
Japanese Journal of Applied
Physics

     

REGULAR PAPER

SiC nano-dot formation in bulk-Si substrate using hot-C+-ion
implantation process
To cite this article: Tomohisa Mizuno et al 2019 Jpn. J. Appl. Phys. 58 081004

 

View the article online for updates and enhancements.

This content was downloaded from IP address 165.93.7.101 on 24/08/2019 at 03:53

https://doi.org/10.7567/1347-4065/ab2ac9


SiC nano-dot formation in bulk-Si substrate using hot-C+-ion implantation process

Tomohisa Mizuno1*, Masaki Yamamoto1, Shinji Nakada1, Sho Irie1, Takashi Aoki1, and Toshiyuki Sameshima2

1Department of Science, Kanagawa University, Hiratsuka, Kanagawa 259-1293, Japan
2Department of Engineering, Tokyo University of Agriculture and Technology, Koganei, Tokyo 184-8588, Japan
*E-mail: mizuno@kanagawa-u.ac.jp

Received March 31, 2019; revised June 15, 2019; accepted June 18, 2019; published online July 12, 2019

We experimentally studied SiC nano-dot formation in a bulk-Si substrate fabricated by the very simple processes of a hot-C+-ion implantation into
(100) bulk-Si substrate and the following N2-annealing, and the photoluminescence (PL) properties for a future Si-based photonic device. We
confirmed by a transmission electron microscope that cubic and hexagonal SiC dots are formed in a C+-ion implanted Si layer, and the SiC dot
diameter (3–7 nm) and density (1–2 × 1012 cm−2) depend on the process conditions. We also observed very strong PL-intensity after
N2-annealing, and the broad PL spectrum can be fitted by the sum of the PL-emissions from four different cubic and hexagonal SiC-polytypes
with different exciton bandgaps. The PL-properties strongly depend on the N2-annealing temperature, and hot-C+-ion implantation temperature
and dose. Consequently, we successfully optimize the process conditions to improve PL-intensity, as well as to control the PL-spectrum line shape
in the near-UV/visible regions. © 2019 The Japan Society of Applied Physics

1. Introduction

A two-dimensional (2D) Si layer is one of the key structures
for realizing both Si-based photonic1–3) and CMOS devices,
because the high quantum confinement effect of electrons in
2D-Si4–13) can modulate 2D-Si crystals into a direct-bandgap
material from an indirect-bandgap three-dimensional (3D)
Si.2,10,14,15) However, the bandgap EG and the peak photo-
luminescence (PL) photon wavelength λPL of (100) 2D-Si are
still lower than 1.9 eV and longer than 650 nm, respectively,
and the PL intensity IPL is too low for the Si-based visible-
photonic devices.9,14) Therefore, it is strongly required to
study a Si-based-semiconductor with higher EG, such as
3D Si1-YCY whose EG and a PL intensity increase with
increasing Y.16–18) Moreover, silicon carbide (SiC) nanos-
tructures, such as a porous-SiC,19–22) 2D-SiC,19,23,24) SiC-
nanowire,19,25) and SiC-dot,19,26,27) are widely studied. There
are many diverse polytypes in SiC structures whose physical
properties including EG also depend on the polytype and the
dimensions of SiC.19,28) It is also reported that 3D-SiC can
emit the PL photons by many recombination processes, such
as, free exciton recombination,19,28,29) except band to band
recombination, although 3D-SiC has an indirect-bandgap
structure.19,28) Therefore, the PL peak energy EPH of 3D-
SiC is equal to the exciton gap energy EGX which is
approximately 0.1 eV lower than EG.

19,28)

Recently, we have experimentally studied a Si1-YCY

layer fabricated by hot-12C+-ion implantation into a (100)
SOI with an approximately 100 nm thick surface oxide
(SOX) at a high substrate temperature T and heavy C+ ion
dose DC in the wide range of 500 °C ⩽ T ⩽ 1000 °C,
5× 1012 ⩽ DC ⩽ 7× 1016 cm−2 (0.01< Y ⩽ 0.3), and 0.5 ⩽
dS ⩽ 20 nm.30–33) According to the self-cluster effects of ion
implanted C atoms with the C cluster size of several nm in a
crystal-Si (c-Si) layer33–35) analyzed by atom probe tomo-
graphy (ATP), C content in the c-Si locally condenses both
at the SOX/Si and buried-oxide (BOX)/Si interfaces in c-Si
layer, which leads to the local formation of SiC dots in
c-Si.30–33) The hot-C+-ion implantation process can reduce
the ion implantation induced damage of the Si layer.31)

Under a heavy C dope condition of higher than
2× 1016 cm−2, X-ray photoelectron spectroscopy (XPS)

and ATP showed that C atoms segregate with an approxi-
mately 2 nm thickness at both the SOX/Si and BOX/Si
interfaces.31–33) In addition, the ATP analysis for 3D
distribution of C atoms evaluated that C atoms clustered
both in Si layer and the C segregation layer near the oxide/
Si interfaces.32,33) As a result, the partial formation of cubic
(3C-SiC) and hexagonal SiC (H-SiC) nano-dots was con-
firmed at both the SOX/Si and the BOX/Si interfaces, using
corrector-spherical aberration transmission electron micro-
scopy (CSTEM) and electron diffraction (ED) patterns that
were obtained by fast Fourier transform (FFT) analysis of
the lattice spots of CSTEM data.32,33) We also demon-
strated very large EPH (≈3 eV) and very high PL intensities
(IPL) from the near-UV to visible regions (>350 nm) of SiC
dots, which markedly increase with increasing the C
content in Si layer. Very high PL emission, which is about
100 times higher than that from 2D-Si,31) originates from
the SiC dots in the C segregation layer at the SOX/Si and
BOX/Si interfaces.31–33) PL intensity and peak PL energy
(EPH) strongly depend on T and DC, and we can success-
fully optimize T and DC to improve IPL.

32,33) Moreover,
even in an amorphous-Si and poly-Si substrates as well as
in a bulk-Si substrate, SiC nano-dots were successfully
formed and the strong PL emission was observed.36–38)

Thus, the hot-12C+-ion implantation technique, which is a
compatible ULSI process, is highly suitable for visible-
region Si-based photonic devices,1) and as well as for
electron and photonic hybrid devices in ULSI.30)

In this work, we experimentally studied the process
condition dependence (hot-12C+-ion implantation tempera-
ture T, C+ ion dose DC, and N2 annealing temperature TN) of
physical properties of SiC nano-dots in a (100) bulk-Si in
detail,36,37) which was fabricated by the self- cluster effects of
C atoms in hot-12C+-ion implanted bulk-Si layer (C+-bulk
Si). We analyzed the material structures and PL properties of
SiC dots, using, XPS, CSTEM, ED pattern of lattice spots of
SiC dots. CSTEM and ED analyzes showed that 3C- and
H-SiC dots with a diameter of approximately 2 nm grow into
the SOX layer from the surface Si, and are also formed with a
relatively large diameter of approximately 5 nm in the surface
bulk-Si layer with the average C content higher than
4 at%. We confirmed very strong PL emission from the SiC
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nano-dots in the wide range of near-UV/visible regions.
Moreover, the PL properties of SiC dots strongly depend on
both T, DC and TN.

