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The defect evolution in InP with the 75 keV H* and 115 keV He™ implantation at room temperature after subsequent
annealing has been investigated in detail. With the same ion implantation fluence, the He™ implantation caused much
broader damage distribution accompanied by much higher out-of-plane strain with respect to the H implanted InP. After
annealing, the H' implanted InP did not show any blistering or exfoliation on the surface even at the high fluence and the
Hj molecules were stored in the heterogeneously oriented platelet defects. However, the He molecules were stored into the
large bubbles which relaxed toward the free surface, creating blisters at the high fluence.

Keywords: ion implantation, defect evolution, ion-slicing, damaged band

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

1. Introduction

Heterogeneous integration of InP with Si has drawn con-
siderable attention because of its excellent ability to achieve
the monolithic integration of the mature Si-based circuits with
the InP-based optoelectronics.!'#1 It is difficult to heteroepi-
taxially grow the high-quality thin InP layer on the Si-based
substrate because of the large lattice mismatch (8% mismatch),
different polarity, and different thermal expansion coefficients
(73.1% mismatch).>-%1 Generally, a large density of defects,
such as threading dislocations and antiphase boundaries will
be introduced in the epitaxial InP layer. Alternatively, the
ion-slicing technology via the H™ or He' implantation and
layer splitting can transfer the high-quality thin layers onto
the mismatched substrates without any physical mismatched
problems in the epitaxial process.!”~1°]

The ion-slicing technology, commercially known as
Smart-Cut™, was developed by Bruel in 1995 and has
been commercially applied to produce 12-inch Si-on-insulator

(SO wafers.['1 In this technique, the defects introduced

DOI: 10.1088/1674-1056/abf640

by the H" and He' implantation agglomerate into over-
pressurized microcracks during annealing, which could cause
the layer splitting process. When the H or He™ implanted
wafer is bonded to a foreign substrate as a stiffener, the layer

12-14] However,

will split parallelly to the bonding interface.!
this process can only occur in the defined parameter windows,
including ion species, ion fluence, and annealing temperature,
because the splitting process strongly depends on the materi-
als. Generally, the H™ or He* implanted wafers before bond-
ing are used to investigate the defect evolution and reveal the
physical mechanism of ion-slicing technique.!!'>~!7! The exfo-
liation process of the InP caused by the HT or He™ implanta-
tion at a narrow temperature window was previously reported.
With the HT implantation, the blistering or exfoliation on the
InP surface could only be achieved in the two narrow implanta-
tion temperature windows (i.e., 150 °C to 250 °C and —20 °C
to 20 °C).!'8191 For the Het implantation, the InP layer could
only be transferred to a Si substrate in a distinct implantation
temperature (—15 °C or 20 °C).I?% Our earlier investigation
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has shown the efficient exfoliation of the InP layer by the co-
implantation of Het and H* at room temperature.!!”! How-
ever, the defect evolution in the InP wafer implanted with the
H™ and He™ at room temperature has not been investigated in
detail.

In this study, we will present the microstructure evolu-
tion upon the He™ and HT implanted InP at room temperature
before and after subsequent annealing. Based on the detailed
investigation of the underlying mechanism of the defect for-
mation, the reasons for the absence and the presence of the
blisters will be clarified.

2. Experimental details

The 2-inch semi-insulating (100) InP wafers were used in
this study. The H™ or He™ implantation was carried out on the
InP wafers at room temperature, respectively. During implan-
tation, the surface normal to the sample was tilted at an angle
of 7° with respect to the ion beam direction in order to avoid
channeling effects. The H™ and He™ energies were taken as
75 keV and 115 keV, respectively, in order to obtain the sim-
ilar ion stopping range (Rp) in the InP. Both fluences of H*
and He™ were 2 x 1" cm™2,5x 1" cm=2 and 1 x 117 cm 2.
The implanted InP wafers were cut into small samples with a
size of 10 mm x 10 mm. Some of the as-implanted samples
were isothermally annealed at 300 °C under a constant flux of
N». The optical microscope (OM), Leica DM4000M, was per-
formed to characterize the surfaces of wafers. The strain intro-
duced by the ion implantation was characterized by the x-ray
diffraction (HXRD) with Philips X’Pert x-ray diffractometer.
The defects created by ion implantation in the InP wafers after
annealing were investigated by the cross-sectional transmis-
sion electron microscopy (XTEM) with a JEOL 2100F field-
emission transmission electron microscope, in which the sam-
ples were prepared by thinning to the electron transparency
using standard focused ion beam (FIB) milling procedures in
the Helions Nanolab 600 workstation.

