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SPECIAL TOPIC — Ion beam modification of materials and applications
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Lattice defects induced by ion implantation into SiC have been widely investigated in the decades by various tech-
niques. One of the non-destructive techniques suitable to study the lattice defects in SiC is the optical characterization. In
this work, confocal Raman scattering spectroscopy and photoluminescence spectrum have been used to study the effects
of 134-keV H;r implantation and thermal treatment in the microstructure of 6H-SiC single crystal. The radiation-induced
changes in the microstructure were assessed by integrating Raman-scattering peaks intensity and considering the asym-
metry of Raman-scattering peaks. The integrated intensities of Raman scattering spectroscopy and photoluminescence
spectrum decrease with increasing the fluence. The recovery of the optical intensities depends on the combination of the
implantation temperature and the annealing temperature with the thermal treatment from 700 °C to 1100 °C. The different
characterizations of Raman scattering spectroscopy and photoluminescence spectrum are compared and discussed in this

study.

Keywords: SiC, H implantation, Raman scattering spectroscopy, photoluminescence spectrum

PACS: 61.80.—x, 61.80.Jh, 78.30.—j, 78.55.—m

1. Introduction

Silicon carbide (SiC), as an important semiconductor ma-
terial with interesting physical, optical, and electronic prop-
erties, is widely used in high-voltage, high-frequency, high-
temperature switching devices, as well as in numerous op-
toelectronic applications.!!! Besides semiconductor industry,
SiC can also be used in nuclear power plants because of its
low cross-section for neutron capture, excellent chemical, me-
chanical, and structural stability, as well as low diffusion rate
of fission products.m In future nuclear reactor, SiC is consid-
ered an ideal fuel cladding material for high-temperature gas-
cooled fission reactors.®! Although there are over 200 poly-
types of SiC, only face cubic SiC (3C-SiC), considered for
nuclear applications and hexagonal 4H-SiC and 6H-SiC hav-
ing wide-band gap, high-electron mobility, and low-leakage
current used in the semiconductor industry, have been exten-
sively investigated so far. To perform selective-area doping in
hexagonal SiC, ion implantation has been widely used in the
past.

H; ions-implanted SiC has been extensively inves-
tigated to fabricate SiC-on-insulator via the smart-cut

DOI: 10.1088/1674-1056/abe9a7

technology.*"1% To elucidate the ion-cut process mechanism
and to fabricate advanced electronic devices, it is important to
understand the behavior of the implantation-induced defects,
their accumulation, and the recovery processes during ther-
mal annealing. Jiang et al.!*) use Rutherford backscattering in
channeling geometry (RBS/C) to investigate the defect anneal-
ing process with annealing temperature in the H; -implanted
6H-SiC. There is no complete recovery even at 800 °C anneal-
ing for a fluence of 2.25 x 10'© H2+~cm_2 at room tempera-
ture implantation. At high fluences of > 7.5 x 10'® Hj -cm~2,
an inner amorphous structure is formed, leading to no signifi-
cant recovery changes upon 597-°C annealing. Li et al.> use
RBS/C, high-resolution x-ray diffraction and scanning elec-
tron microscopy (SEM) to investigate the H; ions implanted
6H-SiC at room temperatures, 300 °C and 500 °C. The lattice
damage decreases gradually with the temperature of the an-
nealing, following the room temperature implantation. How-
ever, the reverse annealing effect was observed in H2+ ions-
implanted 6H-SiC at 300 °C and 500 °C. Transmission elec-
tron microscopy (TEM) was used in the study by Zhang and
Li!%l to investigate lattice disorder in 6H-SiC implanted by H2+
ions to fluences of 0.5 x 10' HJ -cm~2 to 5 x 10'® Hj -cm 2
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and annealed at 1100-°C annealing. The size of the observed
lattice defects was ranging from 1 nm to 6 nm, with number
Daghbouj
et al.l"! investigated the blistering phenomenon in Hj ion-
implantated 6H-SiC, subjected to high-temperature annealing,

density in the range of 1022 m~3 to 102 m™3.

by using transmission electron microscopy (TEM) and finite-
element method modeling. The blistering efficiency depends
on the amount of the formed damage level. Particularly, an
implantation-induced amorphous structure can inhibit the oc-
currence of surface blistering.