2. Experimental procedure

Figure 1 shows the schematic fabrication steps of SiC nano-
dots in a (100) bulk-Si substrate. As shown in Fig. 1(b), SiC
dots were fabricated by hot-C+-ion implantation into the
(100) bulk-Si substrate (C+-bulk-Si) at various substrate
temperature T after forming an approximately 100 nm thick
SOX, as shown in Fig. 1(a).36) In this study, T was varied
from 25 °C to 900 °C, and 1× 1016⩽DC⩽ 6× 1016cm−2,
where the C+ ion energy EA= 30 keV whose projection
range was set to be the Si surface. The hot-C+-ion implanta-
tion time is proportional to C+ ion dose, and was approxi-
mately 2.5 h at DC= 4× 1016 cm−2. Figure 1(c) shows that a
post N2 annealing at various TN for an annealing time tN was
also carried out to recover the C+ ion implantation induced
damage of Si under the TN conditions of 500 °C⩽
TN⩽ 1200 °C. 20 nm thick SOI substrate was also fabricated
(C+-SOI) by the same process conditions of hot-C+-ion
implantation in C+-bulk-Si, as a reference.
The material structures of the SiC dots was evaluated by

CSTEM and the ED patterns obtained by FFT analysis of the
lattice spots of CSTEM. The C content Y depth profile was
evaluated by the C1s spectrum of XPS whose accuracy was
±1 at%31) PL properties were measured at room temperature,
where the excitation He–Cd laser energy EEX was 3.8 eV, the
laser power was approximately 0.6 mW, and the laser
diameter was 1 μm. At EEX= 3.8 eV, the PL photons were
mainly emitted from the SiC nano-dots near the SOX/Si
interface, because the photon penetration length λEX of
3.8 eV laser in Si layer is only 8 nm.31,39) The PL spectrum
in the wide range of photon wavelengths λPL from the UV to
NIR region was calibrated using a standard illuminant.31)

Moreover, the PL intensity variation within about 1 cm2 area
of Si substrate under each process condition was approxi-
mately ±10%. On the other hand, the accuracy of the peak PL
energy EPH obtained by fitting the measured PL spectrum
was estimated to be approximately ±0.04 eV, because of the
broad PL spectrum. On the other hand, the phonon properties
of C+-Si layer by Si–Si vibration Raman spectroscopy were
measured at room temperatrure, where the excitation He–Cd
laser length λEX condition was 325 nm, the laser power was
approximately 0.6 mW, and the laser diameter was 1 μm.
However, the Raman intensity of Si–C vibration of SiC dots
(TO mode around 780 cm−1) was too low to evaluate the

crystal quality of SiC dots in detail,38) because of small total
area of SiC dots. Thus, in this study, the crystal quality of SiC
dots is indirectly evaluated by the Raman properties of C+ Si
layer.38)

3. Results and discussion

3.1. SiC nano-dot formation in C+-bulk-Si
Figures 2(a) and 2(b) show the T dependence of C content
depth profiles of Si–C bond evaluated by XPS analysis (C1s
spectrum) before and after N2 annealing, respectively, where
DC= 4× 1016 cm−2. Solid and dotted lines in Fig. 2(a)
before N2 annealing show the data at T= 25 °C and
600 °C before N2 annealing, respectively, and the C content
profile is almost independent of T. After N2 annealing, solid
line in Fig. 2(b) shows the data at T= 600 °C, TN= 1000 °C
and tN= 5 min, and dotted line in Fig. 2(b) shows the data at
T= 800 °C, TN= 900 °C and tN= 10 min. Figures 2(a) and
2(b) show that the C content of Si–C bonds is higher than
10 at% within 30 nm depth from the Si surface. This
relatively broad C content depth profile is the characteristic of
C+-bulk-Si, which is much different from that of C+-SOI at
T= 800 °C that has the large C segregation effects at both
SOX/Si and BOX/Si interfaces,33) and thus, the peak C
content of Si–C bonds of C+-bulk-Si (=13 at%) is about one
half of that of C+-SOI (=25 at%).33) Figure 2(b) shows that
the C content profile near the Si surface region is redis-
tributed after short N2 annealing, resulting in the peak C
content around 10 nm from the Si surface. In addition, after
short N2 annealing, the C content profile of Si–C bond is
almost the same as the data at T= 800 °C shown in Fig. 2(b),
which also indicates that the C content profile of Si–C bond
after short N2 annealing is almost independent of T. Thus,
Figs. 2(a) and 2(b) data indicate that the C content of Si–C
bond can be controlled by DC and N2 annealing.
Consequently, the C content of Si–C bond is almost
independent of T and N2 annealing, but the C content at
the SOX/Si interface and peak C content in the Si layer is
partially affected by both the T increase and N2 annealing.
The C atoms are segregated at the SOX/Si interface in a
C+-bulk-Si under T⩾ 600 °C and the segregation effect is
enhanced with increasing T. In summary, Fig. 2(c) shows the
T dependence of the peak C content of Si–C bond at the
SOX/Si interface (C segregation area). Squares and circles
show the data before and after N2 annealing, respectively.
The peak C content of Si–C bond in the C segregation area
depends on T and rapidly increases with T increasing under
T⩾ 600 °C, but the peak C content at T= 600 °C is not
affected by N2 annealing.
On the other hand, Fig. 3 shows the T dependence of C

content depth profiles of C–C bond evaluated by XPS
analysis (C1s spectrum), where DC= 4× 1016 cm−2.
Dashed and dotted lines show the data at T= 600 °C and
25 °C before N2 annealing, respectively, and solid line shows
the data at T= 600 °C, TN= 1000 °C and tN= 5 min, respec-
tively. The low C content of C–C bond (1–2 at%) was
observed only in SOX layer and thus, some C atoms are
separated out only in oxide layer. The C content of C–C bond
depends on T, but is independent of N2 annealing.
Next, we discuss the SiC dot structure. Figures 4(a) and

4(b) show TEM images of the cross section of the surface
Si layers before and after N2 annealing at TN= 1000 °C