3. Results and discussion

As the Stopping and the Range of Ion in Matter (SRIM)
calculations?! with the displacement energy of 4 eV and 8 eV
for In and P sublattices,!??! and a density of 4.81 g/cm® for
the InP, the H™ and He™" depth distributions and the dam-
age of displacement per atom (DPA) distributions are shown
in Fig. 1. The Rp of H is almost consistent with that of He™,
approximately 630 nm, as shown in Fig. 1(a). However, the
full width at the half maximum (FWHM) (321 nm) of the He™*
distribution profile is much larger than that (207 nm) of the
H™ distribution profile. In addition, the concentration of H*
is about 1.6 times larger than that of He™ at R, and the H'
shows more concentrated distribution. Figure 1(b) shows the

SRIM-calculated damage profiles of the DPA in InP which are
calculated via using the following equation:

DPA = D@/pay, (H

where D is the number of total displacements (the sum of In
vacancies, P vacancies and replacement collisions events) per
unit length, ¢ is the total fluence, and py is the atomic num-
ber density of the material. The maximum damage depth for
the H" and He" implantation is similar around 560 nm from
the surface which is shallower than the peak ion concentration
(~ 89% R;). The He ions create much more defects than the H
ions which is manifested in the value of the He™ peak damage
of 5.5 DPA, while the H" peak damage is around 0.44 DPA.

7
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Tons concentrations (%)

0 200 400 600 800 1000 1200
Depth (nm)

(b)

Damage (DPA)
w

0 200 400 600 800 1000 1200
Depth (nm)

Fig. 1. (a) The H' and He™ depth profiles and (b) the H" and He™

implantation-introduced damage profiles of DPA simulated by SRIM

2008.21

In order to determine the out-of-plane strain created by

the ion implantation, the InP samples implanted with the H*
and He* fluence of 5 x 1'® cm =2 were performed by the XRD.
Figure 2(a) shows the /20 scan XRD curves in the vicin-
ity of the (004) reflections of InP. It is obvious that there are
many additional scattered fringe patterns at the lower-angle
side of the Bragg angle. It means that the InP lattice in the
ion-implanted layer is expanded, which is manifested by the

(231 The periodicity of the

out-of-plane positive strain gradient.
fringe and lowest-angle fringe characterize the width of the
strain layer and the maximum strain in the InP samples, re-
spectively. It is also obvious that the fringe spacing for the
He™ implantation is smaller than that for the H" implantation,

which indicates a broader strain profile. Moreover, the lower
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scattered intensity for the He™ implantation is indicative of
the higher disorder.!?*! The strain distribution can be extracted
by fitting the XRD patterns basing on the dynamical theory of
x-ray diffraction in a web-based program GID_SL.**! It is rea-
sonable to assume that the lattice strain is proportional to the
He™' and H™ concentrations and the out-of-plane strain follows
the ion profile given in Fig. 1(a). The damaged band is divided
into many adjustable strain sublayers with the given thickness.
The good fit with the experimental curves can be achieved by
gradually modifying the simulated HR-XRD curves.>! The
simulated HR-XRD pattern approaches the experimental data
well as shown in Figs. 2(b) and 2(c). Based on the simulation,
the strain distribution is shown in Fig. 2(d). Both strain pro-
files show Gaussian-like distributions and reach the maximum
values of 1.1% for the H™ implantation and 1.8% for the He™*
implantation, respectively, around the peak region of the Rp,.
Although the strain profiles for both ion implantations show a
similar distribution width, the He™ implantation introduced a
much larger strain gradient. As the previous report, the out-of-
plane strain introduced by the ion implantation is the driving
force of the nucleation and growth of defects.[201 Moreover,
the coalescence of the platelets to form microcracks is driven
by the relaxation of the stress (out-of-plane strain).'?”! Hence,
benefiting from the large strain gradient, the He™ implantation
may be more effective to achieve the blistering or exfoliation
on the surface of the InP.

After the implantation of He™ and HT with fluence of
2x 1% em2, 5% 1'% ecm™2, and 1 x 1'7 ¢cm™2 at room tem-
perature, respectively, there was no blister formation on the
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surface of the implanted InP (not shown here). In order to
check whether it is possible to obtain the surface blisters af-
ter post-annealing, the as-implanted samples were annealed at
300 °C in a flowing N, ambient. The variations of surface
morphology as the ion fluence and ion species were illustrated
by the OM images in Fig. 3. In the case of H" implantation,
there was no blister or exfoliation observed on the InP surface

—2 as shown

even when the H fluence reached 1 x 1'7 cm
in Fig. 3(a). This phenomenon is in agreement with the re-
sults in the previous reports, in which only two distinct H*
implantation temperature ranges (i.e., 150 °C to 250 °C and
—20 °C to 20 °C) can potentially lead blistering or exfolia-

18,19.28] The implan-

tion on the surface of InP after annealing. !
tation temperature is the primary influence factor for the H*
implantation to achieve the InP layer transfer. In the case of
He™ implantation, with the fluence below 5 x 1'° em~2, no
blister or exfoliation was observed on the surface as shown
in Fig. 3(b). However, by further increasing the Het fluence
to 1 x 17 cm~2, a large density of blisters appears uniformly
on the surface, as shown in Fig. 3(b). Previously, the blisters
on the surface of InP with the low He' implantation fluence
(5 x 1'® cm™2) can be achieved only at the low implantation
temperature (—15 °C or 20 °C).[?9 It is well known that the
implantation temperature is very hard to be controlled due to
its high sensitivity to the mode of clamping the wafer to the
chuck and the ion flux. Hence, InP layer transfer by the He™
implantation at room temperature is promising to be achieved
at higher fluence of He™ instead of the low implantation tem-
perature.

