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Abstract

(111) silicon wafers were implanted with high ion doses of C*,N* and C* + N7, from 1 x 10'® to 6.7 x 10'7 cm2,
well over the amorphization dose. For the largest dose, the mean impurity concentration in the implanted region (of
about 1000 A) at 30 keV is expected to be similar to the Si atom density. Silicon nitride and silicon carbide formation is
detected in the as-implanted samples. After annealing at 1200 °C a trend to segregation of Si;N4 and SiC in separated
layers is observed, and a polycrystalline Si overlayer is formed. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The growth of high-quality epitaxial films on
lattice-mismatched substrates has proved to be
extremely useful in the fabrication of high-per-
formance semiconductor devices. The induced
elastic strain allows tailoring the electronic prop-
erties of the device to specific requirements. Un-
fortunately the film thickness is limited to below a
critical thickness, over which films begin to de-
grade. Their potential applications in heterojunc-

* Corresponding author. Tel.: +34-91-397-8607; fax: +34-91-
397-4895.
E-mail address: lucia.barbadillo@uam.es (L. Barbadillo).

tion bipolar transistors have caused a great
research effort in methods to achieve strain relax-
ation, which would allow larger thicknesses with-
out degradation. The utilization of compliant
substrates is one of the most common approaches.
With the appearance of compliant substrates,
where the substrate becomes mechanically flexible
to comply with the lattice of the epitaxial layer,
this limitation has been avoided.

Ion implantation is a powerful method for
modifying the near-surface properties of materials.
A promising application for ion implantation is
the formation of silicon-on-insulator (SOI) struc-
tures, which have also been used as compliant
substrates [1-4]. In this case, the thin silicon
overlayer will absorb stress, enabling the growth of
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thicker layers without degradation [5,6]. Addi-
tionally, buried SiN, films find a wide range of
applications in microelectronics, not only as SOI
structures [7-10], but also as etch-stop [11,12] and
selective oxidation masks [13]. SiC layers gener-
ated by high-dose implantation could be useful as
buffer layers for crystalline GaN growth on Si,
because the lattice mismatch between B-GaN and
SiC is 3%, while that between B-GaN and Si is
about 17% [14].

Carbon implantation in SOI structures has
been reported to result in preferential carbon mi-
gration to the silicon/insulator interfaces [15],
where continuous carbide layers in epitaxial rela-
tion with the silicon matrix can be achieved.

Carbon and nitrogen co-implantation could be
applied to obtain compliant substrates, allowing a
reduction of the lattice constant in the silicon
overlayer because of their covalent radii, both
smaller than the one of the silicon (carbon 0.77 A
and nitrogen 0.75 A versus 1.11 A of silicon).

Furthermore, because of the similarity between
the basic structures of C3Ny and Si;Ny, both could
be miscible giving rise to SiCN alloys with poten-
tial applications in microelectronics and hard
coating technologies. The formation of some
middle state Si,C,N., different from SiC and
Si3Ny4, by nitrogen implantation in SiC has been
previously reported [16,17]. Later, electron cyclo-
tron resonance (ECR) CVD [18,19] and micro-
wave-enhanced CVD [20] have been used to
synthesize SiCN layers. In addition, SiICN appears
to be a direct-wide-band-gap semiconductor with
potential optoelectronic applications in the blue or
ultraviolet region [20].

The aim of the present work is to study the
properties of the layers formed by low-energy
carbon and nitrogen implantation into silicon, and
the effects of post-annealing processes.

2. Experimental

Implantation of C* and/or N* was carried out
at 30 keV in a modified Varian Extrion ion im-
planter using a gas mixture of CO + N, as ion
source. In the co-implantated samples the im-
plantation of nitrogen was performed in first place.

The C* and N' ion current densities were about
1.5 and 3 pA/cm?, respectively. Projected ranges of
both species, at this energy, are close to 1000 A, as
predicted by the SRIM [21] program. Both-sides
polished N-type float-zone (FZ) (111) silicon
wafers, with resistivity over 50 Q cm and oxygen
content below 0.3 ppm, were implanted with dif-
ferent doses (1 x 10'°, 1 x 10" and 6.7 x 107 cm ™2
for N* and 1 x 10'%,1 x 10'7 and 5 x 107 cm™2
for 2C"). All of them were well over the critical
amorphization dose, of about 10'> cm~2 for these
ions at 30 keV in silicon.

