolution, the blistering and exfoliation processes of GaSb during
annealing is revealed in detail. With the direct wafer bonding, the GaSb layer is successfully transferred onto a (100) Si
substrate covered by 500-nm thickness thermal oxide SiO; layer. After being annealed at 200 °C, the GaSb layer shows
high crystalline quality with only 77 arcsec for the full width at half maximum (FWHM) of the x-ray rocking curve (XRC).

Keywords: ion-slicing technique, heterogeneous integration, GaSbOI

PACS: 61.72.—y, 61.72.Cc, 61.80.Jh, 61.82.Fk

1. Introduction

Among III-V compound semiconductors, the GaSb is a
particularly significant semiconductor since its lattice param-
eter can be easily matched to various ternary and quaternary
III-V compounds whose band gaps cover a wide range from
~0.3eVto1.58eV, e.g., 0.8 um—4.3 um.!" Furthermore, it
makes the detection of longer wavelengths (8 um-14 pm) pos-
sible with intersubband absorption in the antimonide based su-
perlattice. These have attracted huge attention in the develop-
ment of GaSb applications in the fabrication of high-speed and
microwave devices, infrared detectors, and long-wavelength
lasers.!!'=3] Additionally, the GaSb-based devices are a promis-
ing candidate for a variety of military and civil applications in
long-wavelength regimes, such as infrared imaging sensors for
missile and surveillance systems, fire detection, and monitor-
ing environmental pollution.

However, owing to the difficulty in fabricating, the semi-
insulating GaSb substrate is not available currently, which
limits its widespread applications. Heteroepitaxial growth of
GaSb-based devices on GaAs substrates and Si substrates as
an integration strategy has attracted considerable attention due
to the numerous advantages in optoelectronic devices that can
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be enabled, including monolithically integrated lasers, detec-
tors, solar cells, and transistors.[>~7] Nevertheless, this inte-
gration strategy is challenged by the conjunction of large lat-
tice and polarity mismatches, especially for the heteroepitax-
ial growth on Si substrate (13% lattice mismatch with GaSb).
These large mismatches easily give rise to planar defects, the
antiphase boundaries (APBs) and misfit dislocations in epi-
taxial layers, which can reduce the device performance and
reliability. Fortunately, ion-slicing technique appears to con-
duce to the further development of heterogeneous integration
between the mismatched materials. Ion-slicing technique was
developed first by Bruel in 1995, and now it has been success-
fully applied to the mass production of Si-on-insulator wafers
(SOI).®! In the ion-slicing technique, the light elemental ion
implantation followed by wafer bonding and annealing allows
relatively thick layer to slice and transfer from a donor sub-
strate to a host material without worrying about the physical
mismatch in heteroepitaxial growth. During annealing, the va-
cancies are introduced by the ion implantation and light ele-
mental ions precipitate into the formation of platelet defects
in nanometer dimensions, which progressively grow by Ost-

wald ripening.!>>!°! With the concentration of the implanted
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ions increasing in platelet defect, the platelet defect evolves
and finally coalesce to form micro-cracks.!”! The further ther-
mal evolution of the micro-cracks leads to the fracture phe-
nomenon, including blistering or exfoliating on the surface.
When a stiffener is intentionally bonded onto the wafer sur-
face, the overall layer, parallel to the wafer surface, can be
split.['"] Hence, the ion-slicing technique can not only avoid
physically mismatching materials to achieve heterogeneous
integration, but also directly peel from the single crystal sub-
strate to produce high- quality single crystal films. Further-
more, one substrate can be transferred multiple times to reduce
the cost, which is important especially for the expensive mate-
rials. This method has been extended to the area of compound
semiconductors, such as Si-based InP, SiC, GaN, and Ga;03,
LiTbO3.12716 Some researches of the exfoliation or blistering
behaviors of GaSb under different ion implantation conditions
have been conducted,!'-'°) but no report shows that the high-
quality GaSb layer has been transferred onto the Si substrate
successfully by ion-slicing technique so far.

