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This work explored a novel way to synthesize silicon carbide (SiC) nanocrystals for photoluminescence. Car-
bon ions at 90 keV were implanted in single crystalline silicon wafers at elevated temperature, followed by
irradiation using xenon ion beams at an energy of 4 MeV with two low fluences of 5 x 10" and
1 x 10" jons/cm? at elevated temperatures for annealing. X-ray diffraction, Raman scattering, infrared
spectroscopy and transmission electron microscopy were used to characterize the formation of nanocrys-
talline SiC. Photoluminescence was measured from the samples. The results demonstrated that
MeV-heavy-ion-beam annealing could indeed induce crystallization of SiC nanocrystals and enhance emis-
sion of photoluminescence with violet bands dominance due to the quantum confinement effect.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Silicon carbide (SiC) is highly attractive in electronic devices for
high-temperature, high-frequency and high-power applications
rather than silicon because of its excellent properties such as wide
band gap, high-temperature stability, high thermal conductivity,
radiation hardness and chemical inertness [1]. However, it is hard
and complicated to grow high-quality large areas of SiC [2,3], and
hence synthesis of industrially applicable SiC crystals has widely
been studied [4]. lon beam synthesis has been one of the methods
studied to produce a homogeneous polycrystalline SiC layer buried
in silicon single crystals with some advantages [4,5]. This approach
applies high-fluence carbon ion implantation in silicon in combina-
tion with either subsequent or in situ thermal annealing to crystal-
lize SiC [4,6,7]. With this method high-quality large-area SiC ready
for device fabrication can be produced but a high annealing temper-
ature, up to more than 1000 °C, is normally required. High-energy
heavy-ion-beam annealing (HIBA) has recently appeared to be an
alternative to thermal annealing using moderate temperatures for
crystallization of SiC induced by ion implantation [7,8]. As a newly
developed technique, high-energy HIBA has plenty of potentials to
be applied more extensively. In this study we used an MeV xenon
ion beam for the annealing purpose to synthesize nanocrystalline
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SiC and investigate related effects, particularly, on the photolumi-
nescence of thus formed SiC.

2. Experiment

Samples of 2-in. (100) p-type Si wafers were implanted with
90-keV carbon ions to a fluence of 6.5 x 10'7 ions/cm? at an ele-
vated temperature of 400 °C. The C-ion fluence was chosen to
achieve a stoichiometric C-Si in the implanted layer for forming
SiC. The sample temperature was applied based on the technical
upper limit of the heating method which used a 250 W halogen
lamp to heat the sample from the backside. After C-ion implanta-
tion, the samples were irradiated by 4-MeV 3'Xe?" ions to fluences
of 5 x 10" and 1 x 10" jons/cm? at a target sample temperature
of 500 °C for HIBA. The elevated sample temperature was deter-
mined from our previous tests [7] which showed that appropri-
ately medium sample temperatures during HIBA could be
effectively assistant to the crystallization of SiC, whereas lower
temperatures did not work and higher temperatures were not nec-
essary. In order to carefully control the ion beam annealing effect
on the sample to eliminate possible errors, in the HIBA process
three parts of the C-ion implanted Si wafer were treated in such
a way that the lower half was shielded from the ion beam, the
upper part was implanted to a fluence of 5 x 103 jons/cm? and
then half of the upper part was shielded again but ions were con-
tinued to implant to another half of the upper part to a final fluence
of 1 x 10" jons/cm?. After MeV Xe-HIBA, the wafer was cut into
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1 cm x 1 cm sample pieces for characterization. The formation of
SiC was characterized using X-ray diffraction (XRD) (a Philips
X'Pert system using Cu K, radiation at 40 kV, 30 mA and step size
of 0.05°), Fourier transformation infrared (FTIR) spectroscopy (a
Perkin Elmer Fourier-transform infrared spectrometer in the range
of 400-1500 cm™! with a resolution of 4 cm™!), Raman scattering
(Renishaw 2000, with argon laser excitation at 514 nm in backscat-
tering configuration), and transmission electron microscopy (TEM).
Rutherford backscattering spectrometry (RBS) (2.13-MeV He?*
beam, 160° backscattering angle) and elastic (non-Rutherford)
backscattering (EBS) (1.734 MeV H* beam, 173° backscattering an-
gle) analyses were performed for carbon depth profile information.
A photoluminescence (PL) measurement of the SiC layer in the
samples, which were ion-beam-sputtered by reactive ion etching
under O, and SFs plasma with 30 torr to remove the top layer,
was operated under the excitation of 337 nm N, laser line at room
temperature.