The highest dose was chosen to obtain a con-
centration of the implanted ions at a depth of
about 0.1 um similar to the bulk silicon density,
5 x 102 cm™3.

During the process the sample holder was
maintained at room temperature by means of a
closed-cycle circuit of coolant, in order to avoid
self-annealing effects. With the used ion current
densities the mean temperature increase induced
by the beam does not exceed 150 °C, even if the
sample holder was uncooled.

Afterwards, the samples were annealed in pure
nitrogen atmosphere to achieve a good-crystalline-
quality Si overlayer and to promote the activation
and/or chemical reaction of the implanted ions.
Two of the samples of each dose were rapid ther-
mal annealing (RTA) annealed in nitrogen for 1
min at 600 and 1200 °C and two additional pieces
furnace annealed for 3 h at 1200 °C.

The structural changes originated in Si by N*
and C* implantation have been studied by con-
ventional transmission electron  microscopy
(TEM), high-resolution electron microscopy
(HREM) and selected-area electron diffraction
(SAED). Conventional TEM work was carried out
in a Jeol 1200 EX while a Jeol 2000 EX was op-
erated for HREM studies. SAED analysis was
performed using both transmission electron mi-
croscopes. Electron diffraction patterns and
HREM image analysis were carried out using
Digital Micrograph and Semper softwares. All
studies were carried out after preparing cross-sec-
tion (X) specimens by mechanical thinning and
further Ar" ion milling at 4.5 kV.

The crystalline quality of the Si overlayer was
also checked by means of high-resolution X-ray
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diffraction (HRXRD) measurements of the im-
planted samples annealed at higher temperatures,
both in RTA and conventional furnace, performed
in a Siemens D-5000 diffractometer. The Cu-Ka
radiation at 1.54 A was used as the source for
diffraction.

Fourier transform infrared (FTIR) spectra in
transmission mode were collected with a Bruker
IFS-66V spectrometer. This technique was used to
identify the vibrational modes of the different
bonds present in all the samples and, thus, to fol-
low the reaction between the implanted ions and
the silicon matrix.

Spectroscopic ellipsometry (SE) measurements
of the samples were performed in a Uvisel Jobin—
Yvon spectrometer between 1.5 and 4.5 eV. Using
the qualitative composition deduced from FTIR
spectra, it was possible to deduce the layer struc-
ture and thickness, by fitting the SE measurements
to adequate models.

3. Results
3.1. TEM observations
XTEM images of the sample implanted with

the highest doses of C* (5x 107 cm™2) and
* (6.7 x 10'7 cm?) and annealed at 1200 °C for

3 h show three well-defined layers near the silicon
surface. Fig. 1 shows an XTEM image where these
layers are labeled as layers 1 (the deepest one),
2 and 3 (the closest to the sample surface). Aver-
age thickness measured from XTEM images is 22
nm for layer 1, 85 nm for layer 2 and 82 nm for
layer 3.

SAED pattern of Fig. 2 is a typical diagram
registered from layers 1, 2 and 3. This pattern
contains (i) the main spots of a characteristic
electron diffraction pattern of monocrystalline Si
along [110]; (ii) spots arranged around circum-
ferences due to polycrystalline Si (planes {111},
{220} and {11 3}); and (iii) spots X;, X, X5 and X;
that do not correspond to silicon. Spot X; corre-
sponds to a lattice spacing of 2.152 4 0.039 A X
to 4.283 £+ 0.061 A X; to 4.554 +0.070 A and X,
to 2.253 +0.032 A. Considering lattice spacing of
a-Si3Ny, B-Siz Ny, 2H-SiC, 4H-SiC and 6H-SiC,
X, and X; cannot be assigned to a single phase. On
the contrary, X, and X; are assigned to lattice
spacings of o-Si3Ns. X; is assigned to lattice
spacing of 4.313 A, which corresponds to planes
(1-11), (011), (101), (=111), (0-11) and
(-101), and X, to 2.277 A, which corresponds to
planes (-1-12), (2-12), (-122), (112), (-212)
and (1-22).