Fig. 1. (Color online) Schematic fabrication steps for SiC dots in bulk-Si.
After thermal dry oxidation of Si (TOX ≈ 100 nm) at 1000 °C (a), (b) shows
that hot-C+-ions were implanted into a (100) bulk-Si substrate for forming
SiC dots at the Si substrate temperature T. (c) shows that post N2 annealing
was carried out in various TN for tN after (a) and (b) steps, to reduce the C+

ion implantation induced damage in Si layer.
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for tN= 5 min, respectively, where T= 600 °C and
DC= 4× 1016 cm−2. Many SiC dots, shown as white dot
areas pointed out by arrows, successfully formed within
approximately 50 nm depth from the Si surface whose C
content is higher than 4 at% shown in Fig. 2(b). However,
Fig. 4(b) shows that the SiC dot size decreases after N2

annealing, compared to the SiC dot size of Fig. 4(a) before
N2 annealing. Moreover, Si layer under the SiC dot formation
layer in Fig. 4(a) shows many dislocations pointed out by
arrow (dislocation layer), which are possibly attributable to
the Si lattice mismatch between the SiC dot layer with
relatively small lattice constant by SiC dot formation and
relaxed bulk-Si substrate. However, Fig. 4(b) shows that the
dislocations drastically decrease after N2 annealing, which is
possibly attributable to the SiC dot layer relaxation by high
temperature N2 annealing.
Firstly, we discuss SiC dot properties in C+-Si layer,

where DC= 4× 1016 cm−2. In order to evaluate the T
dependence of the SiC dot size R and density N, Figs. 5(a)

and 5(b) show TEM images of the cross section of Si layer
before N2 annealing at T= 25 °C and 600 °C, respectively.
White round regions pointed by arrows show SiC dots.
Figure 5(a) even at T= 25 °C shows that some SiC dots with
the R of an approximately 1–1.5 nm can be observed within
an approximately 10 nm depth from the Si surface, but the
SiC dot shape is obscure and the density is very low,
compared to Fig. 5(b) at T= 600 °C. Thus, it is difficult to
evaluate the N at room temperature C+ ion implantation.
However, Fig. 5(b) at high T= 600 °C shows that many SiC

Fig. 2. (Color online) T dependence of C content depth profiles of Si–C bond evaluated by XPS analysis (C1s spectrum) (a) before and (b) after N2

annealing, where DC = 4 × 1016 cm−2. Solid and dotted lines in (a) show the data at T = 25 °C and 600 °C before N2 annealing, respectively. Solid line in (b)
shows the data at T = 600 °C, TN = 1000 °C for tN = 5 min, and dotted line in (b) shows the data at T = 800 °C, TN = 900 °C for tN = 10 min. (b) shows that
the C content of Si–C bond is almost independent of T and N2 annealing, but the C content at the SOX/Si interface and peak C content in the Si layer is partially
affected by N2 annealing. (c) T dependence of the peak C content of Si–C bond at the Si surface (C segregation area) evaluated by XPS analysis
(C1s spectrum), where DC = 4 × 1016 cm−2. Squares and circles show the data before and after N2 annealing shown in Figs. 2(a) and 2(b), respectively. The
peak C content of Si–C bond at the SOX/Si interface depends on T and rapidly increases with increasing T under T ⩾ 600 °C.

Fig. 3. (Color online) T dependence of C content depth profiles of C–C
bond evaluated by XPS analysis (C1s spectrum), where
DC = 4 × 1016 cm−2. Dashed, dotted, and solid lines show the data at
T = 600 °C, 25 °C before N2 annealing, and at T = 600 °C, TN = 1000 °C
for tN = 5 min, respectively. C atoms are separated out only in SOX layer.
The C content of C–C bond in SOX layer depends on T, but is independent
of N2 annealing.

Fig. 4. (Color online) TEM images of the cross section of the surface C+

Si layers at (a) tN = 0 and (b) tN = 5 min, where T = 600 °C, TN = 1000 °C,
and DC = 4 × 1016 cm−2. Many SiC dots, pointed out by arrows, success-
fully formed within approximately 50 nm depth from the Si surface before
and after N2 annealing. However, (b) shows that the SiC dot size decreases
after N2 annealing, compared to the SiC dot size before N2 of (a). Moreover,
as shown in (a), Si layer under the SiC dot formation layer shows many
dislocations, but (b) shows that the dislocations are recovered after N2

annealing.
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dots shown as clear white dots are formed within an
approximately 50 nm depth from the Si surface, and thus,
SiC dot formation rate increases with increasing T. SiC dots
in Figs. 5(b)–5(d) show a Moiré pattern interfered by two
layers of SiC and Si, as discussed in Fig. 7. Average R of
Figs. 5(b) and 5(c) are approximately 3.7 and 2.9 nm,
respectively. The dot density; N of Figs. 5(b) and 5(c) in
150× 50 nm2 area are approximately 2.1× 1012 and
1.6× 1012 cm−2, respectively. On the other hand, to evaluate
the N2 annealing effect on SiC dot formation, Figs. 5(c) and
5(d) show the TEM images at T= 600 °C and 800 °C after
N2 annealing, respectively. Compared to Figs. 5(b), 5(c)
indicates that the R and N decreases after N2 annealing. Thus,
the R decreases and N increases after N2 annealing. On the
other hand, Fig. 5(d) at T= 800 °C shows that R≈ 6.3 nm
and N≈ 7× 1011 cm−2, and thus the SiC dot size increases
and density decreases under high T condition.
Here, we discuss the details of the SiC dot size distribution

in the cross section area of depth (50 nm)× lateral length
(150 nm) Si layer except the SOX/Si interface. Figure 6(a)
shows the histograms of long diameter of SiC size distribu-
tions, as the same data in Fig. 5(c), where T= 600 °C,
TN= 1000 °C, tN= 5 min, and DC= 4× 1016 cm−2. The SiC
dot size is normally distributed, resulting in R≈ 2.9 nm and
σR (standard deviation of R) ≈1.1 nm. The SiC dot size
distributions of Figs. 5(b) and 5(d) were also confirmed by
the Gaussian distribution function. σR is almost independent
of T and tN. Figure 6(b) shows the T dependence of R
(circles) and N (squares) before (dashed lines) and after N2

annealing. The R increases monotonically with increasing T,
but slightly decreases after N2 annealing. Thus, the SiC dot
grow largely during high T ion implantation process, but the
SiC dot shrinks during high temperature N2 annealing, which
is possibly attributable to the C atom diffusion. On the other
hand, the N decrease with increasing T, and thus, the N is the
opposite T dependence of R. Therefore, it is required to
optimize the process conditions of T and tN to increase total

SiC area S, since the S in Si layer is proportional to /pR N 4.2

As a result, Fig. 6(b) shows that the maximum and minimum
S in 1 cm2 Si area are approximately 0.23 cm2 before N2

annealing and 0.11 cm2 after N2 annealing at T= 600 °C, and
thus the area ratio of SiC dots to Si layer is lower than 1/4.
Next, we discuss the polytypes of SiC dots in Si layer.