It is well known that RBS/C and TEM methods have some
drawbacks with respect to particle analysis. Generally, RBS/C
analysis uses 2.0-MeV He ions and fabrication of TEM sam-
ples is needed due to required transparency to 200-keV or 300-
keV electrons. After RBS/C analysis, He ion implantation in-
duces surface color being changed from green to black, due
to the increase in the absorption coefficient (not shown).!!!]
Optical characterization is a good way to avoid sample mod-
ification/destruction during measurement. Raman scattering
spectrometry technology is widely performed to investigate
ions implanted SiC, and it can precisely characterize the evo-
lution of lattice damage with an implantation dose, similar to
the result obtained via Rutherford backscattering in channel-
ing geometry.!'?~1% Furthermore, Raman scattering spectrom-
etry is sensitive to a low defect concentration via the decrease
in Raman scattering intensity, broadening of phonon Raman
bands, and frequency shift.!'?! In this study, confocal Raman
scattering spectroscopy and photoluminescence spectrum are
employed to investigate the H;-implanted 6H-SiC followed
by thermal annealing. The defect recovery with annealing
temperature is characterized by different methods. These two
kinds of optical characterizations of lattice damage are com-
pared.

2. Experimental process

Cz-grown N-doped (10'® ¢cm™—3-10" cm™3), (0001)-
oriented single crystalline 6H-SiC wafers with 2 inch
(1 inch=2.54 cm) in diameter and 0.35 mm in thickness (sup-
plied by HF-Kejing Inc.), were cut into 1 cm X 1 cm pieces
and implanted at room temperature and elevated tempera-
tures (300°C and 500 °C) with 134-keV H; molecular ions

blisters
—

exfoliation

80 um

at several fluences ranging from 0.5 x 10'® Hj-cm™2 to 5
x 106 Hj -cm~2, respectively. The nominal H concentra-
tion depth distribution was obtained from SRIM-2010 using
the quick cascade calculation.'”) The mean-projected range
R, was estimated to 393 nm with a straggling AR,, of approxi-
mately 46 nm (using the density of 3.21 g-cm ™~ and the thresh-
old displacement energies of 20 eV and 35 eV for C and Si
sublattices, respectively). In order to investigate the defect
recovery in the sample, isochronal annealing at three differ-
ent temperatures (700 °C, 900 °C, and 1100 °C) for 15 min in
vacuum (~1073 Pa) was carried out. Surface blisters and exfo-
liation were observed by scanning electron microscopy when
the sample was implanted to a fluence of 1.5x10'® Hy-cm ™2
followed by 1100-°C annealing. An arc-shaped crack located
at a depth of approximately 410 nm was formed inside the
sample, where is good consistent with the projected range of
hydrogen deposition, as shown in Fig. 1. The Raman scat-
tering spectroscopy was performed using a Horiba Join Yvon
HRS800 spectrometer at room temperature in the backscatter-
ing configuration. The excitation wavelength was 532 nm
from the Ar™ laser with a spectral resolution of approximately
0.5 cm~ !, and the measurement range was from 100 em~ ! to
1000 cm™!. Spectra were recorded with an acquisition time of
30 s. Micro-Raman spectroscopy was employed and the laser
spot was approximately 1 pm using a microscopy lens sys-
tem. The scattered light was detected by a Jobin Yvon T64000
spectrometer with an LN, cooled charge-coupled device. The
penetration depth of the exciting wavelength is expressed as
d = 1/2a, where « is the absorption coefficient of the crys-
talline SiC.!'8! The absorption coefficient of single-crystalline
6H-SiC is 115 cm™! at 532 nm based on the UV-visible op-
tical transmittance spectrometer measurement. 2] Therefore,
the penetration depth of the exciting wavelength in the single-
crystalline 6H-SiC reaches 43 pum, which is far larger than the
H; ion penetration depth. Samples were excited by 325-nm
light from a suitably filtered He—Cd laser on the Shimadzu RF-
5301 photoluminescence spectroscopy. The measurement was
carried out at room temperature (RT), and the exciting wave-
length was 340 nm. The measurement range was from 350 nm
to 1000 nm.

o
H concentration (at.%)

LOLCIEE . T 0

200 400
Depth (nm)

Fig. 1. Cross-sectional scanning electron microscopy, (a) secondary electron image, (b) backscattering electron image of 6H-SiC implanted with
134-keV H; ions at a fluence of 1.5 x 1016 H2+~cm’2 at 300 °C followed by 1100 °C annealing for 15-min observed by secondary electron (a) and
backscattering electron (b), superposed the distribution of damage and hydrogen deposition of the H;r -implanted 6H-SiC simulated by SRIM-2010 (c).
Blisters and exfoliation are observed in panel (a) and a crack exhibiting black contrast is clearly observed in panel (c).
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3. Results and discussion