Layer 1 consists only of monocrystalline Si
oriented with its [110] direction parallel to the

Fig. 1. Bright field XTEM image of layers formed in the C*- and N*-implanted sample ( 5 x 10" cm™2 of C* and 6.7 x 10'7 ¢cm~2 of

N*) furnace-annealed at 1200 °C for 3 h.
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Fig. 2. SAED pattern registered from layers 1, 2 and 3 of the C*
and N*-implanted sample. Spots X, X5, X3 and X; do not cor-
respond to Si. Spots X, and X, are due to a-Si3Ny.

electron beam. However, this layer presents a
contrast darker than Si non-affected by implanta-
tion, located below layer 1. The interface between
layer 1 and the deepest non-affected Si substrate is
well defined though occasionally the dark contrast
of layer 1 is observed to penetrate up to 20 nm in
the Si substrate, as is visible in XTEM image of
Fig. 1.

SAED patterns, as that of Fig. 2, permit us to
deduce that layers 2 and 3 must also consist mostly
of Si. Fig. 3(a) shows a HREM image where
crystalline inclusions are visible in the amorphous
matrix of layer 2. Careful inspection of XTEM
images of layer 2 reveals differences between the
regions closest to layer 3 and layer 1. In the
neighborhood of layer 1 a larger abundance of

Fig. 3. HREM images from layers 2 (a) and 3 (b) of the C*- and
N*-implanted sample.

crystalline inclusions has been observed. On the
other hand, Fig. 3(b) shows a HREM image where
the polycrystalline nature of layer 3 is evident and
where amorphous material is almost inexistent.
(111) Si planes are the most frequently observed
in these layers and they have been marked on both
HREM images. HREM shows, therefore, that
layer 2 is an amorphous layer with crystalline in-
clusions while layer 3 is mostly a polycrystal.

a-Si3Ny phase detected from SAED pattern of
Fig. 2 must be included in these semicrystallized
layers 2 and 3. However, the presence of other
phases cannot be discarded because spots X; and
X; are not due to Si crystal.

3.2. X-ray diffraction

HRXRD measurements were performed in a
Siemens D-5000 diffractometer, using the Cu-Ka
radiation. XRD rocking curves of the samples
implanted with 6.7 x 107 cm™2 N* and 35 x
10" cm™2 C* and annealed at 1200 °C around the
(111) Si reflection are shown in Figs. 4 and 5.
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Fig. 4. Rocking curves of 1200 °C RTA-annealed samples im-
planted with 5 x 10'7 cm=2 of C* and 6.7 x 10'7 cm~2 of N*.
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Fig. 5. Rocking curves of 1200 °C furnace-annealed samples
implanted with 5 x 107 em™2 of C* and 6.5 x 10'7 ¢cm~ of N™.
(The intensity of the curves of the samples implanted with C*
and N* 4+ C* has been corrected by a factor 0.5.)

Unprocessed Si wafers were also measured as
reference.

In the RTA-annealed N implanted sample the
main peak, corresponding to the substrate, shows
two shoulders (see Fig. 4). The one at larger dif-
fraction angles is usually attributed to the slight
lattice parameter reduction due to substitutional N
atoms. A second shoulder, on the left side, may
indicate disorder in the outermost layers. How-
ever, an alternative explanation is an increase of

the lattice parameter at the maximum depth of the
implantation, due to the concentration of inter-
stitial N atoms, much higher than the solubility
limit of nitrogen in silicon.

In the N'-implanted sample after furnace an-
nealing (see Fig. 5), the left-hand shoulder is
hardly distinguished. Probably, after such a pro-
longed annealing, most of the N segregated in a
buried layer, mainly of Si3zN,, reducing consider-
ably the disorder in the silicon overlayer. It pre-
sents only a slight asymmetry at the right-hand
side, also due to a reduction of the lattice constant
in the near-surface region. Nevertheless, the ap-
pearance of the peak indicates that diffusion of N
atoms allows an improved crystallinity of the re-
grown layers, above and below the Si3N, buried
layer.

The rocking curve of the RTA-annealed C*-
implanted sample (see Fig. 4(b)) shows a second
peak on the left of the main one corresponding to
a slight expansion (Ad = 0.08%) of the lattice. In
the furnace-annealed sample (see Fig. 5(b)) this left
peak disappears. This means that the diffusion of
C atoms might either promote their incorporation
into substitutional sites or the segregation of SiC
clusters, reducing by this way the interstitial con-
centration. This results in a relaxation of the sili-
con overlayer improving its crystalline quality, as
demonstrated by the main peak, significantly
narrower and higher than the reference peak.