Figures 7(a) and 7(b) show the interference ED patterns of
3C-SiC/Si and H-SiC/Si double layers, respectively. We
verified two types of SiC dot formation of 3C-SiC and H-
SiC. Thus, the SiC-dots in the Si layer shown in Fig. 5 are
confirmed by two polytypes of cubic- and hexagonal-SiC
dots even in Si layer, similar to the results at SOX/Si interface
shown in the next Fig. 8.
Secondly, we discuss the SiC dots at the SOX/Si interface.

Figure 8(a) shows CSTEM images of a cross section of the
C+-Si surface after N2 annealing, and Figs. 8(b) and 8(c) show
the typical ED patterns of cubic [110]3C-SiC corresponding to
areas encircled in yellow in Fig. 8(a) and [ ]2110 H-SiC
corresponding to areas encircled in blue in Fig. 8(a), respec-
tively, where DC= 4× 1016 cm−2, T= 800 °C, TN= 900 °C,
and tN= 10min. The lattice spot configuration of the SOX/Si
interface is much different from the lattice spots of Si layer in
Fig. 8(a). In addition, the ED patterns of Figs. 8(b) and 8(c)
indicate that two different polytypes of 3C-SiC and H-SiC dots
also coexist near the SOX/Si interface. Thus, CSTEM analysis
can distinguished cubic SiC from hexagonal SiC, but it is

Fig. 5. (Color online) CSTEM images of SiC dots as the function of
process conditions, where DC = 4 × 1016 cm−2. (a) T = 25 °C and (b)
T = 600 °C before N2 annealing. (c) T = 600 °C and (d) T = 800 °C after N2

annealing, where TN of (c) and (d) is 1000 °C and 900 °C, respectively, and
tN of (c) and (d) is 5 and 10 min, respectively. SiC dots show Moiré patterns
interfered by SiC and Si double layers, as shown in Fig. 7. (a) at T = 25 °C
shows that some SiC dots are observed only near the Si surface, and the SiC
dot density is very low at room temperature. On the other hand, the SiC dot
density; the N of (b) and (c) are approximately 2.1 × 1012 and
1.6 × 1012 cm−2, respectively, and the average SiC dot size; R of (b) and (c)
are approximately 3.7 and 2.9 nm, respectively. Thus, R decreases and N
slightly decreases after N2 annealing. On the other hand, (d) shows that
R ≈ 6.3 nm and N ≈ 7 × 1011 cm−2, and thus the SiC dot size increases and
density decreases under high T condition.

Fig. 6. (Color online) (a) Histogram of long diameter of SiC dots in cross
section area of depth (50 nm) × lateral length (150 nm) of Fig. 5(c), where
T = 600 °C, TN = 1000 °C, tN = 5 min, and DC = 4 × 1016 cm−2. R and σR
are the average dot diameter (≈2.9 nm) and the standard deviation
(≈1.1 nm), respectively. The statistical R distribution can be well fitted by
Gaussian curve. (b) Average R (circles) and SiC dot density N (squares)
versus T at the same data at Fig. 5, and the left and right vertical axes show
average R and N, respectively. Solid and dashed lines show the data at tN > 0
and tN = 0, respectively. R increases monotonically with increasing T, but
slightly decreases after N2 annealing. On the other hand, N decrease with
increasing T under T ⩾ 600 °C.

Fig. 7. (Color online) ED patterns of SiC dots in the Si layer, where
DC = 4 × 1016 cm−2, T = 800 °C, TN = 900 °C, and tN = 10 min. (a) and
(b) show the interference ED patterns of cubic [110]3C-SiC and [110]Si
double layers, and hexagonal [ ]2110 H-SiC and [110] Si double layers,
respectively.
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difficult for the CSTEM to determine the specific polytypes of
hexagonal SiC, such as 6H-SiC and 4H-SiC. The arrows of
Fig. 8(a) suggest the possibility of the surface roughness
caused by the SiC dot formation. As a result, the surface
density of SiC dots are estimated at approximately
2× 1012 cm−2, which is almost the same as that in the Si
layer discussed in Figs. 5 and 6. The diameter of all SiC dots is
approximately 2 nm. Namely, the SiC dots are grown into the
SOX layer from the Si surface.
Next, we discuss the crystal quality of C+-Si layer

evaluated by Raman spectroscopy, as a function of T and
N2 annealing. Figure 9(a) shows the tN dependence of Raman
spectra of Si–Si vibration, where DC= 4× 1016 cm−2,
T= 600 °C, TN= 1000 °C, and the solid and dashed lines
show the results at tN= 10 and 0 min, respectively. Because
of the Raman intensity improvement after N2 annealing even
at the penetration length of 8 nm in Si of 325 nm laser,39)

Fig. 9(a) shows that the Si surface quality can be improved
by N2 annealing. Moreover, Fig. 9(b) shows the T depen-
dence of the Si Raman intensity at DC= 4× 1016 cm−2 and

TN= 1000 °C, where the solid and dashed lines show the
results at tN= 5 min and 0, respectively. Even without N2

annealing, when T⩾ 500 °C, the Si Raman peak is observed
even under high DC condition of 4× 1016 cm−2 and slightly
increases with increasing T, which is the advantageous
characteristic of hot-C+-ion implantation technique.
However, when T ⩽ 150 °C, before N2 annealing, the c-Si
Raman peak was not observed, but the a-Si Raman peak of
480 cm−1 was observed, because of heavy C+-ion implanta-
tion induced damage in Si layer which leads to a-Si layer
formation. On the other hand, even at T⩽ 150 °C, the Si
Raman peak is recovered after N2 annealing, but is smaller
than the maximum Si Raman intensity at T⩾ 500 °C.
Therefore, the combination processes of hot-C+-ion implan-
tation and post N2 annealing are strongly required to realize
high crystal quality of heavy C+-Si layer.
On the other hand, very small TO mode19,28,40) of Si–C

vibration around 780 cm−1 was also observed shown in
Fig. 9(c), similar to that of hot-C+-ion implanted a-Si,38)

which is also the verification of SiC formation. However, the
TO intensity is approximately 1/5 of Si–Si vibration intensity
shown in Fig. 9(a), and is too small to evaluate the
dependence of T and N2 annealing effects on the crystal
quality of SiC dots directly. Moreover, other Si–C vibration
modes, such as LO mode around 970 cm−1, were not
observed, whereas we confirmed the C–C vibration modes
of G and D bands which were already verified in C+-SOI and
a-Si.31,38) Thus, in this study, we indirectly discuss the crystal
quality of SiC dots by using the Si–Si vibration results of Si
layer embedding the SiC dots.
3.2. PL properties of C+-bulk-Si
3.2.1. PL components of four different SiC
polytypes. TEM observations showed the successful for-
mation of the different polytypes of cubic- and hexagonal-
SiC dots in C+-bulk-Si. It is already reported that SiC
has many polytypes with different exciton gap EGX

