ISSN 1063-7834, Physics of the Solid State, 2014, Vol. 56, No. 11, pp. 2307—2321. © Pleiades Publishing, Ltd., 2014.
Original Russian Text © K.Kh. Nussupov, N.B. Beisenkhanov, S.K. Zharikov, 1.K. Beisembetov, B.K. Kenzhaliev, T.K. Akhmetov, B.Zh. Seitov, 2014, published in Fizika Tverdogo

Tela, 2014, Vol. 56, No. 11, pp. 2231—2245.

SURFACE PHYSICS

AND THIN FILMS

Structure and Composition of Silicon Carbide Films
Synthesized by Ion Implantation

K. Kh. Nussupov, N. B. Beisenkhanov*, S. K. Zharikov, 1. K. Beisembetoyv,
B. K. Kenzhaliev, T. K. Akhmetov, and B. Zh. Seitov
Kazakh— British Technical University, Tole bi 59, Almaty, 050000 Kazakhstan
* e-mail: n.beisenkhanov@kbtu.kz
Received March 5, 2014; in final form, June 10, 2014

Abstract—The mathematical decomposition of the IR absorption spectrum obtained from a Si layer after the
C* ion implantation with an energy of 10 or 40 keV or from a homogeneous SiC ; film has demonstrated that
fractions of weak elongated Si—C bonds in the amorphous phase, strong shortened Si—C bonds on the surface
of small nanocrystals, and tetrahedral Si—C bonds in the crystalline phase (degree of crystallinity) after high-
temperature annealing (1250—1400°C) of the layers are equal to 29/29/42,22/7/71, and 21/31/48%, respec-
tively. A system of SiC, g, SiO,, SiCg g, and SiC ¢ layers in the film on the Si substrate has been identified
using X-ray reflectometry and the simulation with the Release software. The reflectometry data on fluctua-
tions of the intensity of X-ray reflections in the region of the main maximum have been interpreted in terms
of variations in the density over the depth of the layer with a Gaussian distribution of carbon atoms from 2.55
and 2.90 g/cm? for the SiC s and SiC 45 layers, respectively, to 3.29 g/cm? for the SiC, 54 layer.

DOI: 10.1134/S1063783414110237

1. INTRODUCTION

Owing to valuable physicochemical properties
(wide band gap E, = 2.3—3.5 eV, high hardness and
chemical resistance, high charge carrier mobility, and
possibility of synthesizing materials with electron and
hole conductivities), silicon carbide has been widely
used in optoelectronics; high-frequency, high-tem-
perature, and radiation resistant electronics, etc. [1—
3]. Electronic devices based on SiC can operate at
temperatures up to 600°C and possess high-speed
response and radiation resistance [4, 5]. The ion
implantation synthesis of SiC layers in silicon makes it
possible to obtain films of specified thickness and
composition [6—11].

Silicon carbide exhibits blue emission at low tem-
peratures [12]. Since SiC is a wide-band-gap semicon-
ductor with an indirect band gap, the use of this mate-
rial in light-emitting devices is complicated. Owing to
the increased interest in silicon-based materials emit-
ting in the blue range, the synthesis of SiC nanocrys-
tals embedded in SiO, films by ion implantation has
gained significant importance [12—14]. The double
implantation of Si* and C* ions into a SiO, matrix
leads to a change in properties of silicon nanocrystals
and to the formation of a system containing nanoin-
clusions of carbon, silicon, and silicon carbide, which,
due to the quantum confinement effect, provide lumi-
nescence in almost the entire visible spectral region
[12, 13, 15—17]. In particular, Tetelbaum et al. [13]
performed implantation of Si* and C* ions with an

energy E = 100 keV and a dose D =7 x 10' cm~2 into
the SiO, film so that the excessive concentrations of Si
and C ions at the maximum of their distribution
reached 10at %. The white photoluminescence
observed by these authors is characterized by three
bands at ~400, ~500, and ~625 nm, which are assigned
to nanoinclusions of SiC phases, C nanoclusters (nc/),
and small Si nanocrystals (nc), respectively. This field
of investigation is promising for the design and fabri-
cation of light-emitting diodes, lasers, planar optical
amplifiers, and others.