The N* + C"-implanted samples exhibit rock-
ing curves quite similar to those shown for the N-
implanted samples. In the curve of the RTA-an-
nealed sample (see Fig. 4(d)), two shoulders
around the main peak can be observed. The one on
the right side is related to a lattice parameter re-
duction, caused by substitutional impurity atoms,
and the one on the left may indicate disorder in the
outermost layers. As in the C"-implanted sample,
diffusion processes induced by the longer furnace
annealing again allow the recovery of the silicon
structure, reaching such an optimum crystalline
structure as in the C"-implanted sample.

Even though SAED results confirmed the
presence of crystalline clusters of Si3sN4 and sug-
gested the possible presence of SiC clusters in the
furnace-annealed samples, no peaks due to mate-
rials different than c-Si were detected in any of the
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obtained XRD patterns. This indicates that other
crystalline phases are present only at slight
concentrations, randomly oriented, or that the
contribution to the XRD satellite peaks and
shoulders are mainly due to regions close to the
substrate where Si is the most abundant species.

3.3. FTIR measurements

The IR spectra in transmission mode of some
samples implanted with N* (6.7 x 10" ¢cm~2?) and
C" (5 x 10" cm~?) are presented in Fig. 6: before
annealing (Fig. 6(a)), after 1200 °C RTA annealing
(Fig. 6(b)) and 1200 °C furnace annealing (Fig.
6(c)). An unimplanted silicon wafer is used as
reference, but no baseline corrections were done.
In some cases the anti-reflecting behavior of the
implanted layer leads to an overestimation of the
sample transmittance, especially apparent in
the lowest-dose samples due to their low absorp-
tion. Since not too many significant differences
were found between the spectra of samples im-
planted with different doses, only some typical
cases are presented here (Fig. 6).

The spectrum of the non-annealed C'-im-
planted sample (Fig. 6(a)) displays a very broad
band peaking at about 735 cm~'. After the 1200
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Fig. 6. FTIR spectra of the samples implanted with
5x 107 em™ of C* and 6.7 x 10" cm™ of N (a) before an-
nealing, (b) after 1200 °C RTA annealing, and (c) after 1200 °C
furnace annealing.

°C-RTA annecaling (Fig. 6(b)) is shifted towards
818 cm™! and becomes progressively narrower.
Finally, after the 1200 °C-furnace annealing (Fig.
6(c)), the peak position is 820 cm~' and the
FWHM about 77 cm™!. Similar results have been
previously reported [22,23]. The wide band at
around 735 cm~! (Fig. 6(a)) has been ascribed to
SiC bands in an amorphous environment [24]. The
final FWHM, 77 cm™!, is typical of single-crystal
[24,25] microcrystalline SiC [26,27]. However the
peak position is shifted towards larger wave
numbers as compared with the standard, 780-800
cm™!, frequency of the SiC band in a crystalline
environment [25,28]. In carbon-implanted silicon,
after high-temperature annealing, the Si-C
stretching band has been reported to be from 795
cm™! [29,30] up to 820 [23] or 830 cm™! [22] de-
pending on the implanted dose and annealing. The
segregation of isolated SiC clusters inside the sili-
con matrix might be responsible for this anoma-
lous SiC band frequency [22].

In the C*-implanted samples, the peak of sub-
stitutional C (605 cm™') [31] cannot be distin-
guished, as the Si-Si stretching band at 610 cm™!
probably masked it.

The spectrum of the N'-as-implanted sample
(Fig. 6(a)) displays a wide band centered at about
820 cm~!. After the RTA annealing at 1200 °C
(Fig. 6(b)) this band shifted to 880 cm™' and ap-
parently widens towards larger wave numbers.
This apparent widening may be explained by the
appearance of new phases, which have contribu-
tions in the larger wave number side of the 880
cm~! band. In fact, regarding the IR spectrum of
the same sample after a 3 h-1200 °C-furnace an-
nealing, this band is even more shifted and pre-
sents certain structures on the top, peaking at 848,
885 and 928 cm™!. The peak structure of the band
looks similar to a mixture of o and P crystalline
Si3Ny [32,33]. In this spectrum, certain bowing can
also be observed in the region around 1000 cm™',
probably due to free-carriers absorption produced
by the donor behavior of nitrogen atoms in sub-
stitutional sites.