(≈EG− 0.1 eV),19,28) the hexagonality increases from 0%
of 3C-SiC to 100% of 2H-SiC, and thus the EGX also
increases from 2.39 eV of 3C-SiC to 3.33 eV of 2H-SiC
with increasing the hexagonality.19,28) In this subsection, we
discuss the broad PL properties of C+-bulk-Si which is
possibly explained by the simple model for the sum of PL
emissions by free exciton recombination from different

Fig. 8. (Color online) (a) CSTEM image of the cross section of C+-Si layer
near the SOX/Si interface, where DC = 4 × 1016 cm−2, T = 800 °C,
TN = 900 °C, and tN = 10 min. The arrows shows the surface roughness
which is possibly caused by the SiC dot formation. (b) and (c) show the ED
patterns of cubic [110]SiC corresponding to area encircled in yellow in (a)
and hexagonal [ ]2110 SiC corresponding to area encircled in blue in (a),
respectively, where the diameter of all SiC dots in (a) is approximately 2 nm.
(b) and (c) show that Si lattice space d at (220) 3C-SiC and (1011) H-SiC
shown by arrows is approximately 0.257 and 0.256 nm, respectively.

Fig. 9. (Color online) (a) tN dependences of Raman spectrum of Si–Si vibration at T = 600 °C, (b) T dependence of Si Raman intensity around 520 cm−1 at
tN = 5 min (solid line) and 0 (dashed line), and (c) TO Raman spectrum of Si–C vibration at T = 600 °C and tN = 5 min, where DC = 4 × 1016 cm−2 and
TN = 1000 °C. (a) shows that Raman intensity is improved after N2 annealing. (b) shows that Si Raman intensity rapidly increases with increasing T, but is not
observed under T ⩽ 150 °C before N2 annealing. TO Raman intensity of Si–C vibration in (c) is very low and approximately 1/5 of that of Si–Si vibration in (a).
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SiC-polytypes with different EGX.
19,28,37,38) Thus in this

study, we assume the typical SiC polytypes of 3C-, 8H-,
6H-, and 4H-SiC, considering the range and space of EGX in
SiC polytypes.37,38)

Figure 10(a) shows the PL spectra of C+-bulk-Si at
T= 800 °C (solid line) and 600 °C (dashed line), and
20 nm thick C+-SOI (dotted line) substrates before N2

annealing, where DC= 4× 1016 cm−2. We experimentally
confirmed that PL intensities of C+-bulk-Si under both T
conditions are almost the same as that of C+-SOI. However,
the broad PL spectrum line shapes of C+-bulk-Si are much
different from that of C+-SOI, and in addition, strongly
depend on T. Moreover, Fig. 10(b) shows Gaussian
curve (dashed lines) fittings of four PL components for
measured PL spectrum (solid lines) after N2 annealing,
where DC= 4× 1016 cm−2, T= 600 °C, TN= 1000 °C, and
tN= 10 min. Measured broad PL spectrum can be well fitted
by the sum of PL emissions of four different SiC-polytype
dots of 3C-SiC intensity (I3C) with EGX of 2.39 eV (E3C), 8H-
SiC intensity (I8H) with EGX of 2.74 eV (E8H), 6H-SiC
intensity (I6H) with EGX of 3.05 eV (E6H), and 4H-SiC
intensity (I4H) with EGX of 3.27 eV (E4H)

19,28) both at the
SOX/Si interface and in the Si layer. PL component of 2H-
SiC with higher EGX was not observed in this study. It was
also verified that PL spectra of all process conditions in this
study can be well fitted by four different polytypes of 3C-SiC
to 4H-SiC dots. Consequently, measured PL spectrum as a
function of photon energy E; IPL(E) can be given by the
following equation

( ) ( ) ( ) ( )

( ) ( ) ( )

å= = +

+ +
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I E N I E N I E N I E

N I E N I E , 1
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i i C C H H

H H H H

PL
1

4
0

3 3
0

8 8
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where N3C, N8H, N6H, and N4H are densities of 3C-, 8H-, 6H-,
and 4H-SiC dots, respectively, and I ,C3

0 I ,8H
0 I ,H6

0 and I H4
0 are

PL intensities per one dot of 3C-, 8H-, 6H-, and 4H-SiC,
respectively.
In the following subsections, we discuss the process

condition dependence of PL properties of C+-bulk-Si.

3.2.2. N2 annealing effects. Next, we discuss the post N2

annealing effects on PL properties.
Firstly, we discuss the tN dependence of PL properties.

Figure 11(a) shows the tN dependence of PL spectrum at
TN= 1000 °C, T= 600 °C, and DC= 4× 1016 cm−2, where PL
intensity IPL is normalized by the peak IPL before N2 annealing
(tN= 0). IPL strongly depends on tN, but the PL spectrum line
shape keeps in the whole range of tN. The IPL enhancement
factor at TN= 1000 °C rapidly increases to approximately 5.6 at
tN= 5min and then slowly decreases with increasing tN in
tN> 5min. Moreover, Fig. 11(b) shows the IPL enhancement
factors versus tN at various TN, where T= 600 °C and
DC= 4× 1016 cm−2. At TN⩾ 900 °C, the peak-IPL enhance-
ment rapidly increases at 5⩽ tN⩽ 10min, and the maximum
IPL enhancement factor increases with increasing TN, although
TEM observations shown in Figs. 5(b), 5(c), and 6(b) show that
the SiC dot density decreases after N2 annealing. Thus, the IPL
enhancement after N2 annealing is possibly attributable to the
PL intensity enhancement per one dot by the Si crystal quality
improvement after N2 annealing at high TN, which is already
discussed by the Raman intensity increase at tN= 5min shown
in Fig. 9(b). However, in the case of tN> 5min, the peak-IPL
enhancement ΔIPL decreases with increasing tN, and can be
well fitted by the exponential decay function (dashed lines)
with the correlation coefficient of greater than 0.98, as shown in
Eq. (2), which is considered to be due to the SiC dot density N
reduction in Eq. (1) during high TN annealing, as shown as the
tN dependence of N in Fig. 6(b)

⎛
⎝⎜

⎞
⎠⎟( ) ( )D = + -I t I I

t

t
exp , 2N

N

D
PL 1 2

where tD indicates the time constant for decaying PL intensity
due to the N reduction at TN, I1+ I2 is a maximum PL
intensity (IMAX), and I1 is a minimum PL intensity (IMIN) at
tN=∞. The fitting tD at TN= 900 °C and 1000 °C are
approximately 30 min and 21 min, respectively, and thus the
TN dependence of tD is small. Moreover, at TN= 1000 °C, the
peak-IPL enhancement is nearly equal to zero at tN= 120 min,
that is, the peak-IPL value is almost the same as the initial
peak-IPL before N2 annealing, because the large N-reduction

