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Exfoliation of β-Ga2O3 Along a Non-Cleavage Plane Using Helium
Ion Implantation
Michael E. Liao, ∗,z Yekan Wang, Tingyu Bai, and Mark S. Goorsky

University of California, Los Angeles, Los Angeles, California 90095, USA

An important step in the successful transfer of controlled thickness, wafer-scale β-Ga2O3 layers is demonstrated through exfoliation
via helium ion implantation. He+ ions were implanted into epi-ready (010) β-Ga2O3 substrates at room temperature with an ion
energy of 160 keV and a dose of 5 × 1016 cm−2. The implanted substrate was then annealed at 200°C followed by 500°C. The lower
temperature step initiated He bubble nucleation while the higher temperature step promoted He bubble growth at the projected range
beneath the substrate surface. No surface blistering was observed after the 200°C anneal. After the 500°C anneal step, micron-sized
surface blistering covering the entire implanted area was observed, confirming exfoliation of β-Ga2O3 along a non-cleavage plane.
Triple-axis X-ray diffraction ω:2θ measurements showed that after annealing at 500°C, the implantation-induced strain was removed.
The ω scans showed some peak broadening after the low temperature step and more extensive broadening after the high temperature
step; this observation corresponds to an increase in lattice plane tilt due to the formation of He bubbles at the projected range. Prior to
annealing, scanning transmission electron microscopy images showed a dark contrast at the projected range due to the implantation
of a high concentration of He ions. After the 500°C anneal, large cracks at the projected range were observed. These observations
match early reports of silicon blistering which, when combined with established direct wafer bonding practices, is expected to lead
to large-scale transfer of controlled thickness β-Ga2O3 layers along non-cleavage-plane orientations.
© 2019 The Electrochemical Society. [DOI: 10.1149/2.0051911jss]
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β-Ga2O3 is a wide bandgap semiconductor material that is suitable
for high-power device applications.1,2 While β-Ga2O3 has one of the
lowest thermal conductivity values compared to other wide bandgap
semiconductors, integration with higher thermal conductivity materi-
als can play a key role in implementing β-Ga2O3 in next-generation
high-power applications. In the current literature, heterostructures in-
corporating thin films of β-Ga2O3 grown on various materials such as
GaN3,4 and sapphire5,6 have already been reported. However, due to
the lattice mismatch between dissimilar materials, epitaxy can achieve
only a limited number of orientations of β-Ga2O3 depending on the
growth substrate.7,8 Orientation is a crucial parameter to control since
many of the properties of β-Ga2O3 are anisotropic due to its low-
symmetry monoclinic crystal structure. For example, the [010] direc-
tion exhibits the greatest thermal conductivity while along the [100] di-
rection the thermal conductivity is lower by ∼ 60%.9 This is especially
important for heterojunction structures since the thermal conductivity
of a heterojunction interface is dominated by the material with the
lowest thermal conductivity.10 A theoretical study of the electronic
properties of β-Ga2O3 showed that the hole effective mass may range
from 0.40mh to 40mh depending on the crystallographic direction,
where mh is the hole rest mass.11 Coefficients of thermal expansion
(CTE) are pertinent to optimizing processing parameters and even the
magnitudes of the CTE along the unit cell axes are not the same, with
the a-axis having the lowest value and b-axis the largest.12 Thus, mate-
rials integration via direct wafer bonding will enable a myriad of both
orientation and material combinations not realizable through epitaxy.8

Clearly it is essential to have access to any arbitrary orientation in order
to fully utilize the benefits of β-Ga2O3.

