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Silicon carbide (SiC) is regarded as an important material in nuclear energy system and semiconductor industry,
because of its excellent physical, electronic and optical properties. It is inevitable that dense atomic He atoms
produced by (n, α) nuclear transmutation reaction. Due to the low solubility of He atoms in SiC, He atoms are
easy to be trapped by vacancies to form helium-vacancy clusters. After thermal annealing, helium atoms will
escape from vacancies, to form cavities. In semiconductor technology, He implantation-induced cavities have lots of
important applications. Therefore, the study of He-implanted SiC is critical. He-implantation-induced cavities have
been extensively investigated. He-implantation-induced dislocation loops also have been investigated. Chen et al.
observed interstitial-type dislocation loops associated with He bubbles due to the release of bubble interior pressure
via emitting interstitials[1] . These interstitials agglomerate into dislocation loops. It is consistent with previous
results observed in the case of He-implanted 6H-SiC[2] . What’s more, Barbot et al. regarded that the growth of the
Frank loops lead to the formation of stacking faults, which do not result from the agglomeration of interstitials[3] .
Numerous studies have been devoted to He implantation with energy range from tens keV to MeV into SiC for study
on lattice disorder. Few studies related to low energy He implantation, nevertheless, low energy implantation is
well suited for the application of semiconductor technologies. In our recent study[4,5] , 15 keV He-implanted 6H-SiC
at a dose of 1 × 1017 cm−2 at RT introduces a multilayered structure in the damaged band. This layered structure
is composed of an amorphous layer from sample surface to the end of the projected range, and a crystalline layer
with dense point defects behind the amorphous layer. After thermal annealing, the recrystallization starts at the
interface of amorphous layer and crystalline layer. Many stacking faults are formed in the recrystallization zones.
However, there is a lack of systematic study for the formation and evolution of point defect clusters in Refs.[4, 5]
He ion implantation inevitably introduces defects and structural disorders, which seriously aﬀect the electronic
and optical properties of the fabricated devices. Hence, the understanding of low energy He implantation-induced
microstructural features in SiC is very important for semiconductor applications. In the present work, the formation
and evolution of lattice defects in 15 keV He-implanted 6H-SiC have been studied as function of the subsequent
annealing temperature. Using both conventional transmission electron microscopy (CTEM) and high resolution
TEM (HRTEM) the evolution of lattice defects after recrystallization has been observed.
6H-SiC wafer oriented <0001>Si surface with 0.3 mm thickness, and one side was polished. The wafer was
supplied by the MIT company. The wafer was implanted by 15 keV He ions to a dose of 1 × 1017 cm−2 with
a current density of approximately 1.0 µA·cm−2 . The sample holder was kept at room temperature during He
implantation. The implantation experiment was performed in the 320 kV Multi-discipline research platform for
highly charged ions of the Institute of Modern Physics, Chinese Academy of Sciences (CAS). Post-implantation,
the wafer was cut into several pieces and then isochronally annealed in a tube furnace at temperatures of 1 073,
1 173, 1 273 and 1 473 K for 30 min in vacuum.
Microstructural evolution of the He-implanted 6H-SiC upon annealing was investigated via TEM using a Tecnai
G20 operated at 200 kV and equipped with a double tilt goniometer stage. The observed images of point defect
clusters and extended defects, i.e., stacking faults and dislocation loops, were obtained in conventional bright-ﬁeld
mode and dark-ﬁeld mode. The stacking faults and dislocation loops observed in the damaged layer were identiﬁed
on cross sectional high resolution images taken along a [1−210] zone axis.
Figure 1 shows two-beam dark ﬁeld cross-section images of the He-implanted sample, as-implanted state and
annealing at diﬀerent temperatures under g = 0006. In the as-implanted state, the damaged layer is 175 nm in
width and is made up of two diﬀerent zones denoted by A and B in Fig. 1(a). A selected area electron diﬀraction
(SAED) pattern of the A layer shows a halo pattern corresponding to the amorphous phase, and this amorphous
phase is approximately 165 nm in width. However, the B layer exhibits bright contrasts, which are related to
crystalline layer with a high density of point defect clusters. After 1 073 K annealing, microstructure is similar to
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the case of the as-implanted sample except that the width of the B layer slightly increases, as shown in Fig. 1(b).

