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Bubble evolution in low energy and high dose He-implanted 6H-SiC upon thermal annealing is studied. The
⟨0001⟩-oriented 6H-SiC wafers are implanted with 15 keV helium ions at a dose of 1×1017 cm−2 at room tempe-
rature. The samples with post-implantation are annealed at temperatures of 1073, 1173, 1273, and 1473K for
30min. He bubbles in the wafers are examined via cross-sectional transmission electron microscopy (XTEM)
analysis. The results present that nanoscale bubbles are almost homogeneously distributed in the damaged layer
of the as-implanted sample, and no significant change is observed in the He-implanted sample after 1073K annea-
ling. Upon 1193K annealing, almost full recrystallization of He-implantation-induced amorphization in 6H-SiC is
observed. In addition, the diameters of He bubbles increase obviously. With continually increasing temperatures
to 1273K and 1473K, the diameters of He bubbles increase and the number density of lattice defects decreases.
The growth of He bubbles after high temperature annealing abides by the Ostwald ripening mechanism. The
mean diameter of He bubbles located at depths of 120–135 nm as a function of annealing temperature is fitted in
terms of a thermal activated process which yields an activation energy of 1.914+0.236 eV.

PACS: 28.41.Qb, 61.80.Jh, 61.82.Fk, 81.40.Wx DOI: 10.1088/0256-307X/34/5/052801

Due to its excellent physical, electronic and optical
properties, great efforts have been taken to exploring
the potential of silicon carbide (SiC) for the develop-
ment of high-temperature, high-power, high-frequency
electronic devices as well as for structural components
in nuclear energy and waste technologies due to a
low cross-section for neutron capture and its excel-
lent structural, chemical and mechanical stability.[1−3]

Energetic He atoms can be formed through nuclear
reactions within SiC and will accumulate and cause
degradation of material properties. However, in se-
miconductor technology, it has been shown that He
implantation-induced cavities can effectively trap me-
tallic impurities in SiC, to satisfy the requirements for
the future development of microelectronic devices.[4]

The cavities can trap self-interstitials to inhibit the
transient enhanced diffusion.[5] In parallel, the mi-
crocavities that coalesce through the entire substrate
can transfer one entire layer to another substrate
to enable the fabrication of SiC-on-insulator (SiCOI)
structures.[6] Deep level transient spectroscopy mea-
surements have reported that cavities present deep le-
vels localized near the middle of band gaps. There-
fore, these cavities can also be used for the generation
of recombination centers to control the charge carrier
lifetime in the active region of SiC power devices.[7] In
silicon, recent studies have reported that cavities can
effectively trap oxygen and self-interstitials to enable
the fabrication of SOI structures with low lattice de-
fects compared with those obtained through separa-
tion by implanted oxygen.[8−10] It may be a similar
phenomenon for fabricating SiCOI structures via he-
lium and oxygen co-implantation into SiC. The under-
standing of He implantation effects in SiC is therefore

of primary importance. The irradiation-induced bub-
bles evolve into cavities due to gas desorption under
annealing and lattice defects of He-irradiated SiC have
been extensively investigated. Zhang et al. studied the
relation of implantation temperature and threshold
dose for forming nanoscale bubbles.[11] The dose thres-
hold is about 0.35 at.% of the He-concentration peak
for room-temperature (RT) implantation, and it incre-
ases to a value from 1.5 to 2.7 at.% of He-concentration
peak for 500K implantation. Beaufort et al. investi-
gated the distribution of the cavities in 1.6MeV He-
implanted 4H-SiC at a dose of 5 × 1016 cm−2 at RT
followed by 1773K annealing.[12] Three different zones
can be distinguished. They observed a low density of
cylindrical cavities lying on the basal plane in front
of the He implantation-induced amorphization zone.
The largest cavities are located at a depth between the
He damage peak and the He concentration peak. A
high density of faceted cavities is located in back of the
He implantation-induced amorphization zone. Increa-
sing dose to 1 × 1017 cm−2, circular and faceted bub-
bles are formed in the middle of the damaged band.[13]