Recent work by Kwon et al.,13 and Tadjer et al.,14 have demon-
strated a mechanical exfoliation method using tape for obtaining
∼300 nm to 530 nm thick (100)-oriented, small area β-Ga2O3 lay-
ers and transferring the layers to various substrates such as sapphire
and diamond. That approach takes advantage of the fact that the (100)
plane is one of the two primary cleavage planes15,16 (the other is (001))
for β-Ga2O3. Some of the challenges associated with that approach are
its incompatibility with large-scale processing and limited crystallo-
graphic orientation, i.e. only the (100) and (001) cleavage planes are
suitable for this method. Areas of up to only ∼0.4 mm2 were success-
fully transferred to substrates using this mechanical approach.14 Ad-
ditionally, Kwon et al.,13 points out that the thickness of the exfoliated
layer from using the tape approach is difficult to control and recycling
substrates for subsequent exfoliation becomes more difficult with each
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extraction. On the other hand, ion implantation has been shown to ex-
foliate large wafer-scale areas for many semiconductors.17,18 When
used in conjunction with direct wafer bonding, large areas of thin lay-
ers can be transferred to a handle substrate.18 In addition, thickness is
a very well-controlled parameter for exfoliation using ion implanta-
tion, and can range from nanometers to microns,19 depending on the
implant energy. Post-exfoliated substrates are also easily recyclable
for subsequent exfoliation.18,20,21

First introduced to exfoliate layers of silicon, ion implantation of
hydrogen17 or helium22 and subsequent annealing was used to produce
silicon-on-insulator structures. Under the appropriate annealing con-
ditions, an implanted substrate surface will blister from the nucleation
and growth of hydrogen or helium gas bubbles present near the im-
planted species projected range beneath the substrate surface. Surface
blistering is an indication of successful exfoliation. If an implanted
substrate is bonded to a handle substrate prior to any blister-inducing
anneal, uniform wafer splitting can be achieved, resulting in a large-
area thin layer transferred to a handle substrate.17,18 The current liter-
ature and previous efforts have further extended the efficacy, analysis,
and understanding of hydrogen or helium implantation to silicon,23–25

germanium,26 III-V materials,18,27–29 and II-VI materials30 where con-
trollable wafer-scale areas of thin layers for various semiconductor
materials were successfully exfoliated and transferred. Using ion im-
plantation for thin-film integration naturally fits in the large-scale set-
ting, as outlined by Hayashi et al.:18 (1) hydrogen or helium ions are
implanted in a substrate, (2) the implanted substrate and a handle
substrate are direct wafer bonded, and (3) the bonded structure is an-
nealed to promote exfoliation. Regarding β-Ga2O3, there have been
recent reports of direct wafer bonding of 655-μm and 680-μm thick
β-Ga2O3 substrates with SiC by Lin et al.,10 and Xu et al.,31 respec-
tively, but there are currently no reports on exfoliating β-Ga2O3 using
ion implantation. The ability to exfoliate β-Ga2O3 from non-cleavage
plane surfaces, such as (010), makes new device structures possible.

Experimental

Epi-ready, unintentionally Si-doped (concentration of ∼1 ×
1017 cm−3) Novel Crystal Technology, Inc.32 (010) β-Ga2O3 substrates
were implanted at room temperature with He+ at an energy of 160 keV
and a dose of 5 × 1016 cm−2. The implanted substrates were then an-
nealed at 200°C for 12 hours followed by 500°C for up to 6 hours
in air on a hot plate. The samples were in direct contact with the hot
plate and Al foil was used to cover the samples. This anneal sequence
was based on previous work on exfoliation via ion implantation with
other semiconductor materials.18,20,21,25–30 The low temperature step

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 129.49.5.35Downloaded on 2019-11-05 to IP 

http://dx.doi.org/10.1149/2.0051911jss
mailto:meliao@ucla.edu
http://ecsdl.org/site/terms_use


P674 ECS Journal of Solid State Science and Technology, 8 (11) P673-P676 (2019)

Figure 1. ω:2θ (a) and ω (b) triple-axis XRD scans of the (020) symmetric reflection for (i) pre-anneal (post-implant), (ii) anneal at 200°C for 12 hours, and (iii)
anneal at 200°C for 12 hours followed by 500°C for 6 hours. The horizontal solid bars in (b) mark the FW(0.001)M of each ω peak.