In this study, the splitting mechanism of GaSb is analyzed
in detail. Combining direct wafer bonding, the GaSb layer
is successfully transferred onto the Si/SiO, substrate to form
high-quality GaSb-on-insulator (GaSbOI) structure.

2. Experimental details

The 350-um-thick N-type (100) GaSb wafers having 2-
inch (1 inch=2.54 cm) diameter were used in this study. The
GaSb wafers were implanted by 75-keV H ions supplied from
Nissin-implanter, respectively, with a fluence of 2x10'® cm™2
and 5x10'% cm~2 at room temperature. In order to avoid chan-
neling effects, the 7° off the wafer normal was performed de-
liberately during the implantation process. After implantation,
some of the GaSb wafers were cut into small samples for being
characterized. Some of the samples implanted with 2x 10'6-
ecm~2 and 5x10'%-cm™2 H ions were annealed at 200 °C and
150 °C with a constant flux of Ny, respectively. The opti-
cal microscope (OM), Leica DM4000M, was used to char-
acterize the surface morphologies of the samples. The strain
variations under different annealing temperatures were char-
acterized by x-ray diffraction (XRD) with Pilips X’Pert x-ray
diffractometer. The cross-sectional transmission electron mi-
croscopy (XTEM), JEOL 2100F field-emission transmission
electron microscope, was adopted to characterize the defects
The quality of the differ-
ent regions in sample was examined by selected area electron
diffraction (SAED). Combined with direct wafer bonding, the
GaSb layer was successfully transferred onto the Si/SiO; sub-

introduced by ion implantation.

strate. The surface topography was characterized by atomic
force microscope (AFM) with Bruker Multimode 8. The
structure of the GaSbOI substrate was characterized by cross-
sectional scanning electron microscopy (SEM) JEOL 7800F.

The quality of the transferred GaSb layer after being annealed
at different temperatures was examined by XRD and Raman
excited by a 514.5-nm laser through using the Horiba Scien-
tific LabRAM HR.

3. Results and discussion

In order to analyze the blistering behaviors, the GaSb
samples implanted with 2x10'%-cm™2 and 5x10'%-cm~2 H
ions are annealed at 200 °C for 1 h. It is obvious that there is
no change on the surface of sample implanted with 2x10'6-
c¢cm~2 H ions, while there are many bubbles and exfoliations
on the surface of sample implanted with 5x10'®-cm™2 H ions
as shown in Figs. 1(a) and 1(b). The blistering efficiency de-
pends on the extent of the damage produced by ion implan-
tation because it affects the microstructure of the implanted
sample. This microstructure is affected by the ion fluence.?"!
The low ion fluence forms not only a small number of de-
fects, but also the internal pressure of the defects which is not
enough to overcome the facture energy of substrate, so no bub-
bles occur on the surface, which is regarded as a behavior of
sample implanted with 2x10'®-cm™2 H ions. Owing to the
nature of easy oxidation, the annealing temperature for GaSb
must be lower. Therefore, the GaSb samples implanted with
5x10'®-cm™2 H ions are annealed at 150 °C for 3 min and
1 h, respectively. As shown in Fig. 1(c), when the annealing
time is 3 min, a large number of uniformly distributed bubbles
appear on the surface. With the annealing time extending to
1 h, there is no significant increase in the volume of the bub-
bles, while some exfoliations occur on the surface as shown in
Fig. 1(d). During annealing, the defects need enough energy to
migrate and coalesce together. Hence, for the GaSb implanted
with 5% 10'%-cm~2 H ions, the annealing at 150 °C can meet
the energy demand for the defect evolution to deform the sur-
face causing blistering or exfoliation, which is necessary for
the GaSb layer transfer.