Fig. 10. (Color online) (a) PL spectra of C+-bulk-Si at T = 800 °C (solid line) and 600 °C (dashed line), compared with that of C+-SOI at T = 800 °C
(dotted line) before N2 annealing (tN = 0), where DC = 4 × 1016 cm−2. Lower and upper axes show the EPH and λPL corresponding to EPH, respectively. The
IPL of C+-bulk-Si is almost the same as that of C+-SOI, but the PL spectrum line shape of C+-bulk-Si depends on T. (b) PL component [Gaussian curve
(dashed lines)] fittings for measured PL spectrum (solid lines), where DC = 4 × 1016 cm−2, T = 600 °C, TN = 1000 °C, and tN = 10 min. Measured broad PL
spectrum can be well fitted by four different SiC-polytypes of 3C-SiC (I3C: red), 8H- SiC (I8H: green), 6H- SiC (I6H: blue), and 4H-SiC (I4H: purple) whose
exciton bandgap energies are each EGX values ever reported.19,28)
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possibly cancels out the Si crystal quality improvement
during long N2 annealing. On the other hand, at low TN of
700 °C, the peak-IPL enhancement is relatively small com-
pared with that at TN⩾ 900 °C, continues increasing with
increasing tN, and finally saturates even at long tN. The small
peak-IPL enhancement in a short tN is possibly attributable to
the small recovery of Si crystal quality at low TN. In addition,
the peak-IPL enhancement ΔIPL at low TN of 700 °C can be
well fitted by the following exponential rise function of
Eq. (3) (dashed line) with the correlation coefficient of 0.99,
which is considered to be due to a time scale tR of the
recovery of Si crystal quality after low TN annealing

⎧⎨⎩
⎛
⎝⎜

⎞
⎠⎟

⎫⎬⎭( ) ( )D = + - -I t I I
t

t
1 exp , 3N

N

R
PL 3 4

where I3 is an initial PL intensity, and I3+ I4 is the maximum
PL intensity. The time scale of the Si quality recovery tR was
very short and approximately 5min at T= 700 °C. Furthermore,
the fitting IMAX of Eqs. (2) and (3) gradually increases from 2.2
to 6.4 with increasing TN from 700 °C to 1000 °C.
Next, we discuss the tN dependences of PL components at

high TN of 1000 °C. Figure 12(a) shows the tN dependences
of the peak-IPL of main cubic and hexagonal PL components
of I3C (circles) and I6H (rhombi), and Fig. 12(b) shows E4H

(triangles), E6H(rhombi), E8H (squares), and E3C (circles) as a
function of tN, where T= 600 °C, TN= 1000 °C, and
DC= 4× 1016 cm−2. Both PL component intensities rapidly
increase at tN= 5 min, and decrease with increasing tN at
tN> 5 min, which can be well fitted by the exponent decay
function of Eq. (2) (dashed lines). Thus, the tN dependence of
I3C and I6H is almost the same as that of IPL enhancement at
TN= 1000 °C in Fig. 11(b). Therefore, the physical me-
chanism for the tN dependence of IPL components is the same
as that for the tN dependence of IPL enhancement discussed in
Fig. 11(b). Namely, the rapid IPL component increase at short
N2 annealing is probably due to the Si crystal quality
improvement shown as the Raman intensity versus tN in
Fig. 9(b). On the other hand, the IPL component reduction at
long N2 annealing is probably attributable to the SiC dot

density reduction during high temperature N2 annealing at
TN= 1000 °C, as discussed as the SiC dot density decrease
under high T conditions shown in Fig. 6(b). On the other
hand, Fig. 12(b) shows that all peak PL energies of PL
components is independent of tN, and is almost the same as
reference EGX of four different polytypes of 3D-SiC [dashed
lines in Fig. 12(b)].19,28)

Secondly, we discuss the TN dependence of PL properties.
Figure 13(a) shows the TN dependence of PL spectrum, where
the dotted line shows the PL spectrum before N2 annealing,
T= 600 °C, tN= 10min, and DC= 4× 1016 cm−2. The IPL
drastically increases with increasing TN at TN⩽ 1000 °C,
which is possibly attributable to the Si crystal quality recovery,
as shown in Fig. 9(b). On the other hand, at TN= 1200 °C, the
IPL rapidly decreases, which is possibly caused by the SiC dot
density reduction after high TN annealing shown in Fig. 6(b).
However, the PL spectrum line shape is almost independent of
TN, except TN= 1200 °C data. Moreover, Fig. 13(b) shows the
TN dependence of the peak-IPL of main cubic and hexagonal
PL components of I3C (circles) and I6H (rhombi) as well as
IMAX (triangles). IMAX, peak-I6H, and peak-I3C have the
maximum values at TN≈ 900 °C–1000 °C, but only at
TN= 1200 °C, I3C component is higher than I6H component.
Similar to Fig. 12(b), all EGX of four PL components was
almost independent of TN, and was nearly equal to reference
EGX of four different polytypes of 3D-SiC.19,28)

Here, we estimate the total photon emission number from
each PL component shown in Fig. 10(b), which is an
indicator for each polytype formation ratio of SiC dots. The
ratio of one PL component II to total IPL emission; PI

(subscript I is from 3C to 4 H) can be precisely determined
by the integrated II divided by the total integrated IPL in the
whole range of photon energy E.37,38) Namely

( )

( )
( )

ò
ò

=P
I E dE

I E dE
. 4I

I

PL

Figure 14 shows the TN dependence of integrated PL
component ratios of Eq. (4), where T= 600 °C, tN= 10 min

Fig. 11. (Color online) (a) tN dependence of PL spectrum at TN = 1000 °C, where T = 600 °C and DC = 4 × 1016 cm−2. IPL is normalized by the peak IPL
before N2 annealing (tN = 0). IPL strongly depends on tN, but the PL spectrum line shape keeps in the whole range of tN. Namely, the IPL enhancement at
TN = 1000 °C rapidly increases at tN = 5 min and then slowly decreases with increasing tN under tN > 5 min (b) tN dependence of peak-IPL enhancement
factors compared with the peak-IPL at tN = 0, as a parameter of TN, where T = 600 °C and DC = 4 × 1016 cm−2. Under tN > 5 min, the peak-IPL enhancement
slowly decreases with increasing tN and can be well fitted by the exponential decay function of Eq. (2) (dashed line). However, in the case of low TN of 700 °C,
the peak-IPL enhancement factors (squares) continues increasing with increasing tN, and saturates in tN > 30 min, which can be well fitted by the exponential
rise function of Eq. (3) (dashed line). The correlation coefficients of these fitting curves of Eqs. (2) and (3) are greater than 0.96.
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and DC= 4× 1016 cm−2. All PL emission component
strongly depends on TN. For example, total hexagonal PL
component ratio is the main component and higher than 70%
at 500 °C< TN⩽ 1000 °C, but the P3C is the main component
of approximately 50% at 500 °C> TN and TN> 1000 °C. The
TN dependence difference of PI between the cubic and
hexagonal polytypes of SiC is probably the formation rate
difference between the cubic and hexagonal polytypes of SiC
at TN.
3.2.3. Hot-C+-ion implantation temperature
dependence. In this subsection, we discuss the
hot-C+-ion implantation temperature T dependence of PL
properties of SiC dots.
Figures 15(a) and 15(b) show the T dependence of PL

