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Microstructure of Hydrogen-Implanted Polycrystalline 𝛼-SiC after Annealing ∗
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Microstructural evolution in H-implanted polycrystalline 𝛼-SiC upon thermal annealing at temperature 1100∘C is
studied. After annealing, the samples are examined via cross-sectional transmission electron microscopy (XTEM)
analysis. H2 gas bubbles are formed during H implantation and some H2 molecules are released from the bubble
to form cavities during thermal annealing. The distribution and size of the observed cavities are related to the
implantation fluence. The results are compared to H implanted single crystal SiC and He implanted polycrystalline
𝛼-SiC. The possible reasons are discussed.
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Silicon carbide (SiC) is regarded as an important
material in advanced nuclear energy systems due to
the low cross section for neutron capture and its ad-
vanced mechanical and chemical stability.[1−4] For ex-
ample, SiC is a primary candidate material that is
composed of tristructural-isotropic (TRISO) coated
fuel particles, which can be used in gas-cooled fast re-
actors and high temperature gas-cooled reactors. Ad-
ditionally, SiC can be composed of flow channel inserts
(FCls) and structural components for the first wall
used in fusion systems. Based on the (n,p) nuclear re-
action, large amounts of hydrogen can be produced in
fission and fusion systems. Due to the low solubility
of hydrogen in SiC, hydrogen is easily trapped at va-
cancy sites produced by displacement damage to form
bubbles. In addition, hydrogen is easily released from
bubbles to form cavities under high temperatures.[5]
What is more, bubbles and cavities can deteriorate
the physical and mechanical properties of SiC ma-
terials. Therefore, it is important to investigate the
implantation-induced damage in H-implanted SiC.

H-implanted SiC single crystals such as 4H-SiC,
6H-SiC have been extensively investigated.[6−8] The
fluence dependence of surface morphology and the
threshold fluence for smart-cut in H-implanted 6H-
SiC have been investigated by Li et al.[6,7] The exfoli-
ation efficiency is related to the implantation-induced
defects. The increase of implantation-induced de-
fects can suppress the exfoliation efficiency. The
implantation-induced damage and evolution of lat-
tice strain as functions of implantation fluence, tem-
perature, and annealing temperature have also been
investigated.[9] Hot-pressed SiC is the most impor-
tant candidate material in the development of nu-
clear energy. Therefore, it is important to study
the implantation-induced damage in H-implanted hot-
pressed SiC. The majority of hot-pressed materials
have polycrystalline structures. So far, H-implanted
polycrystalline SiC has been less investigated.[9] In
this Letter, we report the fluence dependence of the
damage formation in the H-implanted polycrystalline
𝛼-SiC sample. The microstructural evolution with flu-

ence is observed by cross-sectional transmission elec-
tron microscopy (XTEM).

In the present work, samples were hot-pressed
polycrystalline 𝛼-SiC supplied by the Saint-Gobain
company, with a density of 3.1 g/cm3 and grain sizes
of 4–10µm. Polycrystalline 𝛼-SiC contained approxi-
mately 90% 6H-SiC and 10% 4H-SiC. Polycrystalline
𝛼-SiC samples were implanted with 120 keV H+ ions
with fluences of 1× 1016, 3× 1016, 5× 1016, and 1×
1017 H+/cm2 at room temperature (RT). The implan-
tation experiment was performed at the 320 kV multi-
disciplinary research platform for highly charged ions
of the Institute of Modern Physics, Chinese Academy
of Sciences. To study the cavity formation and dis-
tribution in the damaged layer, we chose isothermal
annealing at temperature 1100∘C for 15min in a vac-
uum (about 1× 10−3 Pa). The majority of implanted
hydrogen is released in the grain after annealing at
1100∘C.

The microstructural evolution of the H-induced
damage was studied by means of XTEM using a JEOL
2100 operated at 200 kV. The XTEM samples were
prepared by a Hitachi (2000) FIB (focused ion beam)
system. Before the FIB process, the implanted surface
was protected by depositing a tungsten layer in thick-
ness 1µm. Fresnel contrast reveals the H-induced cav-
ities. For example, under the under-focus condition,
cavities show bright Fresnel fringes, while for over-
focus they exhibit dark Fresnel fringes. This phase
contrast is related to a change in the electronic poten-
tial at the cavities.