In the samples implanted with C* and N* after
the 1200 °C-furnace annealing this bowing can be
observed too. The three spectra of C* 4+ N*t-im-
planted samples show a wide band, centered at
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780 cm™~! for the as-implanted sample, at 825 for
the 1200 °C-RTA-annealed and at 835 cm™! for
the 1200 °C-furnace-annealed sample. In all three
cases the spectra look approximately like a sum of
spectra of the samples implanted only with C* or
N*.

3.4. Spectroscopic ellipsometry

Spectroscopic ellipsometry measurements were
performed between 1.5 and 4.5 eV using a Uvisel
Jobin—Yvon cellipsometer, with an experimental
accuracy in the ellipsometric angles,  and 9,
better than 0.02°. The spectra measured in N7-
implanted (1 1 1) samples and multilayer structures
obtained from their fittings are in excellent agree-
ment with previous results in N*-implanted (1 00)
silicon [34]. This supports the quality and reli-
ability of those results. It also indicates that the
orientation has not a strong influence on the
chemical composition and the optical properties of
the layers.

It is possible to estimate the composition and
the thickness of the resulting films by means of a
conventional procedure [35]. It is based in a least-
squares fitting done by fixing initial values and
varying them to minimize the sum of the errors in
the equations that relate the measured ellipso-
metric angles i and 4 and the optical properties of
the films (refractive indexes and absorption coef-
ficients) [36,37].

Using different theoretical approaches of the
effective medium to simulate the optical properties
of the films by changing the relative concentration
of its components, this technique can be applied to
the analysis of inhomogeneous films. In our case
we have used only the two main approximations.
The Maxwell-Garnett model (see for example [38])
is employed when the main component (a) can be
considered as a “host” (h) for the others (over 75%
in composition), and thus the dielectric constant of
this main component is considered as dielectric
constant of a host in which the other components
are included (e, ~ ¢,). The Bruggeman model [38]
is applied when components (a, b,. . .) are in similar
proportions and allows to obtain the effective di-
electric constant by considering as host, the effec-
tive medium itself (e, = ¢).

The sensitivity of the technique is limited to the
outer few thousands of angstroms, since the ab-
sorption constant, o, of silicon is between 10° and
10° cm™! in the spectral range of measurements.

In all cases the pseudodielectric constant of the
implanted samples may be fitted to a structure
consisting in essentially three layers. A polysilicon
overlayer on top and mostly crystalline silicon close
to the substrate separated by a sort of transparent
layer. As an example, Fig. 7 shows the SE spectrum
of the C' + N'-highest-dose-implanted sample
after a 1200 °C-furnace annealing of 3 h. As can be
seen the imaginary part of the dielectric constant
displays a double-peaked structure rather similar
to the spectrum of crystalline silicon (c-Si). The
dielectric constant of crystalline silicon can be de-
scribed in terms of the classical damped-harmonic-
oscillator model (DHO), with two main contribu-
tions at the critical points, 3.5 and 4.2 eV. How-
ever, these peaks are less pronounced in our case
than in c-Si. This structure is mainly due to the
absorption in the polysilicon overlayer. Towards
2.2 and 2.8 eV a structure resembling the above one
appears. This is caused by the inner Si layer close to
the substrate. Because the separation between dif-
ferent layers is not clearly defined as demonstrated
by TEM observations and, moreover, layer 2 is not
homogenous, we have tried to simulate the pseud-
odielectric constant by a five-layers structure.

The best fitting corresponds to a structure, from
top to bottom: layer 5 of about 70 A of native

25
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Fig. 7. Ellipsometry measurements of the 1200 °C furnace-an-
nealed sample implanted with 5 x 107 cm™>  of
C* 4+ 6.7 x 10”7 cm™2 of N*.
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oxide, layer 4, with an approximate thickness of
465 A and a high content of polycrystalline silicon
(55% c-Si+25% SiC +20% amorphous silicon (a-
Si)), a mostly Si3sNy layer 3 of 235 A (85%
SisNy + 11.5% SiC + 3.5% c-Si), a mostly SiC layer
2 of 660 A (80% SiC+13% a-Si+ 7% c-Si) and,
finally, close to the substrate an almost crystalline
Si layer 1 of 520 A (78% c-Si+13% SizN, +9%
SiC). The amorphous silicon content is normally
used to represent the disorder regions between
crystalline grains. It should be noted that a one to
one correspondence between layers observed by
TEM and layers of the best SE fit cannot be met
probably because composition and structure
gradually change inside each layer, specially in the
case of layers 2 and 3 of the SE fitting, that should
correspond to the layer 2 observed by TEM. More
accurate fittings could probably be obtained by
increasing the number of layers and of compo-
nents inside each layer. In any case, the overall
thickness of the modified surface layers as esti-
mated by SE spectra simulation, about 1950 A, is
in good agreement with that observed by TEM,
about 1890 A.