He: 5106 cm—2 (b)
[ — experimental data

—— simulated data

31.2 314 316 31.8

31.0 32.0
w/20 (°)
2.0 —5X10" em ™2 H (d)
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Fig. 2. (a) The /26 scan XRD curves along the InP (004) reflection for InP implanted with 5 x 10'® ¢cm™2 H* and He™. (b) and (c) The
simulated and the experimental HR-XRD patterns. (d) The simulated out-of-plane strain profiles.
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2x10'6 H

5x10'6 H

2x10'6 He 5x1010 He

Blisters

/o

1x10'7 He

Fig. 3. The OM images of InP implanted with 2 x 101 cm=2, 5 x 10'® cm=2, 1 x 107 cm~2 (a) H* and (b) He™ after annealing at 300 °C for 1 h.

(b)

platelet defe

500 nm

(d)

nan_o_bubb

Fig. 4. The XTEM images of the InP: (a) the 5 x 10'© cm~2 H* implanted sample annealed at 300 °C for 1 h; (b) an amplified image of the
damaged band in (a); (c) the 5 x 10'® cm~2 He*t implanted sample annealed at 300 °C for 1 h; (d) an amplified image of the damaged band in (c).

To understand the different behaviors of the He™ and H
inside InP matrix after annealing, we analyzed the microstruc-
ture via the XTEM. The H' implantation with subsequent an-
nealing at 300 °C for 1 h, introduced a damaged band consist-
ing of a large density of defects in the InP sample, as shown in
Fig. 4(a). The damaged band extends approximately to 300 nm
width and is located at 570 nm from the surface of the InP
wafer. The higher magnification XTEM image of the dam-
aged band is shown in Fig. 4(b), which clearly shows a small

number of platelet defects approaching the upper boundary
of the damaged band. These platelet defects are two dimen-
sional discs which results from the co-precipitation of vacan-
cies and hydrogens, with internal surfaces passivated by hy-
drogen and internal space filled with Hy molecules under high
pressure. However, the large concentration of platelet defects
is inclined at arbitrary angles with respect to the (001) sur-
face with few (001) oriented platelet defects and these platelet
defects’ orientations are related to the strain magnitude.*’!
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The more platelet defects are well oriented (parallel to the
surface), the more likely the cleavage occurs. As shown in
Fig. 4(c), the He™ implantation also introduces a damaged
band at the depth of 560 nm corresponding to the maximum
damaged depth simulated by SRIM in Fig. 1(a). The dam-
aged band extends to about 260 nm, which is much smaller
than that introduced by the HT implantation. In the higher
magnification XTEM image of the damaged band shown in
Fig. 4(d), it can be found that a large number of bubbles dis-
tribute through the entire damaged band with a small number
of nanobubbles around the upper boundary, which is quite dif-
ferent from the defects introduced by the H™ implantation. As
the previous reports, the He™ implantation could create a large
number of spherical nanobubbles with a diameter of a few
nanometers.!'>3% During annealing, the nanobubbles agglom-
erate via Ostwald ripening (diffusion of vacancies and He gas
from the small ones to the large ones) and assist in the forma-
tion of the large bubbles.!?°! Then when the density of bubbles
is higher enough and the distance between bubbles is small
enough (overlap of strain field), coalescence between bubbles
will occur and then the large cavities will form. These cavities
which are pressurized by He gas, relax to the free surface and
create blisters on the surface.3! So, at the 1 x 10'7 He* / cm?
and after annealing at 300 °C for 1 h, the He atoms and va-
cancies can diffuse locally to form bubbles, and the InP matrix
stored enough strain to make the coalescence of the bubbles
favorable. Hence, the He™ ion implantation at this condition
is more efficient to split the InP layer from the InP wafer than
the H implantation.

4. Conclusion

A detailed investigation about the mechanism of defect
evolution in the InP implanted with the H™ and He™ at room
temperature was carried out. Compared with the H™ implanta-
tion, the He™ implantation introduced a much broader FWHM
of the distribution profile and more damage in the InP even
with the same ion fluence. Additionally, the larger strain gra-
dient caused by the He™ implantation is favorable for the de-
fect migration. After annealing, although there are few platelet
defects in the damaged band of the H' implanted InP, the blis-
ters and exfoliation do not form due to the arbitrary angles of
the platelet defects. In contrast, the He™ implantation could
introduce more concentrated bubbles. By increasing the ion
fluence to 1 x 17 He™/cm?, the blisters appeared on the sur-
face. Hence, it is promising to achieve the InP layer transfer
by the He™ implantation with the higher fluence at room tem-
perature.
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