Figure 1 presents the distribution of lattice dam-
age in units of displacement per atom (dpa) and
the deposited concentration of H into polycrystalline
𝛼-SiC sample with 120 keV H+ ions with a fluence
of 5 × 1016 H+/cm2, overlaid on the corresponding
XTEM bright-field micrograph of the H implanted 𝛼-
SiC sample. The figure exhibits three distinct regions:
(i) a defect-free zone within a depth of ∼71 nm from
the sample surface, (ii) a damaged zone with a width
of 22+6 nm below the regime (i), and (iii) the virgin
substrate below the regime (ii). Note that the depth
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region of the damaged layer is located in the depth
region of the maximum H deposition as simulated us-
ing the Monte-Carlo code SRIM2008 (the density of
3.1 g/cm3 and the displacement energies of 35 eV for
Si and 20 eV for C).[10] It is indicated that implanted
hydrogen atoms play an important role in cavity nu-
cleation.
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Fig. 1. The distribution of lattice damage in units of dis-
placement per atom (dpa) and the deposited concentration
of H in polycrystalline 𝛼-SiC implanted with 120 keV H+

ions with a fluence of 5 × 1016 H+/cm2, which overlaid
the corresponding XTEM bright-field micrograph of the
implanted polycrystalline 𝛼-SiC sample.

Figure 2 shows the under-focused XTEM bright
field micrographs of the polycrystalline 𝛼-SiC sam-
ples implanted with H+ ions with fluences of 1×1016,
3 × 1016, 5 × 1016, and 1 × 1017 H+/cm2 followed by
annealing at 1100∘C for 15 min. Note that no cavities
and damage contrast can be found in the polycrys-
talline 𝛼-SiC sample implanted with H+ ions with a
fluence of 1×1016/cm2, as shown in Fig. 2(a). In con-
trast to He implanted polycrystalline 𝛼-SiC sample,[11]
our recent report showed that 230 keV He+ ions im-
planted polycrystalline 𝛼-SiC with a fluence of 1 ×
1016/cm2, corresponding to the maximum He concen-
tration of 0.65 at.%. After annealing at 1000∘C, many
He bubbles can be formed in the damaged layer.[11]
This different phenomenon is related to the different
migration rates between H and He implantation into
SiC. Compared with He atoms, the lower desorption
temperature and faster migration rate of H atoms in
SiC, most of the implanted H atoms are released after
annealing at 1100∘C for 15 min.[5] For the sample im-
planted with a fluence of 1 × 1016 H+/cm2, the peak
damage is only 0.036 dpa and the maximum H con-
centration is 1.04 at.%. Implanted H atoms can be
released and simultaneously H implantation-induced
defects can be eliminated during the annealing, and
therefore, no lattice damage is found. With increas-
ing fluence with 3× 1016 H+/cm2, cavity distribution
is not continuous that only local cavities are found
in the damaged layer, as shown in Fig. 2(b). Many
cavities migrate and coalesce into cavity clusters that
exhibit platelets with a habit plane of (0001). With
continuous increasing fluence up to 5× 1016 H+/cm2,
cavity distribution is continuous and faceted cavities
are found, as shown in Fig. 2(c). Some cavities are con-

siderably large. The width of cavity layer is ∼44 nm.
The mean size (long axis) and density of observed cav-
ities are 15.3 nm and ∼1.4 × 1022/m3, respectively.
With further increasing implantation to a fluence of
1× 1017 H+/cm2, the morphology and distribution of
observed cavities are totally different from those of
lower fluences. Dense spherical cavities with a mean
diameter of 1.7 nm and a density of ∼3.1×1023/m3 are
formed, as shown in Fig. 2(d). Moreover, the width of
cavity layer is ∼120 nm.
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Fig. 2. XTEM bright-field micrographs of the polycrys-
talline 𝛼-SiC samples implanted with 120 keV H ions with
fluences of (a) 1× 1016, (b) 3× 1016, (c) 5× 1016, and (d)
1× 1017/cm2 at room temperature and then annealed at
1100∘C for 15min. An under-focused view of the cavity
layer distribution in the damage region is performed and
the sample surface is shown. The local areas of images
(b), (c), and (d) are magnified as shown in the insets.

The formation of faceted cavities is due to the
fast migration and coalescence of vacancy-type de-
fects under thermal annealing. Due to the different
surface energies, the cavity growth is preferential to
growth along the surface with the lower surface en-
ergy. Therefore, large and faceted cavities were ob-
served in the sample implanted with H+ ions with
fluences of 3 × 1016 H+/cm2 and 5 × 1016 H+/cm2.
However, for the sample implanted with a fluence
of 1× 1017 H+/cm2, H implantation-induced vacancy
concentration is two times higher than that of the sam-
ple implanted with a fluence of 5× 1016 H+/cm2, nu-
merous implanted H atoms are trapped by vacancy-
type defects to form pressurized H2-gas bubbles. The
high inner pressure due to the H2-gas bubbles imple-
ments compressive stress on the nearby silicon car-
bide lattice, and therefore, bubbles’ migration and co-
alescence are inhibited. It is similar to the case of H
implanted single crystal Si.[12] The influence of com-
pressive stress on the migration of pressurized bubbles
should be further investigated by theoretical simula-
tion. It can account for the present experimental re-
sult that small and spherical cavities with a high den-
sity are formed in the sample implanted with a fluence
of 1× 1017 H+/cm2. The present experimental results
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demonstrate that the threshold fluence of the transi-
tion regime of faceted cavities and spherical cavities is
located between 5×1016 H+/cm2 and 1×1017 H+/cm2.
More work is needed to ensure the detailed threshold
fluence.