Fig. 1 XTEM two-beam dark ﬁeld micrographs of the He+ -implanted 6H-SiC using g = 0006 close to the [1−210] zone axis:
(a) as-implanted state with an electron diﬀraction pattern revealing amorphous structure in zone A, after annealing at
(b) 1 073 K, (c) 1 173 K with an electron diﬀraction pattern revealing polycrystalline structure, (d) 1 273 K, and
(e) 1 473 K for 30 min.

After 1 173 K annealing, a considerable change in the damaged layer occurs. A SAED pattern of the A layer does
not show halo pattern anymore, as shown in the inset of Fig. 1(c). It indicates that the substantial recrystallization
of the amorphous layer during 1 173 K annealing. The SAED pattern demonstrates that the regrown damage region
contains mainly SiC polycrystals, including 3C-SiC structure and epitaxial 6H-SiC[4] . Note that (0006) SiC reﬂection
is elongated due to stacking faults formed in the epitaxial layer. The two-beam dark ﬁeld image shows that the B
layer contains a high density of stacking faults and dislocation loops. The size of lattice defects and width of the B
layer increase signiﬁcantly. It is due to substantial recrystallization of the amorphous layer upon 1 173 K annealing.
Some columnar stacking faults in the front of the B layer can be observed due to the columnar recrystallized 6H-SiC
in this region. Note that columnar stacking faults occur when the thickness of the epitaxial 6H-SiC layer-by-layer
growth from the amorphous/crystalline (a/c) interface exceeds approximately 30 nm, where the He concentration
deposition is over 8 at.%. It is contrast with the report of columnar epitaxial growth of 6H-SiC when the layerby-layer growth thickness exceeds 100 nm[6] . The experimental results demonstrate that implantation impurities
impede the epitaxial 6H-SiC layer-by-layer growth, which will stop as soon as the interaction force of impurities
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with the epitaxial 6H-SiC layer-by-layer exceeds a threshold. The interaction mechanism of impurities with the
epitaxial layer is less investigated. According to SRIM-2008 simulation, the range of concentration distribution of
8 MeV Si3+ ion irradiation is far larger than that of 15 keV He+ ion implantation, and therefore, the thickness of
the epitaxial 6H-SiC layer-by-layer in 8 MeV Si3+ ion irradiation is larger. After 1 273 K annealing, microstructure
is similar to the case of the He-implanted sample after 1 173 K annealing, as shown in Fig. 1(d). After 1 473 K
annealing, there are still a high density of stacking faults and dislocation loops in the B layer, as shown in Fig.
1(e). Compared with lower temperature annealing, the density of observed lattice defects decreases, while their
sizes increase. It is consistent with the present experimental result that the width of the B layer decreases with
increasing annealing temperature. A few of columnar stacking faults in front of the B layer can be observed. The
result demonstrates that the columnar recrystallized 6H-SiC is separated from the B layer after 1 473 K annealing.
Microstructure shows that large and faceted bubbles were formed between the columnar recrystallized 6H-SiC and
the B layer, and therefore, the growth of faceted bubbles induced the separation of columnar recrystallized 6H-SiC
from the B layer.
Because the polycrystalline structure was formed in the recrystallized layer, the formation and distribution of the
extended defects in the layer should be investigated. To investigate geometry of the extended defects formed in the
He-implanted sample after 973 K annealing, diﬀerent diﬀraction vectors were carried out. Figure. 2 is a montage of
the same region imaged under diﬀerent diﬀraction conditions: g = 10−12, g = −11−1, g = 0006, g = −1012 and g
= −1−11. When imaged with g = 10−12 [see Fig. 2(a)], the dislocation loops can be divided into two regions. First,
the region ranging from surface to a depth of ∼100 nm contains many round loops. Second, the region ranging from
100 to 160 nm in depth contains many planar defects which are parallel to basal planes. The formation of dislocation
loops with two diﬀerent habit planes is due to the diﬀerent recrystallized orientation 6H-SiC in the damaged layer.