3. Results and discussion

Figs. 1 and 2 show XRD and TEM evidence of the MeV Xe-HIBA
induced formation of nanocrystalline SiC buried in Si. Since the
X-ray energy of Cu K, was nearly 8 keV, it could completely
penetrate about 0.5 mm of Si, and thus the XRD information should
come from the entire implanted C region which was about
100-500 nm below the top surface as shown by the result on the
C depth profile below. In the XRD spectra one sees clearly the dif-
fraction peaks of 3C-SiC or B-SiC (200), (400), and the peak of the
silicon substrate (400) at about 41.4°, 89.2°, and 69.1°, respectively
[6,7,9]. In a comparison in the XRD spectra between the C-ion as-
implanted Si and Xe-HIBA C-ion-implanted Si, it is obvious that
the SiC peaks after HIBA are present or considerably higher
whereas in the as-implanted case there are either no SiC peaks
or almost negligible peaks, indicating that the HIBA certainly in-
duces or promotes the formation of SiC. The HIBA also shows an ef-
fect on recrystallization of Si as shown by the fact that the Si peak
after HIBA is higher and sharper than the as-implanted peak. The
recrystallization is sensitive to the annealing beam fluence as
shown by the difference in the Si peak height between the two flu-
ences. When the annealing beam fluence is higher, more damage
may be introduced and thus the recrystallization effect is not as
pronounced as the lower fluence. The TEM image shows that while
the as-implanted area is nearly amorphous, the HIBA causes for-

Fig. 1. XRD spectra of the C-ion as-implanted Si sample and the samples after C-ion
implantation in Si followed by MeV-Xe HIBA.

mation of SiC nanocrystals in sizes of about several nanometers,
which is in a good agreement with the calculated size of about
9 nm from the (200) peak and 6 nm from the (400) peak in the
XRD spectra using the Scherrer formula [10]. The Si recrystalliza-
tion induced by the MeV Xe-HIBA is also demonstrated in the
TEM image.

The chemical bonding between the silicon and carbon atoms in
the SiC layer was investigated by FTIR absorption measurements as
shown in Fig. 3. As long-wavelength IR radiation could penetrate
normal materials deeply, such as many micrometers to millime-
ters, the IR information should reflect the physics and chemistry
in the whole implanted C region. An unimplanted silicon wafer
was used to measure the background signal which had been sub-
tracted from the spectra. Peaks located at a wavenumber of
~796 cm ™! are obviously seen in all the spectra, and this wave-
number is corresponding to the transversal optical (TO) phonon
absorption of crystalline p-SiC [11-13]. The 796-cm~! peak signif-
icantly becomes sharper and stronger after Xe-HIBA with a trans-
mittance decrease of about 50% or an absorption increase over
100%. This fact clearly demonstrates the role played by the HIBA
in crystallizing SiC. On the as-implanted spectrum, a small broad
bump is present at about 750 cm~!, which is related to the pres-
ence of an amorphous SiC phase in the implanted layer [13]. After
Xe-HIBA to both fluences, the small bump at 750 cm™! disappears
along with the drastic increase in the intensity of the 796-cm™!
peak, indicating crystallization of SiC by the MeV Xe-HIBA.