We have studied the 6H-SiC wafers implanted
with 134 keV H+

2 ions with fluences ranging from
1.5 × 1016 H+

2 /cm2 to 5 × 1016 H+
2 /cm2 at room

temperature.[7] After the implantation, the samples
were annealed at a temperature of 1100∘C for 15 min.
Microcracks can be observed in the samples implanted
with fluence of 1.5 and 2.5 × 1016 H+

2 /cm2 and the
damaged layer is amorphous in the sample implanted
to a fluence of 5 × 1016 H+

2 /cm2. In the present ex-
perimental results, the microstructure is significantly
different from the H+

2 -implanted 6H-SiC. The main
reason is due to the polycrystallinity of the SiC used
in the present study. The effect of grain boundaries
on cavity nucleation should be considered.
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Fig. 3. The under-focused XTEM bright field micro-
graphs of the cavity formation along grain boundaries of
the samples implanted with fluences of (a) 3 × 1016, (b)
5×1016, and (c) 1×1017/cm2 at RT and then annealed at
1100∘C for 15min. Grain boundary (G.B.) was indicated.

Figure 3 shows the under-focused XTEM bright
field micrographs taken from grain boundaries of the
samples implanted with fluences of 3× 1016, 5× 1016,
and 1×1017 H+/cm2 followed by annealing at 1100∘C
for 15min. To study the effect of grain boundaries
on cavity formation, the grain boundary that passes
through the maximum damage region is investigated.
It can be seen that dense faceted cavities are formed
along the grain boundary of the samples implanted
with fluences of 3 × 1016 and 5 × 1016 H+/cm2. The
formation of cavities along the grain boundary is due
to the high efficiency of grain boundaries for trapping
mobile interstitial H atoms.[13] As a result, numerous
H-implantation-induced vacancies migrate, and then
recombine with interstitial-type defects, and therefore,
only partial vacancies that have the ability to trap
implanted H atoms migrate and coalescence to form
faceted cavities in the grain interior upon thermal an-
nealing. It is interesting that very large cavities with
anomalistic shape were formed in the grain boundary
plane. It is indicated that the migration rate of cavi-
ties in the grain boundary plane is faster than in the
grain interior. The cavity can easily migrate along
the grain boundary to escape from the sample when
the grain boundary is almost vertical to the sample
surface. For the sample implanted with a fluence of
1 × 1017 H+/cm2, numerous H-implantation-induced
vacancies can trap implanted H atoms to inhibit the
trapping of H atoms at the grain boundary. Figure

3(c) shows that there is no preferential cavity nucle-
ation along the grain boundary. Therefore, the influ-
ence of grain boundaries on cavity nucleation is related
to the H implantation concentration. This is consis-
tent with the He implanted polycrystalline 𝛼-SiC.[11]

In conclusion, we have studied the formation of
cavities in the H-implanted polycrystalline 𝛼-SiC at
RT with fluences of 1 × 1016, 3 × 1016, 5 × 1016, and
1× 1017 H+/cm2 followed by annealing at 1100∘C for
15 min. The cavity nucleation in grain interiors and
along grain boundaries are investigated by XTEM.
The implantation-induced damage is completely an-
nealed out for the sample implanted with a fluence
of 1 × 1016 H+/cm2. Faceted cavities with large sizes
are formed in the samples implanted with fluences of
3 × 1016 and 5 × 1016 H+/cm2, while spherical cavi-
ties with small size are formed in the sample implanted
with a fluence of 1×1017 H+/cm2. The shape and size
of cavities are related to the migration rate of vacancy-
type defects during thermal annealing. Vacancy-type
defects trap implanted H atoms to form pressurized
bubbles, which are hard to migrate. The threshold flu-
ence for the transition regime of faceted cavities and
spherical cavities is located between 5× 1016 H+/cm2

and 1 × 1017 H+/cm2. The detailed threshold flu-
ence will be further investigated in the future. Grain
boundaries have a high ability for trapping mobile in-
terstitial H atoms and the ability of trapping H atoms
is inversely proportional to the H implantation con-
centration. As a result, the density of cavities and
implantation-induced damage are lower as compared
to H implantation into SiC single crystals. There is
preferential formation of cavities along grain bound-
aries for the sample implanted with fluences of 3×1016

and 5× 1016 H+/cm2, but not for 1× 1017 H+/cm2.
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