Figure 2 presents the change of photoluminescence spec-
tra after H;r -ion implantation followed by the thermal treat-
ment. An emission peak located at 590 nm was clearly ob-
served. In the present experiment, n-type 6H-SiC due to nitro-
gen doping was chosen. Meanwhile, using boron as acceptor
doping compensates nitrogen doping. Kawai er al.!'”) argued
that the emission peak located at 590 nm is attributed to donor—
acceptor pair emission in a SiC crystal. This emission in the
range of visible light is convenient for various optical devices,
with the intensity of the emission peak being an important pa-
rameter in the fabrication process. It is generally regarded that
the donor—acceptor pair emission itself is very strong in high-
quality SiC.['" As a result, the emission intensity strongly de-
pends on the quality of the H; ions-implanted SiC. Figure 2
shows that the location of emission peak did not change signif-
icantly after the H2+ ion implantation, except for 134-keV H2+-
implanted SiC at 500 °C after 1100-°C annealing, where large
blisters and craters are formed on the surface.[®! This result
demonstrates that the donor—acceptor pair emission plays the
main role in photoluminescence emission of SiC before and
after H2+ ion implantation. Moreover, the emission intensity
decreased significantly after H; implantation. The detailed
change of the emission intensity versus fluence and tempera-
ture is presented in Fig. 3.

The Raman spectra of 6H-SiC samples before and after
the 134-keV H2+-i0n implantation to fluences ranging from
0.5 x 10' Hj-em™2 to 5 x 10'® HJ -cm~2 at RT or 2.5 x
10! Hi -cm~2 at RT, 300 °C, and 500 °C, were investigated.
In the range of 100 cm~'=1000 cm™!, the group-theoretical
analysis indicates that the Raman-active modes of wurtzite

structure (Cg, symmetry for hexagonal polytypes) are Ay, Ej,
and E; modes.?°! In addition, A; and E; phonon modes are
split into longitudinal (LO) and transverse (TO) optical modes,
respectively. In backscattering configuration, A;(LO), E;(LO),
and E, phonons are observable in Raman spectra.

Figure 3 presents the Raman spectra of 6H-SiC sam-
ples, observed Raman peaks located at 144 cm™!/150 cm ™!,
266 cm™!, 505 cm~1/513 cm~!, 768 cm~'/790 cm~!,
798 cm™', 968 cm™! are attributed to E(TA), Ey(TA),
A1(LA), Eo(TO), E{(TO), A;(LO) phonons, respectively.?!]
It can be seen that Raman peaks shift to a lower wavenum-
ber after H2+ -ion implantation, as shown in Fig. 3(h). The
red shift can be attributed to the hydrostatic strain caused by
implantation-induced defects./??! It is interesting to note that
one broad band located at 578 cm™! is observed in the H2+
ions implanted 6H-SiC after 1100-°C annealing (like 8#SiC),
except for S#SiC. This phonon peak is attributed to the vibra-
tion mode of Cg; V¢ complexes.[?3! Tt is consistent with recent
research indicating that many carbon antisite—vacancy pairs
formed after 1100-°C annealing measured by transmission
electron microscopy and positron annihilation spectrum. 4 Tt
can be seen that the background intensity increased after the
H;r ion implantation. This is related to Rayleigh scattering
from the implantation-induced damage. However, background
intensity increased in the H ions implanted 6H-SiC with the
thermal treatment, except for 5S#SiC. It is associated with the
vibrations of silicon and disorder silicon carbide.?! In addi-
tion, the intensities of Raman peaks decreased after H;r ion im-
plantation. The intensities of Raman scattering spectroscopy
and photoluminescence spectrum were analyzed and the result
is present in Fig. 4.
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Fig. 2. Photoluminescence spectra from 134-keV H; ions-implanted 6H-SiC to different fluences after thermal annealing for 15 min. Note that 5#SiC, 6#
SiC, 8# SiC, and 10# SiC stand for the implantation fluence of 5 x 10> HJ -cm™2, 1.5 x 10'® H -em ™2, 5 x 10'® Hj -cm ™2, and 2.5 x 10'® HJ -cm~2 at RT,
respectively. 12# SiC and 13# SiC stand for the implantation fluence of 2.5 x 10 Hy -em~2 at 300 °C and 500 °C, respectively.
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Fig. 3. Raman scattering spectra from 134-keV H;’ ions-implanted 6H-SiC to different fluences after thermal annealing for 15 min in vacuum. Note
that 11# SiC stands for the implantation fluence of 3.75 x 10 H2+ .cm~2 at RT. The left shift of the A;(LO) peak after H; ion implantation in the 5#
SiC sample before and after annealing is observed in panel (h). (i) The expanded version of Raman spectra in panel (d) shows a broad band at 578 cm™!

indicated by a black arrow.