Raman-scattering measurements were also performed to pro-
vide information, which was comparatively weak [5], to bear fur-
ther evidence of the crystalline SiC formation, as shown in Fig. 4.
The spectrum from the as-implanted sample shows a peak at
520 cm! corresponding to the longitudinal optical (LO) phonon
mode of absorption of the crystalline Si [14] and the Si second-or-
der peak at 970 cm~!. In all cases, while the peaks at 520 cm™! are
still clear, the peaks at 970 cm™~! become less prominent after the
Xe-HIBA. This phenomenon may imply that the silicon at the top
surface (compared with the IR radiation, laser radiation used in Ra-
man scattering deals with only the top layer) becomes somehow
amorphous by the MeV Xe-ion bombardment. On the spectrum
of the high-fluence Xe-HIBA sample, although Raman scattering
is a weak interaction between photons and phonons and thus
sometimes comparatively not very sensitive, a small bump appears
very near 800 cm™'. This indicates the formation of 3C-SiC as the
TO mode of 3C-SiC is at ~796 cm™! [7,15].

The mechanism of the high-energy HIBA effect on crystalliza-
tion of SiC has been attributed to electronic stopping [7]. The elec-
tronic stopping dominates the incident high-energy ion’s high
energy loss process which takes place in the distribution region
of the implanted carbon in Si (the range of 4-MeV Xe in Si is about
1 wm, while the C ions are distributed mostly in 200-350 nm, as
shown below). The electron-phonon interaction deposits the ion
energy for the purpose of annealing. To compare with our previous
study using tens-MeV I-HIBA with lower fluences [7], we this time
used an MeV Xe-ion beam with higher fluences for searching roles
in annealing played by relevant factors such as ion energy and flu-
ence. It is found that the HIBA effect on crystallization of SiC cru-
cially depends on the ion energy but not the areal ion energy
density (the product of ion energy and fluence) deposited in the
material [16]. Our previous study demonstrated that the crystalli-
zation of SiC was solely caused by HIBA but only the elevated sam-
ple temperature of 500 °C did not anneal anything [7].

Fig. 5 displays the C-ion depth profiles extracted from the EBS
and RBS spectra measured before and after the Xe-HIBA. The
extraction of the real C-ion profiles from EBS and RBS spectra
was performed using both the DataFurnace code [17] and a self-
developed software [18], which took use of the deficient part of
the RBS spectrum of a light element implanted heavy matrix or
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Fig. 2. High resolution TEM images of the C-ion implanted area in Si (a) after and (b) before the MeV-Xe HIBA. The image in (a) is at the interface of the C-ion implanted area
(lower part) and the Si layer (upper part) above the implanted C layer, and so recrystallized Si can be seen at the upper part. SiC nanocrystals are indicated by dashed circles.

Fig. 3. IR transmittance spectra from Xe-ion-beam annealed and as-implanted
samples.

Fig. 4. Raman spectra from Xe-ion-beam annealed and as-implanted samples.

the extraction and also accounted for the depth dependent compo-
sitions of the material. In general, the measured C-ion depth pro-
files reasonably agree with the one simulated with SRIM [19] in
basic parameters such as the range, range straggling and maximum
concentration. A small profile shift is observed due to the HIBA. The

Fig. 5. Depth distributions of atomic concentration of 90-keV C ions implanted in Si
before and after 4-MeV Xe-ion beam annealing analyzed by EBS, RBS and SRIM
simulation. The SRIM-simulated and DataFurnace-calculated profiles are without
ion beam annealing.

C profile after the lower-fluence Xe-ion beam annealing has a very
slight, almost negligible, shift to the surface side compared with
that before the annealing, whereas the C profile after the higher-
fluence HIBA has a more noticeable shift to the surface and a slight
decrease in the concentration as well. This phenomenon may im-
ply an effect of heat absorption of the target from the HIBA to cause
loss of carbon probably due to the formation of hydrocarbon [18]
which eases the evaporation. Comparing this result with that from
1000 °C thermal annealing which caused no change in the carbon
profiles [18], we can realize that the HIBA, especially with higher
fluences, makes the target absorb more heat and hence is more
effective in annealing than the thermal techniques.