5%10'9om=2H
200°C forl h

2x10'%cm2H

200°C for 1 h ki

1 mm
|

©

5x10'cm2H
150 °C for 3 min

1 mm
1 |

Fig. 1. OM image of GaSb implanted with (a) 2x10'®-cm~2 H ions, (b)
5x10'°-cm~2 H ions after being annealed at 200 °C for 1 h, 5x 1010-cm=2
H ions after being annealed at 150 °C for (c) 3 min and (d) 1 h.
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During annealing, the driving force of defect evolution
is the strain introduced by the ion implantation. The XRD is
used to analyze the strain variation of the GaSb sample im-
planted with 5x 10'®-cm~2 H ions after being annealed at dif-
ferent temperatures. Figure 2(a) shows the @/20 XRD scans
along the GaSb (004) reflections. Compared with the virgin
GaSb, the implanted GaSb sample presents additional scat-
tered intensity for angles lower than the Bragg angle, indicat-
ing that there is an out-of-plane tensile strain introduced by ion
implantation.>!l As reported early , the most distant fringe
from the Bragg angle corresponds to the maximum strain in
the GaSb sample.?!! With the temperature increasing, the ad-
ditional scattered intensity decreases gradually until it disap-
pears completely at 130 °C. It indicates that the increase in
the annealing temperature promotes the evolution of defects,
resulting in the release of strain. The 130 °C corresponds to
a defect transition temperature, at which the strain introduced
by ion implantation is fully released. In order to analyze the
defect formation, the XTEM is utilized to characterize the
microstructure for the GaSb sample implanted with 5x10'6-
cm~2 Hions after being annealed at 130 °C. Figure 2(b) shows
the cross-sectional TEM image and the inset displays the H
ion distribution and displacement per atom (DPA) distribution
simulated by SRIM 2008.1??) The DPA is commonly used to
evaluate the degree of radiation damage to materials. Itis obvi-
ous that the ion implantation gives rise to a damaged layer con-
sisting of large density of defects in the GaSb sample as shown
by the red dashed line. The damaged layer is 250-nm thick
and 500-nm away from the surface. The maximum damage is

130 °C

—~
o
N

Density (102! cm~3)
o = =

110 °C

90 °C

around the upper boundary of damaged layer, while the peak
of the H ion distribution is located in the middle of the dam-
aged layer. Figure 2(c) shows the high-resolution TEM image
for the damaged layer region in Fig. 2(b). Some platelet de-
fects, parallel to the surface, appear in the damaged layer. Just
like the H ion implantation into the Si substrate, the implanted
H ions and some of the vacancies generated by the implanta-
tion coprecipitate during annealing and from two-dimensional
circular objects named platelet defect.!'”) The platelet defects
serve as the precursors of the microcracks, which are essen-
tial for the layer splitting. Hence, the formation of platelet
defects causes the strain to release, corresponding to the re-
sults of Fig. 2(a). With the temperature increasing, the driving
force of the evolution of platelet defects is the pressure inside
the defects instead of the strain introduced by ion implanta-
tion. Figure 2(d) shows the SAED images corresponding to
the three regions in Fig. 2(b). The diffraction patterns in three
regions show regular and bright spots rather than diffraction
rings, which proves that the 5 x 10'6-cm~2 H ion implantation
does not make the lattice amorphous in GaSb. However, the
spots in region 1 are a little bigger than the spots in region 2,
which means that in region 1 there are much heavier lattices
disordered than in region 2. All the implanted ions go through
region 1 to region 2. It is reasonable to think that the multiple
collisions between the ions and lattice atoms in region 1 cause
the much heavier lattice to disorder. Hence, the implantation
condition of 5x10'6-cm~2 H ions is suitable to the splitting of
the GaSb layer.

(c)

Platelet def

70 °C

13313

101 nm
|

50
Before
nnealing
P | | I I T |
29.8 30.2 30.6
w/26 (°)

Fig. 2. (a) Patterns of ®/26 XRD scan along GaSb (004) reflections for virgin GaSb and GaSb implanted with 5x 10'%-cm~2 H ions after
being annealed at different temperatures; (b) cross-sectional TEM image of GaSb implanted with 5x 10'®-cm~2 H ions after being annealed at
130 °C; (c) high-resolution TEM image for the damaged layer in panel (b); (d) SAED images corresponding to the three regions in panel (b).