H; -ion implantation can induce dense lattice defects,
which destroy lattice structure and decrease the intensity of ob-
served peaks. In general, researchers use the integrated inten-
sity, but not peak intensity, to calculate observed Raman peaks
after ion implantation.[!'=13! In this study, integrated intensity
AA of the photoluminescence emission from 400 nm to 850 nm
is normalized to the value AAys grown Of the as-grown sample,
and the result is shown in Fig. 4(a). Similarly, integrated inten-
sity AA of the Aj(LO) phonon from 940 cm~! to 1000 cm™! is
normalized to the value AAys_grown Of the as-grown sample and
the result is shown as Fig. 4(b). Compared with the relative in-
tensity between photoluminescence emission and Raman scat-
tering, a similar change trend as a function of the annealing
temperature is observed. After 700-°C annealing, the profile
slope is positive, except for 12#SiC. Meanwhile, the profile
slope is small, which is indicated that the defect recovery is
not significant after 700-°C annealing. As for 12#SiC, the rel-
ative intensity decreases after 700-°C annealing. It is a reverse
annealing phenomenon, which is usually observed by gas ion
implantation, such as H", He™*. The growing gas bubbles dur-
ing high-temperature annealing squeeze around C and Si sub-
lattice atoms, which result in punching out self-interstitials,
known as loop punching.!>-2" Because the threshold temper-

ature for Si vacancy migration in SiC is above 900 °C and C
vacancy needs higher temperature,*3 it is reasonable to re-
gard that bubbles cannot be formed after 700-°C annealing.
The possible reason is the migration and accumulation of in-
terstitials into interstitial-type clusters after 700-°C annealing.
The intensity of the photoluminescence emission depends on
the donor—acceptor pair number, while the intensity of the Ra-
man scatting depends on the optical absorption coefficient.
The decrease in relative intensity indicates the reduction in the
donor—acceptor pair number and the increase in the optical ab-
sorption coefficient via these interstitial-type clusters.[1%16-21]
With increasing annealing temperature from 700 °C to 900 °C,
all profiles have positive slopes, indicating the defect recovery
after 900-°C annealing. With increasing annealing tempera-
ture from 900 °C to 1100 °C, the profile slope is positive, ex-
cept for 13#SiC. It can be attributed to the growth of vacancy-
type defects, like micro-cracks after 1100-°C annealing. The
microstructure in the H; ions-implanted 6H-SiC after 1100-
°C annealing is reported in our recent article.[®! The difference
between the two methods is the range of the relative intensity.
In the whole, the relative intensity of the photoluminescence
emission is smaller than that of Raman scattering, which in-
dicates that lattice defects have more influence on the number
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of donor—acceptor pair than the optical absorption coefficient.
As for an important semiconductor and optical material, fabri-

cation of p—n junction via ion-doping into SiC, implantation-
induced lattice defects should be taken into consideration.
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Fig. 4. (a) Relative integrated intensity of the photoluminescence emission after H;’ -ion implantation before and after annealing, (b) relative integrated
intensity of the A;(LO) phonon at 968 cm ™! after H;r -ion implantation before and after annealing, (c) relative intensity of the ratio of E>(TO) to A;(LO)
after H2+ -ion implantation before and after annealing, (d) asymmetry of the Aj(LO) phonon after H;—ion implantation before and after annealing, (e)
relative integrated intensity of the A{(LO) phonon at 968 cm™! after H;-ion implantation to different fluences at RT, (f) relative integrated intensity of
the Aj(LO) phonon at 968 cm~! after H; -ion implantation to the same fluence at RT, 300 °C, and 500 °C.