However, Zhang et al. investigated the distribution
of He-implantation-induced bubbles in the 30 keV He-
implanted 4H-SiC at a dose of 2× 1017 cm−2 at 500K
followed by 1173K annealing.[10] There are larger pla-
nar clusters of bubbles at both boundaries of the bub-
ble layer and smaller spherical bubbles in the middle of
the bubble layer. Barbot et al. observed bubbles with
1–2 nm in diameter homogeneously distributed in the
damaged band of the 50 keV He-implanted 4H-SiC at
a dose of 1 × 1017 cm−2 at 973K in the as-implanted
state.[12] Upon 1773K annealing, initial nanoscale sp-
herical bubbles evolve into large rectangular paralle-
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lepiped cavities with facets parallel and perpendicu-
lar to the surface. Numerous studies have been de-
voted to He implantation with energy ranging from
tens of keV to MeV into SiC for the study on bub-
ble formation.[11−14] Few studies related to low energy
He implantation, nevertheless, low energy implanta-
tion is well suited for the application of semiconduc-
tor technologies. In the present work, the formation
and evolution of He bubbles in 15 keV He-implanted
6H-SiC have been studied as a function of the sub-
sequent annealing temperature. Using both conven-
tional transmission electron microscopy (CTEM) and
high resolution TEM (HRTEM) the bubble distribu-
tion after recrystallization has been observed.
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Fig. 1. The distributions of lattice damage in units of
dpa and the deposited concentration of He in 6H-SiC im-
planted with 15 keV He ions at a dose of 1 × 1017 cm−2,
overlaid on the corresponding XTEM bright-field micro-
graph of the as-implanted 6H-SiC sample.

The 6H-SiC wafer oriented ⟨0001⟩Si surface with
0.3mm thickness supplied by the MIT company was
implanted by 15 keV He ions at a dose of 1×1017 cm−2

with a current density of approximately 1.0µAcm−2.
The sample holder was kept at RT during He implan-
tation. The implantation damage in displacements
per atom (dpa) and concentration were simulated by
SRIM-2008 (using C and Si sublattice displacement
energies of 20 and 35 eV, respectively, and density
of 3.21 g cm−3).[15] The results are shown in Fig. 1.
The mean projected range 𝑅p is about 115 nm with
a straggling of ∆𝑅p to be about 75 nm. The He-
concentration peak is 12% and the damage peak is
over 3.5 dpa. The implantation experiment was per-
formed in the 320 kV multi-discipline research plat-
form for highly charged ions of the Institute of Mo-
dern Physics, Chinese Academy of Sciences (CAS).
Post-implantation, the wafer was cut into several pie-
ces and then isochronally annealed in a tube furnace
at temperatures of 1073, 1173, 1273 and 1473K for
30min in a vacuum.

Microstructural evolution of the He-implanted 6H-
SiC upon annealing was investigated via TEM using
a Tecnai G20 operated at 200 kV and was equipped
with a double tilt goniometer stage. The fabrication
process of cross-sectional TEM (XTEM) samples has
been described in our previous report.[16] The bubbles
were imaged in under-focused and over-focused con-
ditions to highlight the bubble edges with the Fresnel

contrast.
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Fig. 2. Over-focus XTEM bright-field micrographs of
6H-SiC implanted with 15 keV He ions at a dose of 1 ×
1017 cm−2 at RT: (a) as-implanted state, after annealing
at (b) 1073K, (c) 1173K, (d) 1273K, and (e) 1473K for
30min. The electron diffraction patterns of the damaged
layer before and after annealing at 1173K are shown in
the insets of (a) and (c), respectively.