is associated with He blister nucleation which could be correlated to
changes in X-ray diffraction (XRD) ω curves and the higher tem-
perature step is correlated with growth of the blisters. We attempted
individual annealing steps at a series of low temperatures to assess the
onset of blister nucleation. After annealing at 200°C for 12 hours, we
observed XRD ω peak broadening but did not observe blistering at
times shorter than 1 hour at 500°C. A high-resolution Bruker-JV D1
diffractometer using triple-axis diffraction12,33,34 was used to measure
ω:2θ and ω scans of the (020) symmetric reflection. Both atomic force
microscopy (AFM) and Nomarski microscopy images were taken to
monitor the surface morphological evolution with annealing. Trans-
mission electron microscopy (TEM) samples were prepared using a
FEI Nova 600 DualBeam focused ion beam system. An FEI TITAN
S/TEM performed at an accelerating voltage of 300 keV was used to
obtain scanning transmission electron microscopy (STEM) images of
the implanted region with the samples aligned to the [102] zone axis.
The implantation parameters were used with SRIM35 to calculate the
projected range of the He ions and the displaced atom profile, which
were then compared to the STEM measurements.

Results and Discussion

The symmetric (020) ω:2θ line scans and ω rocking curves of
the pre-annealed (post-implanted) and post-annealed (after the 200°C
and 500°C anneal steps) implanted substrate are shown in Figure 1. In
this case, the substrate was first annealed at 200°C for 12 hours then
subsequently annealed at 500°C for 6 hours. At the pre-anneal stage,
oscillations are observed to the left of the main substrate peak in the
ω:2θ scan as shown in Figure 1a. These oscillations are associated with
tensile strain induced by the implantation caused by the He ions dis-
placing both the Ga and O atoms from lattice sites. This is a common
occurrence observed in previous work with implanting other semi-
conductor materials.18–21,25–30 The furthest left fringe in the ω:2θ scan
typically corresponds to the maximum strain in the implanted region,19

which is about 1.01%. The strain oscillation intensity decreased and
shifted slightly after annealing at 200°C for 12 hours as shown in
the ω:2θ scan in plots (i) through (iii) of Figure 1a. This indicates a
small amount of diffusion and reconfiguration of the implant-related
defects. The ω scans for the as-implanted and annealed 200°C samples
show full width at half maximum (FWHM) values of 17” in both cases
(which is also the same as the non-implanted material). However, the
ω scan after the 200°C anneal shows peak broadening at the tails of the
peak, e.g. the full width at thousandth maximum (FW(0.001)M), from
the pre-anneal state (310”) to this annealed state (515”) as shown in

Figure 1b. While FWHM values are more commonly reported, previ-
ous work21,25 demonstrated that the tails of ω peaks are more sensitive
to changes in crystallinity, i.e. mosaicity or tilt in the exfoliated layer.
This tail broadening in the ω scan combined with the slight change
in the strain profile from the ω:2θ scan is attributed to He gas bubble
nucleation at approximately the implant projected range beneath the
substrate surface in accordance with earlier work on silicon.25 After
further annealing at 500°C up to 6 hours, the implant-induced strain
was fully relieved, as confirmed by the absence of the strain fringes in
the ω:2θ scan as shown in Figure 1a. In the corresponding ω scan, the
FW(0.001)M further broadened to 915” and the FWHM also broad-
ens to 44”. The further broadening of the ω peak and loss of the strain
is attributed to larger scale defects associated with the implanted He.
These results are consistent with exfoliation in other materials in which
a lower temperature step (200°C in this study) was used to initiate He
bubble nucleation while the higher temperature step (500°C) was used
to induce He bubble growth through diffusion.27