The recrystallized structures will be analyzed via HRTEM. It should be noted that some black contrasts located at
depths of 100 to 110 nm. It is because many large bubbles are located at this region. When imaged with g =−11−1,
some dislocation loops are invisible compared to g = 10−12, as indicated by arrows in Fig. 2(a). Numerous planar
defects are also visible at depths of 100 to 160 nm. When imaged with g = 0006, only seldom round dislocation
loops are visible in the region from surface to a depth of ∼100 nm, as indicated by arrows in Fig. 2(c). A high

Fig. 2
XTEM dark ﬁeld micrographs of the He+ -implanted 6H-SiC after 1 173 K annealing using (a) g = 10−12 close
to the [1−210] zone axis , (b) g = −11 − 1 close to the [011] zone axis, (c) g = 0006 close to the [1−210] zone axis,
and (d) g = −1012 and g = −1−11 close to the [1−210] and [011] zone axis, respectively. The scale in (a) is 50 nm for others.
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density of small “bright spot” defect clusters, dislocation loops and stacking faults are visible at depths of 100 to
160 nm. When imaged with g =−1012 and −1 − 11, a high density of dislocation loops are visible at depths of
surface to 100 nm. Some large stacking faults are visible at a depth of 100 nm. The deeper zone (between 100 and
160 nm) shows many small “bright spot” defect clusters and dislocation loops.
HRTEM observations taken from the recrystallized layer in the He-implanted sample after 1 473 K annealing,
reveal four diﬀerent crystalline orientations, denoted as A, B, C and D [see Fig. 3(b)]. The SAED pattern
demonstrates that the zones A, B, C are 6H-SiC structure, as shown in the inset of Fig. 3(b). The angle between
the c axes of the zones A and B is 72◦ . The angle between the c axes of the zones A and C is about 10◦ . The
SAED pattern demonstrates that the zone D is 3C-SiC structure. Due to the lattice mismatch between 3C-SiC and
6H-SiC, lattice stress is formed in the interface of these two diﬀerent crystalline structures. Lattice strain induces
the formation of zone C. The detail reason should be investigated further. At some zones, amorphous contrasts can
be observed. The amorphous structure is caused by the growth of the faceted bubbles. The image of Fig. 3(b) was
processed using inverse Fast Fourier Transform (FFT) ﬁltering in order to improve the visibility of the damaged
layer. The result is shown in Fig. 3(c) where the aperiodic structure after recrystallization is observed. Stacking
faults can be clearly observed, as indicated by arrows. In addition, a mosaic of nanometer-sized domains mainly
located at the interface of four diﬀerent zones. As we can see that there is a . . . ABCBCACB. . . stacking sequence
in zone A and a . . . ABCABC stacking sequence in zone D.

Fig. 3 (a) XTEM image showing the damaged layer of the He+ -implanted 6H-SiC after 1 473 K annealing and (b) HRTEM
image showing recrystallized region with Fourier-transformed patterns revealing the coexistence of A, B, C and D zones.
(c) Inverse Fast Fourier Transform ﬁltering of image (b) where stacking faults indicated by black arrows and lattice atoms
stacking sequences in zone A and D noted by letters.
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A novel full martensitic steel, SIMP steel, has been developed as a candidate structural and fuel cladding
material for Accelerator Driven Subcritical (ADS) system. In this work, the SIMP steel samples were irradiated
with multi-energetic Fe-ions to the doses of 0.1, 0.25, 1 displacement per atom (dpa), respectively, at 300 ℃ and 1
dpa, at 400 ℃. The objective of the present work is to provide the useful information on understanding of interstitial
type RID and alloying element precipitation in SIMP steel.
The material employed in the present experimental was the newly developed SIMP steel obtained from Institute
of Metal Research, CAS. One surface of each sample was mechanically ground with sandpapers of varying grits