Based on the analysis of the splitting mechanism of GaSb,
the process of GaSb layer transfer by ion-slicing technique is
shown in Fig. 3. Firstly, the GaSb wafer is implanted with
5%10'%-cm™ H ions at 75 keV. Then, the implanted GaSb

wafer is bonded with a 4-inch Si0,/Si (100) substrate directly
after the surface has been activated by O, plasma. The O,
plasma activation can remove the contaminants and increase

the density of the dangling bonds on the wafer surface, which
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is beneficial to achieving high bonding strength at low temper-
ature. Subsequently, the bonding pair of GaSb/SiO,/Si (100)
is annealed at 150 °C for 1 h in a furnace with an N, atmo-
sphere to achieve the GaSb layer transfer.

Ton implantation

Wafer bonding

GaSbOI iy
Splitting

B Si ®SiO, ®m Damaged layer m GaSb

Fig. 3. Flowchart of our scheme for GaSb layer transfer by ion-slicing tech-
nique.

Figure 4(a) shows the images of the bonding pair of of
GaSb/Si0,/Si (100) after being annealed at 150 °C for 1 h. It
is obvious that the upper GaSb wafer is broken up into small
pieces. With linear thermal expansion coefficients of Si and
GaSb being 2.6x107% C~! and 7.75x107® C~!, there is a
large thermal mismatch between Si and GaSb. During anneal-
ing, a huge thermal stress introduced by the large thermal mis-

GaSb

substrate. -

10 nm

L]

S4700 10.0kV 12. 2018

match exceeds the fracture energy of GaSb, causing the GaSb
wafer to be broken. The annealing process needs to be fur-
ther optimized to reduce the thermal stress, including reduc-
ing the rate of heating and cooling. After removing the pieces
of GaSb wafer, the GaSb layer is transferred onto the SiO,/Si
substrate to fabricate the GaSbOI substrate, which is shown
in Fig. 4(b). Owing to the huge thermal stress resulting from
debonding, the GaSb layer in some region is not successfully
transferred onto the SiO,/Si substrate. The surface topography
of the GaSb is characterized by AFM as shown in Fig. 4(c).
The scan covers an area of 5 um x5 pum. The transferred GaSb
layer has a high surface roughness of 27 nm, which should
be polished to be sufficiently smooth for subsequent epitaxial
growth. The GaSbOl substrate shows distinct three layers, in-
cluding GaSb layer, SiO; layer, and Si substrate, respectively,
as shown in Fig. 4(d). The thickness of GaSb layer is around
630 nm, corresponding to the maximum peak of H ion distri-
bution in Fig. 2(b). Figure 4(e) shows a typical cross-sectional
TEM image of GaSbOI, which reveals a sharp and smooth
bonding interface between GaSb substrate and SiO,/Si sub-
strate. The quality of the transferred GaSb layer is evaluated
by high-angle annular dark field-STEM (HAADF-STEM) as
shown in Fig. 4(f). In the HAADF-STEM image, the atoms
of GaSb are arranged in regular lattice structure without any
visible misfit dislocations, which proves that the GaSb layer

has a perfect single-crystal structure.

Rms =27 nm
e

Fig. 4. (a) Photo for GaSb/Si bonding pair after being annealed at 150 °C for 1 h; (b) photo of GaSb layer transferred on Si substrate; (c) AFM
image for transferred GaSb layer; (d) SEM image of GaSbOl structure; (e) cross-sectional TEM image of GaSbOlI; (f) HAADF-STEM image

for transferred GaSb layer.