spectra at tN= 0 and tN= 5 min, respectively, where
TN= 1000 °C and DC= 4× 1016 cm−2. The IPL value and
PL spectrum line shape strongly depend on T, which is also
affected by N2 annealing. Although Fig. 9(b) shows that the
crystal Si layer is amorphized after C+ ion implantation at
T= 25 °C before N2 annealing, Fig. 15(a) shows that normal
PL emission was experimentally confirmed even at T= 25 °C
before N2 annealing, but the PL spectrum line shape with low
PL intensity at higher photon energy is much different from
those at T ⩾ 600 °C, because of no I4H around 3.3 eV of

photon energy. Therefore, it is possible that SiC dots are
formed even in an amorphous Si.37,38) After N2 annealing,
Fig. 15(b) shows that IPL is enhanced by approximately four
factors under all T conditions. Especially at T= 25 °C, the IPL

Fig. 12. (Color online) tN dependences of (a) main hexagonal and cubic PL components of peak-I6H (rhombi) and peak-I3C (circles), and (b) E4H (triangles),
E6H(rhombi), E8H (squares), and E3C (circles), where T = 600 °C, TN = 1000 °C, and DC = 4 × 1016 cm−2. Dashed lines in (a) show the fitting curves of
exponent decay function of Eq. (2) with the correlation coefficients of 0.99. Dashed lines in (b) show reference EGX of four different SiC polytypes.19,28) (a)
shows that all peak PL intensities rapidly increase at tN = 5 min, and then decrease with increasing tN. However, (b) shows that each peak EPH is almost the
same as experimental EGX (E0) and independent of tN within 0.1 eV.

Fig. 13. (Color online) TN dependence of (a) PL spectrum, and (b) IMAX(triangles), peak-I6H (rhombi), and peak-I3C (circles), where T = 600 °C,
tN = 10 min, and DC = 4 × 1016 cm−2. (a) shows that the PL spectrum strongly depends on TN. (b) shows that IMAX, peak-I6H, and peak-I3C have the
maximum values at TN ≈ 900 °C–1000 °C.

Fig. 14. (Color online) TN dependence of integrated PL component ratios
of Eq. (4) which are proportional to total PL photon emission numbers from
each SiC polytype, where T = 600 °C, tN = 10 min and
DC = 4 × 1016 cm−2. All PL emission components strongly depend on TN.
The hexagonal PL components are the main component at 500
°C ⩽ TN ⩽ 1000 °C, but the P3C is the main component at 500 °C > TN and
TN > 1000 °C.

© 2019 The Japan Society of Applied Physics081004-8

Jpn. J. Appl. Phys. 58, 081004 (2019) T. Mizuno et al.



enhancement is very large in the UV range of I4H, and thus,
the PL spectrum line shape is changed after N2 annealing.
Secondly, we discuss the T dependence of PL components

of SiC dots.
Figure 16(a) shows the T dependence of the peak-IPL

of main cubic and hexagonal PL components of 3C-
(circles) and 6H-SiC (rhombi) at TN= 1000 °C and
DC= 4× 1016 cm−2, where the solid and dashed lines
show the data at tN= 5 min and 0, respectively. The
peak-I6H at tN= 5 min has the double peaks at T =25 °C
and 600 °C, but the peak-I6H at tN= 0 has the single peak at
T= 600 °C. On the other hand, the peak-I3C at tN= 5 min has
the peak at room temperature and the minimum at T =
500 °C, and then continues increasing with increasing T at
T⩾ 500 °C. Therefore, Fig. 16(a) indicates that the optimum
T is around 600 °C to improve I6H. In addition, Fig. 16(b)
shows the T dependence of peak PL component enhancement
factors at tN= 5 min of I4H (triangles), I6H (rhombi), I8H
(squares), and I3C (circles), compared with each peak-IPL at
tN= 0, where TN= 1000 °C and DC= 4× 1016 cm−2. The
PL intensity enhancement factors after N2 annealing are
larger than 3 in the whole range of T, and rapidly increases
with decreasing T at T⩽ 500 °C. Large IPL enhancement at
low T is possibly due to the Si crystal quality improvement
after N2 annealing as well as the SiC dot density increase
with decreasing T shown in Fig. 6(b). In addition, the peak-
IPL enhancement factors increase with increasing the hex-
agonality, and for example the I4H enhancement factor
reaches over 60, whose physical mechanism is not under-
stood at present.
Finally, Figs. 17(a) and 17(b) show the T dependence of

the ratio of P4H, P6H, P8H, and P3C of Eq. (4) at tN= 0 and
5 min, respectively, where TN= 1000 °C, tN= 5 min and
DC= 4× 1016 cm−2. The ratio of each PL component
strongly depends on T, but the T dependence is much
affected by N2 annealing. P6H and P8H ratios are approxi-
mately 30%, and almost independent of T, which is not
affected by N2 annealing. On the other hand, P3C and P4H

ratios are much affected by N2 annealing. Before N2

annealing, Fig. 17(a) shows that P3C ratio is very high, but
P4H is very low at T⩽ 150 °C. However, after N2 annealing,
P4H increases with decreasing T, but P3C has the minimum at
T≈ 800 °C. Therefore, the PL component ratios are partially
controlled by T and N2 annealing.

3.2.4. C+-ion dose dependence. In this subsection, we
discuss the DC dependence of PL properties of SiC dots.

Figure 18 shows the DC dependence of PL spectrum at
T= 800 °C after N2 annealing, where TN= 1000 °C and
tN= 5 min. Both PL intensity and PL spectrum line shape
strongly depend on DC. Especially, the PL spectrum line
shape at DC= 1× 1016 cm−2 shows lower IPL at lower
photon energy region around 2.4 eV, and thus is much
different from that with double PL peaks at
DC⩾ 4× 1016 cm−2, which is attributable to the strong DC

dependence of PL components, as discussed in Fig. 19(a).
Figure 19(a) shows the DC dependence of peak values of

PL components of I4H (triangles), I6H (rhombi), I8H (squares),
and I3C (circles) at tN= 5 min, and Fig. 19(b) shows the
FWHM of Si Raman peak at tN= 5 min (solid line) and 0
(dashed line) as a function of DC, where T= 800 °C and
TN= 1000 °C. Figure 19(a) shows that peak I3C and I8H
continue increasing with increasing DC, and the peak-I3C at
DC= 6× 1016 cm−2 is approximately 23 times as large as
that at DC= 1× 1016 cm−2, whereas the peak I6H and I4H
have the maximum value at DC= 4× 1016 and
2× 1016 cm−2, respectively. Thus, PL components have the

Fig. 15. (Color online) T dependence of PL spectra at (a) tN = 0 and (b) tN = 5 min, where TN = 1000 °C and DC = 4 × 1016 cm−2. IPL value and PL
spectrum line shape strongly depend on T, which is also affected by N2 annealing.