Besides the lattice defects, the focused condition also af-
fects the Raman scattering intensity. In order to reduce the in-
fluence of the focused condition on the Raman peaks, the peak
intensity of E>(TO) phonon divides by Aj(LO) phonon (Ah =
hgp /ha1, and relative intensity is Ah/ Ahys—grown) 18 chosen to
calculate the defect recovery after annealing. One can see a
sharp difference between AA/AAys—grown and Ah/Ahyg—grown.
First, the relative intensity is different. The integrated inten-
sity is near zero for 11#SiC and 8#SiC, while the peak inten-
sity of Eo(TO) phonon divides by A;(LO) phonon is near 60%
for the same sample. The microstructure shows an amorphous
layer formed in the 11#SiC and 8#SiC, resulting in the disap-
pearance of characteristic SiC Raman scattering peaks. Sec-
ondly, the change of the profile slope is different. For example,
there is no change basically with annealing temperature for the
5#SiC via the calculation of Ah/ Ahys_grown, While the relative
intensity increased with annealing temperature via the calcu-
lation of AA/ AAys_grown. Generally, the as-implanted sample
has the largest concentration of survival defects, while Frenkel
pairs migrate and recombine each other to reduce the survival
defects after 700-°C annealing. As for the 5#SiC, lattice dis-
order recovery after the thermal treatment is precisely charac-
terized by AA/AAqas_grown, but not A/ Ahys_grown. In addition,
the AA/ AAys grown decreases after 1100-°C annealing for the
13#SiC. On the contrary, the Ah/Ahas,grown increases. Our
previous result shows an obvious micro-crack formed in the
13#SiC after 1100-°C annealing. There are dense frank loops
formed around the micro-crack.®! These frank loops and some

undiscovered defects induce the decrease in the Raman scat-
tering intensity and the increase in the asymmetry of A;(LO)
phonon. The asymmetry of Aj(LO) phonon cannot be charac-
terized by Ah/Ahys_grown. Therefore, using the peak intensity
of E>(TO) phonon divides by Aj(LO) phonon is not accurate
for characterizing the lattice disorder.

To investigate the asymmetry of A;(LO) phonon, the
intensity of the asymmetry is described by AT = ([ —
Iright) / Iiight, Where I is the intensity of Raman scattering base-
line. Based on experimental results, /ighe at x = 1000 cm !,
and i at x = 936 cm™! (the A (LO) peak located at
968 cm™!) are observed and the calculation result is shown
in Fig. 4(d). It can be seen that there is a linear change with
annealing temperature for the 6#SiC and 13#SiC, while AT
increases initially and then decreases with the annealing tem-
perature for the other samples. It is a surprise that the rel-
ative intensity of 6#SiC is the largest compared with other
as-implanted samples. Because 6#SiC is implanted with a
fluence of 1.5 x 10'® Hy -cm~2, the implantation-induced lat-
tice defects are less than the case of 10#SiC. The asymmet-
ric broadening of the A;(LO) phonon can be accounted for
as a “spatial correlation” model that implantation-induced de-
fects can induce g-vector relaxation.”! The increase in de-
fect density induces an asymmetry of A;(LO) phonon with

an obvious tail in the range of 900 cm~'-967 cm™!.

Two
potential reasons are used to explain why the number of At
for the 6#SiC is the largest. The first reason is the growth of

the optical absorption coefficient with increasing fluence. Ra-
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man scattering intensity decreases with increasing optical ab-

t.1121621] Meanwhile, the decrease in Liight

sorption coefficien
is faster than that of I.;. The Raman scatting results show
that the intensity of Raman scattering baseline does not in-
crease with growing lattice disorder. The second reason is
that the lattice defects enhance Raman activation, such as
a peak located at 935 cm™!'-940 cm™! due to the vibration
of disordered SiC.[*!! Based on the above analysis, using
(fheft — Iright) / Irigh: cannot precisely characterize the asymme-
try of Aj(LO) phonon.

Figure 4(e) shows the relative integrated intensity of
the sample implanted at RT without annealing. It can be
clearly seen that the curve exhibits an exponential decrease
with increasing the fluence. It is consistent with previous re-
search that disorder accumulation can be explained by direct
impact/defect simulation model or multi-step transformation

(30311 Figure 4(f) shows the relative integrated inten-

process.
sity of the sample implanted at elevated temperature without
annealing. It exhibits a linear growth of intensity with increas-
ing the implantation temperature. This result indicates the re-
covery of the same type of lattice defects during implantation
at 300 °C and 500 °C, where only interstitial-type defects can

migrate.

4. Conclusion

In this study, the formation and evolution of lattice disor-
der in the H3 ions-implanted 6H-SiC are investigated by using
Raman scattering spectroscopy and photoluminescence spec-
trum. The influence of lattice disorder on the intensity of ob-
served peaks is discussed in details. The lattice disorder has a
more pronounced effect on the intensity of photoluminescence
emission, compared to the intensity change measured by Ra-
man scattering. This conclusion demonstrates that the number
of donor—acceptor pair decreases significantly when SiC crys-
tal contains lattice defects. It is recommended to pay particular
attention to lattice damage in performing selective-area doping
technique via ion implantation. It is the integrated intensity of
Raman scattering, but not the peak intensity of E>(TO) phonon
divided by A;(LO) phonon and (Jief; — Iright) / Jright» that can pre-
cisely characterize the evolution of lattice disorder in SiC.
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