Figure 1 presents a contrasting region with a width
of approximately 180 nm centered at a depth of ap-
proximately 110 nm. It is located at the depth region
between the maximum He-induced displacement and
the maximum He deposition as simulated using SRIM-
2008. There are dense bubbles with 1–2 nm in diame-
ter located in the inner amorphous zone, as verified by
selected area electron diffraction (inset of Fig. 2(a)).
The over-focused bright-field XTEM images presen-
ted in Figs. 2(a)–2(e) depict the bubbles in the damage
zone of He-implanted 6H-SiC, as-implanted state, af-
ter annealing at 1073K, 1173K, 1273K and 1473K,
respectively. To investigate the bubble formation in
the damage zone, the depth and diameter distributi-
ons of the He bubbles for all five conditions are plotted
in Fig. 3. In the as-implanted sample (see Figs. 3(a)
and 3(b)), numerous He bubbles are distributed from
20 nm in depth to 180 nm into the bulk. The bubbles
are spherical in shape and are almost homogeneously
distributed. The mean diameter of observed nanos-
cale bubbles at the depth distribution range from 1.5
to 2 nm and the majority of the bubbles have dia-
meters of 1.4–1.8 nm. In the near surface zone, no
bubbles can be observed. After annealing at 1073K
(see Figs. 3(c) and 3(d)), the mean diameter and dis-
tribution of the bubbles are similar to the case of the

052801-2

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn


CHIN.PHYS. LETT. Vol. 34, No. 5 (2017) 052801

as-implanted sample. After annealing at 1173K, the
diameters of the bubbles have changed significantly,
as shown in Figs. 3(d) and 3(e). The diameter and
number density of the bubbles are inhomogeneously
distributed. He bubbles are distributed from 30 nm
in depth to 150 nm into the bulk and the mean dia-
meters of the bubbles have a range of 2–7 nm. The
mean diameters of the bubbles with depth present a
Gaussian-like distribution. The minimum diameter of
the bubbles is located at both boundaries of the bub-
ble layer. The maximum diameter of the bubbles is
located at the depth of 100 nm. In addition, there is
a high number density of the bubbles located at the
end of the projected range. The selected area electron
diffraction proves the recrystallization of the damaged
layer after 1173K annealing (inset of Fig. 2(c)). The
electron diffraction pattern shows two different dif-
fraction patterns, which are [12̄10] and [011], as indica-
ted in the inset of Fig. 2(c). The present electron dif-
fraction result demonstrates that the polycrystalline
structure has been formed, including 3C-SiC struc-
ture and epitaxial 6H-SiC. After annealing at 1273K,
the He bubble distribution is similar to the case of the
He-implanted sample after 1173K annealing. He bub-
bles are distributed from 30 nm in depth to 150 nm
into the bulk, and the mean diameters of the bubbles
have a range of 3–8 nm. After annealing at 1473K,
the He bubble distribution is also similar to the case
of the He-implanted sample after 1173K annealing.
He bubbles are distributed from 30 nm in depth to
160 nm into the bulk, and the mean diameters of ob-
served bubbles have a range of 4–22 nm. The width of
the bubble layer increases due to the significant lat-
tice swelling in the He-implanted sample after 1473K
annealing. As shown in Figs. 2(c)–2(e), a high density
and small diameter of observed bubbles are located at
the lower boundary of the bubble layer, which corre-
sponds to the end of the projected range. Moreover, a
low density and large diameter of observed bubbles are
located at depth range from 120 to 135 nm, correspon-
ding to the location of the maximum He deposition.

The present experimental results show that a high
density of small and spherical bubbles are located in
both boundaries of the bubble layer, and a low density
of large and faceted bubbles are located in the inner of
the bubble layer. It indicates that the bubble growth
can be described by the Ostwald ripening mechanism.
The growth of observed bubbles after isochronal an-
nealing can be written in the form[17]

ln[𝑇 (𝑟2mean)] = −𝐸a/𝑘𝑇.

Figure 4(a) shows the result of the growth of ob-
served bubbles located in the depth range from 120
to 135 nm after isochronal annealing. The slope of
the straight line provides an estimate of the activa-
tion energy for the growth of the He bubbles, which is
1.914+0.236 eV, as shown in Fig. 4(b). Since the pre-
sent experimental results have shown that the thermal
evolution of the bubbles is followed by an Ostwald ri-
pening mechanism, the obtained activation energy is
related to the vacancy migration energy needed by
the diffusion from one small bubble to the large one.
Weber et al. reported an activation energy of 2.2–
2.35 eV for the migration of Si-vacancy in SiC. The

present experimental result is lower.[18] It can be rela-
ted to strong lattice tensile strains introduced by He
bubbles and extended defects in the region of the bub-
ble layer. Density functional theory simulation proved
that vacancy-type defects migration can be enhanced
in the tensile strain surrounding.[19]
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Fig. 3. (a), (c), (e), (g), (i) Bubble-depth and (b), (d),
(f), (h), (j) bubble diameter distributions for 15 keV He+-
implanted 6H-SiC at RT: [(a), (b)] as-implanted state, af-
ter annealing at [(c), (d)] 1073K, [(e), (f)] 1173K, [(g), (h)]
1273K, and [(i), (j)] 1473K for 30min.
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Fig. 4. (a) Variation of the mean diameter of bubbles
in the depth of 120–135 nm as a function of the annea-
ling temperature, and (b) measurement of the activation
energy of bubble growth.