Fig. 16. (Color online) T dependence of (a) main hexagonal and cubic PL
components of peak-I6H (rhombi) and peak-I3C (circles), and (b) peak-IPL
enhancement factors of I4H (triangles), I6H (rhombi), I8H (squares), and I3C
(circles) at tN = 5 min compared with peak-IPL at tN = 0, where
TN = 1000 °C and DC = 4 × 1016 cm−2. Solid and dashed lines in (a) show
the data at tN = 5 min and 0, respectively. (a) shows that the T dependence of
peak-I6H is different from that of peak-I3C, which also depends on N2

annealing. (b) shows that the PL intensity enhancement factors after N2

annealing rapidly increase with decreasing T at T ⩽ 500 °C, which is
enhanced with increasing the hexagonality.

© 2019 The Japan Society of Applied Physics081004-9

Jpn. J. Appl. Phys. 58, 081004 (2019) T. Mizuno et al.



different DC dependence, which leads to the strong DC

dependence of the PL spectrum line shape, as shown in
Fig. 18. Figure 19(b) shows that the FWHM of Si Raman
peak is almost independent of DC within 8%, which indicates
that the Si crystal quality was not degraded by high DC in this
study. As a result, the PL component increase with increasing

DC is possibly caused by the SiC dot density increase with
increasing DC.
Finally, Fig. 20 shows the DC dependence of the ratio of

integrated PL intensities of each PL component; P4H, P6H,
P8H, and P3C of Eq. (4), where T= 800 °C, TN= 1000 °C,
and tN= 5 min. With increasing DC, P4H decreases, but P3C

increases, whereas P6H, and P8H are almost independent of
DC. Therefore, a cubic SiC dot formation rate increases with
increasing DC, but on the contrary, 4H-SiC dot formation rate
becomes high under low DC condition and other hexagonal
dot formation of 8H- and 6H-SiC is almost independent of
DC. Thus, it is possible for DC to control the SiC polytypes
partially.

4. Conclusion

We experimentally studied SiC nano-dot formation in a bulk-
Si substrate for a future Si-photonic device, using the very
simple processes of a hot-C+-ion implantation into (100)
bulk-Si substrate at substrate temperature T and the following
N2 annealing in various annealing temperature TN for
annealing time tN, where 1× 1016⩽DC⩽ 6× 1016 cm−2,
25 °C⩽ T⩽ 800 °C, 500 °C ⩽ TN⩽ 1200 °C, and 0 ⩽ tN⩽
120 min. We demonstrated very large PL intensity in the
wide range of near-UV/visible regions from 2–6 nm diameter
SiC dots in the C+-Si layer evaluated by CSTEM

Fig. 17. (Color online) T dependence of the ratio of integrated PL intensities of each PL component; P4H, P6H, P8H, and P3C of Eq. (4) at (a) tN = 0 and
(b) 5 min, where TN = 1000 °C and DC = 4 × 1016 cm−2. T dependence of the ratio of integrated PL intensities of each PL component strongly depends on tN.
Especially, the T and N2 annealing influences on P4H and P3C ratios are very large.

Fig. 18. (Color online) DC dependence of PL spectrum, where T = 800 °C,
TN = 1000 °C, and tN = 5 min. Both PL intensity and PL spectrum line shape
strongly depend on DC.

Fig. 19. (Color online) DC dependence of (a) peak values of I4H (triangles), I6H (rhombi), I8H (squares), and I3C (circles) at tN = 5 min, and (b) FWHM of Si
Raman peak at tN = 5 min and 0, where T = 800 °C and TN = 1000 °C. (a) shows that peak I3C and I8H continue increasing with increasing DC, but peak I6H
and I4H have the maximum values at DC = 4 × 1016 and 2 × 1016 cm−2, respectively. (b) shows that FWHM is almost independent of DC within 8%.
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observation, and the PL intensity is almost the same as that
from the SiC dots in C+-SOI substrate.
The C atom depth profile, evaluated by C1s spectrum of

XPS for C+-bulk-Si, shows small C segregation at the
SOX/Si interface and wide C content depth profile, whose
peak C content at SOX/Si interface slightly increases with
increasing T. CSTEM observation shows that there are two
types of SiC dots with cubic and hexagonal polytypes in
C+-bulk Si layer. It is also verified that 3C/H-SiC dots with
an approximately 2 nm diameter R grow toward a SOX layer
from the Si surface. As a result, the statistical R distribution
in the Si layer is Gaussian type, and the average R decreases
from approximately 1–6 nm with decreasing T and increasing
tN, whereas the standard deviation of R is kept 1.1 nm.
Moreover, the SiC dot density in the Si layer is approxi-
mately 1.5× 1012 cm−2 and also decreases with increasing T
and tN. UV-Raman spectroscopy of Si–Si vibration of C+-Si
layer suggests that C+-Si layer quality is improved by
increasing T and short N2 annealing.
We successfully observe very strong and broad PL

intensity IPL after N2 annealing in the wide range of T
(from room temperature to 800 °C). The broad PL spectrum
can be well fitted by different PL components of four SiC-
polytypes of cubic and hexagonal SiC dots with different
exciton bandgap EGX (3C-, 8H-, 6H- and 4H-SiC). The PL
spectrum line shape and IPL strongly depends on process
conditions of T, TN, tN, and DC, which is possibly attributable
to the difference of the process conditions for each SiC
polytype formation.
Optimum process conditions exist for improving IPL by

improving the C+-Si layer quality and enlarging the total area
of SiC dots fabricated in C+-Si layer. For example, optimum
T, TN, and DC for enlarging IPL are approximately 600 °C,
1000 °C, and 4× 1016 cm−2, respectively. However, op-
timum process conditions for improving each PL component
are much different between each PL component, especially,
the process condition dependence of I3C component is much
different from that of I4H component. Thus, it is partially
possible to control the PL spectrum line shape by optimizing
the process conditions for C+-bulk Si.

Consequently, the ULSI compatible technique of SiC-dot
formation in C+-bulk-Si substrate is very promising for
future electron and photonic hybrid Si-devices.
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