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SPECIAL TOPIC — Ion beam modification of materials and applications
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A nano-twinned microstructure was found in amorphous SiC after high-temperature annealing. Grazing incidence x-
ray diffraction, high-resolution transmission electron microscopy, and electron diffraction were performed to characterize
the microstructure and phase transition in the recrystallization layer. After 1500 °C or 2-h annealing, 3C-SiC grains and
numerous stacking faults on the {111} planes were visible. Some 3C-SiC grains have nano-twinned structure with {011}
planes. Between the nano-twinned 3C-SiC grains, there is a stacking fault, indicating that the formation mechanisms of the
nano-twinned structure are related to the disorder of Si atoms. The increase in the twin thickness with increasing annealing
temperature demonstrates that the nano-twinned structure can sink for lattice defects, in order to improve the radiation

tolerance of SiC.

Keywords: 6H-SiC, ion implantation, microstructure, transmission electron microscopy, recrystallization
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1. Introduction

Silicon carbide (SiC), as direct wide band gap semicon-
ductors with many advanced properties, is widely applied in
electronic and optoelectronic devices, as well as in power elec-
tronic, high electron mobility transistors (HEMTs), and radi-
ation detectors in space.l'=3! In order to fulfill local doping,
ion implantation is a simple and ideal way. However, it is in-
evitable that radiation damage will be formed via elastic colli-
sion. Therefore, the lattice disorder produced by ion implanta-
tion has been extensively investigated in the decades.*1%! Tt is
well known that single-crystal SiC become amorphous when
ion implantation with dose above 0.3 displacements per atom
(dpa) at room temperature (RT).™ In this moment, the long-
range order disappears, instead of short-range order. In detail,
the concentration of Si—C bonds decreases, while the amount
of C—C bonds increases. Amorphous SiC can be recrystal-
lized via thermal treatment or ion irradiation. The threshold
temperature for complete recrystallization is between 800 °C
and 900 °C which is independent of implanted-ions.'*! Ton ir-
radiation induces recrystallization can be accounted for ion
beam-induced epitaxial crystalline, which sometimes occurs
at RT irradiation that is far lower than thermal treatment.!'!]
The microstructure after recrystallization has been extensively
studied and the crystal phase in the damaged layer depends
on many aspects, e.g., impurity concentration, annealing tem-
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perature and substrate orientation.!'>”'>] We have reported

He-implanted (0001)-oriented 6H-SiC with 0.6 dpa—4 dpa at
RT.* With 900-°C annealing, the recrystallized layer contains
3C-SiC, 6H-SiC with different crystal orientations, like [1100]
oriented 6H-SiC, and a high density of stacking faults. Epitax-
ial 6H-SiC is aligned with the underlying substrate and colum-
nar growth 6H-SiC is formed above the 6H-SiC epitaxial layer,
with the angle between the ¢ axes of the epitaxial 6H-SiC and
columnar growth 6H-SiC of 72°. 3C-SiC grains in the periph-
ery of columnar growth 6H-SiC can be detected by selected-
area electron diffraction. However, Bae et al.!'?) reported Xe-
implanted (1100) oriented 6H-SiC with 1 x 10" ions-cm~2 at
RT followed by annealing at 890 °C. They did not find 3C-
SiC and columnar 6H-SiC grains in the recrystallized layer,
instead of [1101] oriented epitaxial 6H-SiC layer formed on
the [1100] oriented epitaxial 6H-SiC layer. Heera et al.!'’]
argued that the formation of 3C-SiC after recrystallization of
amorphous 6H-SiC can be due to the kinetic preference of this
growth type. Above mentioned results show that the forma-
tion of 3C-SiC structure depends on the orientation of sub-
strate. Therefore, kinetic preference cannot exactly explain the
formation of 3C-SiC structure. It needs further investigation.
Moreover, irradiation-induced structural transitions, from hcp
to fcc without amorphization, in some ceramics, like Al,O3
and Ti, AlC, have been well recognized.[l("lg] It is related to
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compressive stress formed by implantation-induced defects.
In SiC, the phase transformation from hcp to fcc needs ini-
tial formation of amorphization, and then recrystallization of
(0001) oriented SiC. Twinned fcc structural nanograins have
been reported in Au™ irradiated Ti, AIC, but never reported in
6H-SiC. SiC nanostructures have some unique properties that
induce them used as one of main materials in microelectronics
and optoelectronics.!'®?1 It has been reported that the shape
and size of nanostructures can influence the efficiency and the
band-shift of visible light emission.?!! There are many meth-
ods of synthesis of SiC nanostructures.?? In this study, we
report nano-twinned 3C-SiC formed in amorphous 6H-SiC af-
ter recrystallization first time. The formation of twinned fcc
structural nano-grains is discussed. The work will provide a
new insight into creating nano-structures to functionalize thin-
film structures, including tunable electronic, magnetic and op-
tical properties in thin films of epitaxial 6H-SiC.