The bubble layer was investigated by HRTEM. In
the near surface region, the bubble exhibits a round
shape with nanoscale as shown in Fig. 5(a). The image
is the Fourier filtered image with the (1̄102) spot, as
shown in Fig. 5(b). In the periphery of the bubble, ba-
sal dislocation loops and prismatic dislocation loops
are observed. In the middle of the damaged layer,
the large three-dimensional bubbles are faceted along
{0001} and {11̄00} planes and are as large as 20 nm.
The formation of faceted bubbles is due to the co-
alescence of adjoining helium bubbles, as shown in
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Fig. 5(c). In the periphery of the bubble, lattice frin-
ges are significantly disordered. Some regions show
the Moire fringes as indicated by arrows in Fig. 5(c).
The presence of the Moire fringe is due to the coex-
istence of 6H-SiC and 3C-SiC in this region. The
formation of 3C-SiC in amorphous 6H-SiC after high
temperature annealing has been widely reported.[20,21]

The Fourier transform pattern illustrates a polycry-
stalline structure in this region, as shown in the inset
of Fig. 2(c). The mismatch of lattice constant bet-
ween 6H-SiC and 3C-SiC, as well as the growth of the
faceted bubbles followed by emitting self-interstitials,
induce a higher density of lattice defects that are ob-
served in the bubble layer. Compared with the relative
clear lattice fringes shown in the near surface region,
the lattice fringes are vague in the middle of the dama-
ged layer. In the end of the damaged layer, lattice frin-
ges are clearly observed, as shown in Fig. 5(d). Lattice
fringes are wavy, indicating a high density of stacking
faults and dislocation loops in this region. For exam-
ple, the zigzag pattern of a normal stacking sequence is
symbolized as . . .3/3/3/3. . .. On the left-hand side of
the arrowhead shown in the inset of Fig. 5(d), the zig-
zag pattern is locally changed to . . .3/3/4/1/3, which
is related to the stacking fault. It has been confirmed
that the extra Si-C bilayer inserted parallel to the ba-
sal plane of 6H-SiC can form this stacking fault. The
Fourier transformation pattern shown in the inset of
Fig. 5(d) demonstrates the same lattice structure and
orientation as the substrate, indicating the epitaxial
6H-SiC layer-by-layer grown from the substrate.
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Fig. 5. (a) HRTEM image showing bubbles formed in
the near surface region of the He+-implanted 6H-SiC after
1173K annealing as well as (b) the corresponding Fourier
filtered image with the (−1102) spot. (c) HRTEM image
showing bubbles formed in the inner of the damaged layer
as well as (d) stacking faults formed in the end of the
damaged layer.

In summary, we have investigated the bubble

evolution of 15 keV He-implanted 6H-SiC at a dose
of 1×1017 cm−2 followed by annealing ranging from
1073K to 1473K for 30min in a vacuum. Nanoscale
bubbles with 1–2 nm are homogeneously distributed
in the amorphous layer of the as-implanted sample.
Bubbles do not grow after 1073K annealing, while
their diameters increase significantly after 1173K an-
nealing, corresponding to substantial recrystallization
of the amorphous layer. The diameters of the bub-
bles increase with increasing annealing temperatures
from 1173K to 1473K. The distribution of bubbles
is inhomogeneous, a high density of spherical bubbles
located in both boundaries of the bubble layer, and a
low density of large and faceted bubbles located in the
inner of the bubble layer. The growth of He bubbles
after high temperature annealing abides by the Ost-
wald Ripening mechanism, which yields an activation
energy of 1.914+0.236 eV.
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