The surface also showed significant differences before and after
the 500°C step and confirms the exfoliation. The surface was then
examined with AFM and Nomarski optical measurements as shown
in Figures 2 and 3, respectively. 40 μm × 40 μm AFM scans of the
post-implanted β-Ga2O3 surface prior to any annealing showed the
same surface morphology and roughness as the pre-implanted surface,
which had a surface root mean square (RMS) roughness of ∼ 0.5 nm,
demonstrating that the as-implanted samples are suitable for subse-
quent wafer bonding. Figure 2a shows the AFM image of the 200°C

Figure 2. AFM scans of the surface after: (a) annealing at 200°C for 12 hours
and (b) annealing at 200°C for 12 hours followed by 500°C for 6 hours. Both
scans have the same height scale (150 nm).
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Figure 3. Nomarski images of surfaces (a) annealed at 200°C for 12 hours
and (b) annealed at 200°C for 12 hours followed by 500°C for 6 hours.

annealed sample. The roughness remained low (∼0.8 nm) after the
low temperature annealing step and exhibited the same morphology
as the pre-annealed surface. Figure 2b shows significant blistering oc-
curs with the 500°C annealing step (6 hours annealing shown here).
On a larger scale (600 μm × 450 μm shown here), the Nomarski
image in Figure 3a also shows no features on the surface after the
200°C anneal. However, as shown in Figure 3b, a uniform distribu-
tion of surface blisters with an 18 μm average diameter is observed
over the entire implanted surface with over one third of the surface
covered with blisters after the 500°C anneal. Not shown here, it was
observed in both Nomarski and AFM images that significant blistering
occurred even after one hour at 500°C. The average blister size after
annealing at 500°C for one hour was 1.4 μm, which was measured
from a 600 μm × 450 μm Nomarski image. The observed surface
blistering and flaking is an indication that exfoliation along the (010)
plane for β-Ga2O3 can be readily achieved, which was an important
step previously demonstrated with other materials.17,18 For the case of
exfoliation or wafer splitting, the implanted material would need to be
bonded to another substrate prior to the high temperature anneal step.
In a bonded structure, the bulk of the substrate below the projected
range provides the necessary mechanical support to force the energy
released during He bubble formation to cause wafer splitting instead
of surface blistering.17

It can be seen from Figure 3b that some of the blisters completely
exfoliated. AFM scans of these exfoliated regions were then measured
to examine the exfoliated region morphology as shown in Figure 4.
The depth of the two exfoliated blisters shown in Figure 4a were both
∼ 0.6 μm. The results from SRIM35 simulation calculations are in
good agreement with these AFM measurements, which predict the
ion projected range to be 0.64 μm with a straggle of 0.15 μm and
a displacement per atom peak at a depth of 0.57 μm with a straggle
of 0.21 μm. In both of these regions shown in Figures 4b and 4c,
distorted rhombus features are observed. However, while there may

Figure 5. HAADF STEM images of the implanted region for (a) post-implant,
pre-anneal and (b) post-anneal at 500°C for 1 hour. The sample was aligned to
the [102] zone axis. The measured projected range is approximately 0.66 μm.

be planar relationships for this observed morphology, we have other
AFM scans of these exfoliated regions and found that the shapes
are somewhat distorted by the AFM measurement itself. Therefore,
we do not wish to make a strong claim about the orientational re-
lationships here and plan to assess this issue later. The average mi-
nor axis and major axis length for the features shown in Figure 4b
are 91 nm and 123 nm, respectively, while for Figure 4c they are
85 nm and 125 nm, respectively. The formation of these features at
the projected range during the anneal process correspond to the ob-
served widening of the ω rocking curves shown in Figure 1b. The
exfoliated regions exhibited a ∼ 4 nm RMS roughness, which can
be smoothened and the features removed with chemical mechanical
polishing.