2. Experiment procedure

In our experiment, single-crystal 6H-SiC (0001)g; orien-
tation, provided by HF-Kejing Company, Heifei, China, was
implanted with 2.5-MeV Fe!'* ions to a fluence of 1.0 x
10'® jons-cm™2 at RT. Iron implantation was performed on
a 320-kV high-voltage platform equipped with electron cy-
clotron resonance (ECR) ion sources in the Institute of Mod-
ern Physics, Chinese Academy of Sciences (CAS), where
has played a very important role on ion implantation in the
interior.[2320] In order to fulfill uniform ion irradiation, the
beam was rastered using an electrostatic scanner with fixed
frequencies of 993 Hz and 990 Hz in horizontal and vertical
directions, respectively. The implantation in displacements
per atom (dpa) and deposition concentration of Fe atoms
were simulated by the Stopping and Range Ions in Matter
(SRIM-2010) with quick cascade calculation.!*”! The thresh-
old displacement energies were 35 eV for Si sublattice and
20 keV for C sublattice.?®! The mean-projected range R, is
approximately 1246 nm with a straggling AR, of approxi-
mately 186 nm, as shown in Fig. 1. Post implantation, the
sample was annealed at temperature of 1500 °C or 2 h in
a low vacuum (1 Pa—10 Pa). The recrystallization structure
was investigated by a combination of grazing incidence x-ray
diffraction (GIXRD), conventional transmission electron mi-
croscopy (TEM), and high-resolution TEM (HRTEM). XRD
measurement was carried out using a Bruker D8 Advance x-
ray Diffractometer, using a Cu K « radiation (A = 1.540598 A)
and operating at 40 kV and 25 mA in the Bragg—Brentano con-
figuration. In order to reduce the influence of the substrate, the
incidence angle of 3° was chosen that the penetration depth
is about 1.35 pum for virgin 6H-SiC. Cross-sectional TEM

(XTEM) images showing the depth distribution of lattice de-
fects were obtained by a Tecnai G20 TEM operating at 200 k'V.
The fabrication process of the XTEM sample contained me-
chanical thinning initially and Ar ion milling finally.*
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Fig. 1. The profiles of Fe concentration and number of displacements
per atom in 6H-SiC implanted with 2.5-MeV Fe!'* to a fluence of 1.0 x
10'® jons-cm~2. Data were calculated by the SRIM-2010.

3. Results and discussion

Figure 2 shows the GIXRD profile of Fe-implanted 6H-
SiC after annealing with a continuous 6-26 scans from 30° to
65° with a space of ~ 0.02°. The main diffraction peaks corre-
spond to 6H-SiC (PDF: 73-1663) weak diffraction peaks can
be observed. Using Jade software and the PDF database, the
observed diffraction peaks are related to SiO, (PDF No: 86-
2333) 3C-SiC (PDF No: 75-0254) and FeSi, (PDF No: 35-
0822). The occurrence of SiO, is due to the surface oxidation,
and FeSi, is formed by Fe ions implantation. It is interesting
to note that 3C-SiC was observed in the near surface region.
3C-SiC has been confirmed by selected area electron diffrac-
tion in the amorphous 6H-SiC after recrystallization. As we
know, selected area electron diffraction can only give local in-
formation of grains, while XRD can provide a large area and
3C-SiC was detected by
XRD, indicating there is an enough concentration of 3C-SiC

an average signal of many grains.