The outermost native oxide can be as well
identified as a polycrystalline or rough layer at the
surface. It is also possible to simulate it with a thin
film of SiC that cannot be disregarded since other
results show a certain superficial carbon piling-up
[17].

4. Discussion

High-dose C*,N* or C* + N ion implanta-
tion at 30 keV leads to the formation of a sur-
face region of about 1000 A rich in the
implanted species. The thickness of this region,
measured both by TEM and SE, is in good
agreement with the expected penetration depth
estimated by the SRIM code. In the as-im-
planted samples, the formation of silicon carbide
and silicon nitride phases has been observed by
FTIR, even though no intentional heating of the
substrates was provided. However, in view of the
large widths of the observed IR bands, both SiC
and SiN, are in highly distorted or amorphous
networks.

After high-temperature annealing, both carbon
and nitrogen partially segregate giving rise to a
layered structure in the near-surface region. This
region consists, from top to bottom, of a poly-
crystalline Si overlayer (layer 3) with some inclu-
sions of other crystalline phases. In the case of the
N* 4 C*-implanted sample, small clusters of o-
and B-Si;N;, and hexagonal SiC have been
detected. This overlayer may be simulated in SE
fittings by 75% Si-rich polycrystalline region with
inclusions of a more transparent material.

Below layer 3, a nearly amorphous region (layer
2) extends down to a crystalline Si region (layer 1).
In this last layer a darker contrast is observed by
TEM, probably due to a high N concentration in
substitutional sites. The SE spectra may be simu-
lated by a structure, which qualitatively agrees
with that observed by TEM. Moreover, simula-
tions of SE spectra indicate that composition in-
side each layer is not homogeneous, as suggested
by TEM in case of layer 2. The inhomogeneous
composition of layer 2 may be simulated in SE by
using two sublayers, one of them Si;Ny-rich and
the other SiC-rich.

XRD rocking curves around the (111) Si di-
rection show a single peak in the C* and C* + N*-
implanted samples after furnace annealing at 1200
°C for 3 h (see Fig. 5).

In the sample implanted with N*, a small
shoulder at the right side and a certain distortion
in the left side are observed. The RTA-annealed
samples exhibit some striking XRD rocking curves
(Fig. 4). Further to the right-hand shoulders, left-
hand shoulders are clearly seen. Moreover, in the
C*-implanted sample a clear satellite peak ap-
peared. We believe that the right-hand side con-
tribution may be due to the deepest region, layer 1,
and indicates lattice contraction due to the high N
and/or C concentration in substitutional sites. The
shoulders and peaks at the left-hand side of the
main peak indicate expansion of the network. This
expansion of the lattice may be attributed to im-
planted atoms exceeding the solubility limit, which
tend to be located in interstitial sites or to self-in-
terstitials. This effect has been observed in
C*-implanted silicon at intermediate annealing
temperatures. However, after high-temperature
annealings, SiC clusters segregation tends to relax
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the lattice with a reduction of the lattice expansion
[22]. Probably layer 3 and, partly, layer 2 are re-
sponsible for these left-hand side contributions.
However, we cannot disregard the rise of expan-
sive stress in the (11 1) direction due to the for-
mation of anisotropic structures, such as
hexagonal crystalline phases.

5. Conclusions

High-dose C*,N" and C* + N* ion implanta-
tions lead to the formation of silicon carbide and/
or silicon nitride even if the implantation is done at
room temperature. After annealing, a trend of C
and N to segregate forming Siz;N, and SiC is
demonstrated, allowing the recovery of the crys-
talline quality of the overlayer. Even when both
impurities are implanted, silicon nitride and silicon
carbide tend to segregate in separated layers.
However, for the annealings at 1200 °C this sep-
aration seems to be uncompleted. The polycrys-
talline silicon overlayer, after the 1200 °C-3 h
annealing, has still a small amorphous content and
clusters different from Si. Higher temperature an-
nealing is required to get a complete phase sepa-
ration and recrystallization of the Si overlayer.
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