Since SiC nanocrystals have potential applications as nanoscale
light emitters, luminescence from SiC crystallites has been experi-
mentally studied for the crystallites fabricated with various meth-
ods [20]. However, we carried out PL measurements for the first
time for the HIBA-crystallized SiC nanocrystals. The PL measure-
ment results displayed in Fig. 6 show violet components in the
range of 3.0-3.1, 3.2-3.35 and 3.4-3.5 eV [21,22]. All of the compo-
nents are significantly enhanced after the Xe-HIBA, compared with
the non-HIBA case. This fact indicates that the HIBA enhanced crys-
tallization of SiC and thus the photoluminescence from the crystal.
From the result we have noticed some features. First of all, the PL
spectra have discontinuous separated, instead of continuous,
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Fig. 6. PL spectra of SiC synthesized by 90-keV C-ion implantation in Si followed by
4-MeV Xe-ion beam annealing.

Table 1

Estimation of the SiC nanocrystal grain size distribution from the PL spectra in Fig. 6.
PL: PL peak intensity in 10~* according to the data in Fig. 6. PP: percentage of
nanocrystal particles.

Photon energy (eV) 3.0-3.1 3.2-3.35 34-35
Particle size (nm) 6-7 4 3.5
5x 10" PL: 6 PL: 17 PL: 35
Xe-ions/cm? PP: 10% PP: 30% PP: 60%
1x10" PL: 2.5 PL: 6 PL: 12
Xe-ions/cm? PP: 12% PP: 30% PP: 58%
As-C-implanted PL: 2 PL: 4 PL: 7
PP: 15% PP: 30% PP: 55%

peaks. This is a clear evidence of a quantum effect. Second, all the
luminescence peaks are far higher in energy than the band gap of
the bulk 3C-SiC as marked in the figure. This is clear evidence that
the luminescence comes from SiC nanocrystals rather than bulk
crystals because the quantum confinement effect can noticeably
increase the band gap of SiC when the quantum dot size decreases
down to nanometer scale [23]. From a gross estimation according
to the transition energy as a function of particle size for porous
SiC [24], the measured violet components mentioned above come
from the SiC nanocrystals sized 6-7, 4, and 3.5 nm, respectively.
Although the estimates may not be considered as very quantitative
results due to the different conditions, the result qualitatively
demonstrates a nanocrystal size distribution of SiC which is
responsible for varied shorter-wavelength violet photolumines-
cence. Table 1 shows an estimate of the SiC nanocrystal size distri-
bution calculated from the PL intensity by an assumption that the
PL intensity is proportional to the number of the crystal particles.
From the PL intensity distribution, we can see that the smallest
nanocrystals are in the largest portion of all the nanocrystals.
Third, all the violet components already exist for the as-implanted
sample, although they are originally weak. This feature indicates
that the C-ion implantation in Si at an elevated temperature can
primarily form SiC nanocrystals but the number of the nanoparti-
cles is smaller so that the PL intensity is lower. The HIBA crystal-
lizes SiC nanocrystals, increases the number of the nanoparticles
and thus the PL intensity increases. Fourth, the lower Xe-ion

fluence (5 x 10'®ions/cm?) gives the higher enhancement of the
PL intensity than the higher fluence (1 x 10" jons/cm?). This might
be because the higher fluence of the Xe-ion beam further increases
the particle size and hence the number of the critically sized nano-
crystals for the PL with the certain energies as mentioned above
decreases.

4. Conclusion

SiC nanocrystals in Si single crystals could be synthesized by
C-ion implantation in Si wafers followed by MeV HIBA. The tech-
nique has the following advantages: no need for a high annealing
temperature, possibility of localized synthesis, easy control of the
crystal size, and short time of treatment. The SiC nanocrystals
synthesized by this technique could significantly enhance violet
photoluminescence due to the quantum confinement effect.
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