formed in the near surface region. According to Scherrer for-

mula, the mean size of 3C-SiC grains is about 27 nm.
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Fig. 2. GIXRD profile of 6H-SiC implanted with 2.5-MeV Fe'!* ions to
a fluence of 1.0 x 10'6 jons-cm~2 at RT followed by 1500-°C annealing
for 2 h.
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Fig. 3. XTEM bright-field micrograph showing lattice disorder in 6H-SiC
implanted with 2.5-MeV Fe!l™ ions to a fluence of 1.0 x 10'® ions-cm™2
at RT followed by 1500-°C annealing for 2 h, where lattice defects exhibit
black contrast. The selected area electron diffraction as an inset is given and
the diffraction spots of 3C-SiC gains are noted by green and red lines.

Figure 3 shows a low magnification of the damaged layer
near to the substrate. Columnar black bands, corresponding
to 6H-SiC grains can be clearly observed inside the damaged
layer. In addition, some tangled dislocations below the colum-
nar 6H-SiC grains and a high number of black spots corre-
sponding to Frank loops were visible. It is consistent with
our recent report.”?’! Around the columnar 6H-SiC grains, the
selected area electron diffraction (SAED) pattern shown as
an inset in Fig. 3 confirms 3C-SiC grains formed after re-
crystallization. More importantly, these 3C-SiC grains have
twinned structure. Some voids were also observed. These
voids are formed due to the accumulation of implantation-
induced vacancy-type defects during annealing.

Figure 4 presents HRTEM micrograph of 3C-SiC grains,
which contains many stacking faults indicated by arrows. The
fast Flourier transformation (FFT) pattern confirms twinned
3C-SiC grains with orientation of [110] and [011]. The lat-
tice atoms of twinned 3C-SiC have a zigzag path, as indicated
by white lines in Fig. 4(a). The thickness of twinned 3C-SiC
ranges from 1 nm to 3 nm. Lattice atoms at A and C zones have

the same grain orientation. The inversed fast Flourier trans-
formation (IFFT) derived from different grains confirmed that
lattice atoms at A and C zones belong to [011] 3C-SiC grains.
Meanwhile, the lattice atoms at B zone stem from [110] 3C-
SiC grains. The thickness of the B zone is wider than the A and
C zones. The signal intensity of lattice atoms at the B zone was
measured and the result is shown in Fig. 4(f). It can be seen
that the signal peak due to single atom is not evident totally.
At the same time, the background noise is strong. This result
demonstrates there is an intense lattice strain at the B zone.
HRTEM micrograph shows black contrast that also confirms
lattice strains formed for the nano-twinned 3C-SiC grains. In
order to reduce the background noise, IFFT was used to recon-
struct the distribution of lattice atoms shown in Fig. 4(a), and
the result is presented in Figs. 4(c)—4(e). Lattice atoms, stack-
ing faults are clearly visible when diffraction spots of [110]
and [011] 3C-SiC were taken. Some stacking faults are lo-
cated at between nano-twinned 3C-SiC grains. Figure 4(d)
depicts Frank loops with Burgers vector of 1/3(111) formed
around the stacking faults. Only partial lattice atoms show
bright contrast when diffraction spots of [110] or [011] 3C-SiC
were chosen, as illustrated in Figs. 4(d) and 4(e). On the con-
trary, other lattice atoms exhibit weak contrast. It can be re-
garded that only bright lattice atoms belong to the IFFT recon-
struction derived from corresponding diffraction spots. The
signal intensities of zones B, A derived from Figs. 4(d) and
4(e) are shown in Figs. 4(g) and 4(h), respectively. The sig-
nal peak in Fig. 4(g) is obviously evident compared to without
IFFT treatment (see Fig. 4(f)). Background noise can be still
observed in Fig. 4(g). The average distance between two lat-
tice atoms is 0.26 nm. In comparison, almost no background
noise can be observed in Fig. 4(h). It can get that the average
distance between two lattice atoms is 0.27 nm. This result is
indicated that the lattice atoms at zone B suffer from compres-
sive stress, which induces a —3.7% strain; therefore we can