The TEM samples of both the pre-anneal and post-annealed (500°C
for 1 hour) implanted substrate were aligned along the [102] zone axis.
The high-angle annular dark-field (HAADF) STEM images are shown
in Figure 5. The STEM image of the as-implanted sample shown in
Figure 5a shows a dark band parallel to the surface at a depth starting
approximately at 0.6 μm. The dark contrast band is ∼ 0.01 μm wide
and is likely due to a relatively high He content at the projected range,
which was ∼ 11%. Here, the SRIM35 simulations are also consistent
with the STEM results. After the combined 200°C and 500°C anneal,
a relatively uniform crack feature is observed. The height of the crack
corresponds to the height of the blister directly above on the surface,
which is ∼25 nm for this particular blister shown in Figure 5b. The

Figure 4. A 40 μm × 40 μm AFM scan after the 500°C for 6 hours step (a) capturing two fully exfoliated blisters (the height scale is 1 μm). Figures (b) and (c)
are 2.5 μm × 2.5 μm AFM scans of the exfoliated areas in (a), both having the same height scale of 50 nm. Note that Figure 2b is similar to Figure 4a but the
height scale is much larger for Figure 4a to better show the depth of the craters but the individual blisters are not as readily observed.
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average depth of the crack from the surface is 0.66 μm. To obtain
other thicknesses using He ion implantation, the He ion implantation
energy would be adjusted.

These results can be coupled with the recent studies that have
demonstrated that β-Ga2O3 full wafers can be bonded to other sub-
strates. In one study, β-Ga2O3 was bonded to SiC at room temperature
and subsequently annealed at 200°C to remove some of the damaged
interface.31 However, there was little further analysis concerning the
thermal or electrical properties of the bond. In the other report, good
thermal and electrical transport across a bonded β-Ga2O3 full wafer
/ SiC full wafer interface was achieved after annealing at 1000°C.10

In both of these cases, the wafers were placed in a vacuum cham-
ber and exposed to an energetic argon beam to facilitate subsequent
bonding. Upon bonding, the near surface regions include a damaged
layer on each side of the bond that is typically a few nm thick. The
wafer pairs that received the argon beam treatment must be annealed
at elevated temperatures to remove this damage and to improve the
interfacial properties.36 Our results fit well with the bonding require-
ments. For example, β-Ga2O3 could be bonded to another wafer using
the exposure to an argon beam or simply using a passivation treatment
and subsequent annealing.18,37 The annealing sequence described here
would then lead to the transfer of the thin layer (e.g. ∼ 0.66 μm here but
that could easily range from 60 nm for 10 keV to 1.2 μm for 400 keV
using commercial implanters or even thicker layers using MeV im-
plantation). We note that (at least part of) the 200°C annealing step
can be employed prior to the bonding since the surface roughness
does not change during this step. After bonding, there can be con-
tinued annealing at a low temperature to further improve the bonded
interface and potentially remove any interface damage (e.g. from the
argon beam treatment31,36) and then raised to a high temperature to
achieve exfoliation.

Conclusions

In this study, evidence for β-Ga2O3 exfoliation along the non-
cleavage (010) plane using He ion implantation is provided. Surface
blistering and flaking were observed after annealing at 200°C for
12 hours followed by 500°C for 1 to 6 hours. The anneal tempera-
tures employed in this study are compatible with current direct wafer
bonding procedures of β-Ga2O3 and SiC reported in literature, which
use temperatures of 200°C10 or 1000°C31 to strengthen the hetero-
junction bond. The mechanism of exfoliating with ion implantation is
applicable to a wide variety of semiconductor materials and works for
arbitrary surface orientations.18–21,25–30 The general mechanism is the
nucleation and growth of helium bubbles (or hydrogen as in the liter-
ature for other materials) at the projected range beneath the substrate
surface to achieve surface blistering or wafer splitting. While this ex-
periment was performed on a (010)-oriented β-Ga2O3 substrate, this
process would naturally extend out to other orientations of interest and
is expected to lead to materials integration opportunities to take advan-
tage of the desirable properties of β-Ga2O3 (e.g., high field strength)
while mitigating some of the less desirable properties (low thermal
conductivity).
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