The quantitative characterization of the quality of the
transferred GaSb layer is evaluated by x-ray rocking curve
(XRC) measurement. The normalized (004) XRDs of the bulk
GaSb substrate and the transferred GaSb layer before and af-
ter being annealed at 200 °C are shown in Fig. 5(a). Obvi-

ously, an additional scattering peak appears to be lower than

the Bragg angle of GaSb, while the peak disappears after be-
ing annealed at 200 °C. Additionally, the full width at half
maximum (FWHM) of the XRCs of the GaSb layer before
and after being annealed remains constant, about 77 arcsec,
which is slightly higher than that for the bulk GaSb substrate

(20 arcsec). Therefore, it is reasonable to speculate that there

076103-4



Chin. Phys. B 31, 076103 (2022)

are some defects in the transferred GaSb layer, which reduces
the crystalline quality and cannot be recovered after being an-
nealed at 200 °C. The FWHMs of the XRCs of the GaSb layer
before and after being annealed are significantly larger than
that of virgin GaSb. The ion implantation will introduce a
damaged layer containing large density of defects in the GaSb
substrate as shown in Fig. 2(b). Although the GaSb layer split-
ting occurs in the damaged layer, there are still many residual
defects in the transferred GaSb layer. After being annealed at
200 °C, only part of the defects recombin and disappear due to
the restricted energy. Hence, these residual defects in the GaSb
layer causes significantly larger FWHM of the XRCs even af-
ter being annealed at 200 °C. In order to characterize the de-
fects in the as-transferred GaSb layer, the Raman spectrum is
utilized to analyze the components of the region near to the
surface of the GaSb layer before and after being annealed at
200 °C as shown in Fig. 5(b). The GaSb layer is found to have
typical first-order TO mode and LO mode before and after be-
ing annealed, and so is the virgin GaSb substrate, while an
additional peak appears at around 155 cm™' for the GaSb be-
fore being annealed as shown by the black dashed line square.
As reported early , during annealing, the segregation of Sb el-
ement easily happens to form a peak at about 155 cm™! in Ra-
man scattering spectrum.??! After being annealed at 200 °C,
it is reasonable to believe that the atoms near to the surface of
GaSb layer are rearranged to recover the crystalline structure.
Hence, the annealing at 200 °C is essential for GaSb layer to
improve its crystalline structure.

1.0F (a) — Virgin GaSb
—— Transferred GaSb layer
0.8t —— Annealing at 200 °C
0.6
FWHM:
0.4F 77 arcsec

0.2

—400 0 400

Normalized intensity (arb. units)

800
Aw (arcsec)

1.0} (b) TO —— Transferred GaSb layer
—— Annealing at 200 °C
0.8} —— Virgin GaSb

Normalized intensity (arb. units)

200 400 600 800
Raman shift (cm™1)

Fig. 5. (a) Normalized (004) XRCs for bulk GaSb substrate and transferred
GaSb layer before and after being annealed at 200 °C; (b) normalized Ra-
man spectrum for virgin GaSb and transferred GaSb layer before and after
being annealed at 200 °C.

4. Conclusions and perspectives

In this work, we analyzed the blistering and exfoliation
behaviors of GaSb after H ion implantation and confirm the
suitable ion implantation fluence of 5x10'%-cm~2 H ions for
GaSb layer transfer. During annealing, the strain introduced
by the H ion implantation as the driving force accelerates the
coprecipitation of the implanted H ions and some of the va-
cancies generated by the implantation to form the platelet de-
fect. With the temperature increasing, the pressure inside the
platelet defects, instead of the strain introduced by ion implan-
tation, drives the platelet defects to evolve. Based on the anal-
ysis of the splitting mechanism of GaSb, the monolithic inte-
gration of high-quality GaSb layer with SiO,/Si substrate is
successfully achieved by the ion-slicing technique. The crys-
talline quality of the GaSb layer can be further improved by
annealing at 200 °C. The high-quality heterogeneous integra-
tion of GaSb on the SiO,/Si substrate promises to become a
novel platform for infrared applications.
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