see great background noise in Fig. 4(g).
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Fig. 4. (a) HRTEM micrograph of 3C-SiC grains containing many stacking faults, (b) FFT diagram of the micrograph in panel (a); (c)—(e) IFFT images
used diffraction spots shown as inset in the corresponding figure. The signal intensities of the analyzed atoms along profile indicated by white line in

panels (a), (d), and (e) were plotted in panels (f), (g), and (h), respectively.
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Initially, epitaxial 6H-SiC layer-by-layer grew at the
amorphous/crystalline phase during annealing. At the same
time, epitaxial 6H-SiC grains contain many stacking faults.
With increasing the thickness of 6H-SiC layer, 3C-SiC grains
start to occur. Leung et al. 3% calculated the stacking faults en-
ergy in 4H-SiC, which is about 14.7 mJ-m~2. Hence, stacking
faults is more favorable than the pure prismatic loops. Persson
et al.B! investigated the nature of dislocation loops formed
by ion implantation in 4H-SiC, and they argued interstitial-
type dislocation loops during the annealing process that are
composed of an excess of interstitial silicon, but not carbon.
According to the lattice atoms shown in Fig. 4(c), stacking
faults can be formed by disorder of Si atoms. Some Si atoms
leave their original sites, to form interstitials. These Si in-
terstitials migrate and agglomerate into extrinsic dislocation
loops during annealing at 1500 °C. Therefore, it can be re-
garded that most of the observed stacking faults in Fig. 4(c)
belong to vacancy-type, which can account for the occurrence
of compressive stress at zone B. Stacking faults are regarded
as metastable state; hence disordered lattice atoms tend to be
arranged orderly during high temperature. At this moment,
3C-SiC grains due to the kinetic preference start to gradually
form. Stacking faults can disturb the normal arrangement of
3C-SiC atoms, resulting in tilting growth direction; therefore
nano-twinned 3C-SiC grains are formed. In order to further
confirm our viewpoint, HRTEM analysis in another zone was
carried out, and the result is shown in Fig. 5. It is interest-
ing to note that there is a zigzag stacking fault (see Fig. 5(a)),
which is an interface of two different orientations of 3C-SiC
grains. The grain turns in an anticlockwise indicated by green
lines in Fig. 5(b) when we see from left to right. It is in good

agreement with our argument.

Fig. 5. (a) HRTEM micrograph of 3C-SiC grains and lattice atoms disorder,
(b)—(d) IFFT images used diffraction spots shown as inset in the correspond-
ing figure. Stacking faults and twinned 3C-SiC grains are noted.

4. Conclusion

In summary, we have investigated the nano-twinned
3C-SiC formed in amorphous 6H-SiC after recrystallization.
GIXRD and HRTEM are employed to characterize the mi-
crostructure in the recrystallized layer. After 1500-°C anneal-
ing for 2 h, there are many Frank loops, tangled dislocations,
stacking faults, and nano-twinned 3C-SiC grains in the re-
crystallized layer. Most of observed stacking faults belong to
vacancy-type, which are formed by disorder of silicon sublat-
tice. Disordered lattice atoms tend to be arranged orderly and
to form 3C-SiC grains initially at the high temperature anneal-
ing. However, stacking faults can disturb the normal arrange-
ment of 3C-SiC atoms, resulting in the formation of nano-
twinned 3C-SiC with 1 nm-3 nm thickness, which possible act
as defect sinks to improve radiation resistance, similar as the
role of stacking faults.>? More studies are needed to investi-
gate the irradiation damage in nano-twinned 3C-SiC, because
SiC/SiCt composites as for an important nuclear structural ma-
terial contain many stacking faults and nano-twinned 3C-SiC
grains. In addition, these nano-twinned 3C-SiC perhaps have
two-dimensional electron gas at nano-grain interface, which
needs further investigation in the future.
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