The high rate of increase in the efficiency of devices
is associated with the transition to the third-genera-
tion silicon photoelectric converters, which are based
on multilayer and multibarrier structures, including
materials with different band gaps E,. This makes it
possible to decrease the losses in the crystal due to both
the impossibility of absorbing photons with energies
less than the band gap E, of the crystal and the ther-
malization of the crystal lattice upon absorption of
photons with energies greater than the band gap and to
exceed the theoretical limit of the photovoltaic energy
conversion by 27% for single-crystal silicon [18, 19].
The thermalization can be decreased using a wider-
band-gap material, as compared to silicon, in multi-
layered structures. This material can be a wide-band-
gap SiC layer or a layer with silicon nanocrystals, in
which the band gap E, is determined by quantum con-
finement effects and can significantly exceed the band
gap E, of bulk single-crystal silicon. The use of these
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materials makes it possible to extend the region of
spectral sensitivity of silicon photoelectric converters
to the shorter wavelength part of the solar radiation
spectrum [19].

Microcrystalline alloys pe-SiC : H are promising
materials for the use as transparent conductive win-
dow layers in thin-film solar cells. They have a high n-
type conductivity and a wide optical band gap. Owing
to these properties, pe-SiC : H is used as the window
layer in n-side illuminated single-junction microcrys-
talline silicon (pe-SiC : H) solar cells [20, 21]. Ogawa
et al. [22] reported on the fabrication of n—i—p-type
amorphous silicon (a-Si : H) thin-film solar cells using
phosphorus-doped microcrystalline cubic silicon car-
bide (nc-3C-SiC: H) films as a window layer. The
solar cell had the following configuration: TCO
(transparent conductive oxide)/TiO,/n-type c-3C-
SiC : H/intrinsic a-Si : H/p-type pc-SiC(a-SiC, : H,
including pc-Si: H phase)/Al. The characteristics of
the solar cell were as follows: the efficiency was 4.5%,
and the open-circuit voltage was V. = 0.953 V. These
authors also prepared a solar cell with the undoped a-
Si;_,C,: H film as a buffer layer to improve the n/i
interface. The open-circuit voltage was V. = 0.966 V.

Amorphous silicon carbide is also a promising
material for the use in solar power engineering. For
example, a boron-doped hybrid amorphous silicon
carbide/nanocrystalline silicon (p-type a-SiC/nc-Si)
window layer prepared by Ma et al. [23] has a great
potential to improve the solar cell performance due to
the wide optical band gap, high charge carrier mobil-
ity, and high doping efficiency. A thin (< 30 nm) high-
quality hybrid p-type a-SiC/nc-Si window layer with
controllable nano-sized silicon crystals embedded in
the amorphous silicon carbide matrix was prepared by
radio-frequency plasma-enhanced chemical vapor
deposition (RF-PECVD) at 150°C. The layer had a
large optical band gap (~2.2 eV). A high open-circuit
voltage of more than 0.96 V and a high quantum effi-
ciency in the short-wavelength region were achieved
for the n—i—p-type a-Si single-junction solar cell.
Pysch et al. [24] fabricated and investigated the emit-
ter system consisting of an n-doped hydrogenized
amorphous silicon carbide a-SiC : H(n) layer with or
without a pure hydrogenized intrinsic amorphous sili-
con a-Si : H(i) intermediate layer. The highest effi-
ciency of solar cells reached 18.5%.

Klyui et al. [25] showed that silicon carbide antire-
flection coatings can improve the efficiency of solar
cells up to 1.3 times. The deposition of diamond-like
carbon antireflection coatings also makes it possible to
improve the efficiency of solar cells by a factor of
1.35—1.50 [25]. The improvement is associated with
the decrease in reflection losses and with the passiva-
tion of active recombination centers.

Thus, SiC and Si nanocrystals can be used to
increase the efficiency of solar cells. Naturally, the
question arises as to which distribution profile of
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implanted carbon atoms in silicon or SiO, is the most
preferred when using ion implantation. This can be an
inhomogeneous or Gaussian distribution profile of
implanted atoms over the depth [6, 8, 9, 26—38].
Then, we can expect a change over the depth not only
in the concentration of C and Si atoms but also, as a
consequence, in the concentration of nanocrystals
and nanoclusters of Si, SiC, and C after annealing.
This can offer certain advantages in the generation of
white luminescence from SiO, layers or hybrid win-
dow layers of solar cells, because the ion-implanted
layer consists of nanolayers containing a wide variety
of nanocrystals and nanoclusters that differ from each
other in the type and size of the nanoparticles. On the
other hand, the layer prepared by multiple implanta-
tion of ions with different energies into the substrate
can have a homogeneous [6, 29, 32, 39—43] (rectangu-
lar) distribution profile of C and Si atoms over the
depth. Such a layer can contain desired types of nano-
particles with specific sizes and concentrations. It is a
convenient object for investigation and application. In
this case, the fraction of SiC nanocrystals in the total
SiC volume is of particular importance. The composi-
tion of the implanted layer can be predicted based on
reliable information about the influence of the con-
centration of components and the annealing tempera-
ture on the formation of nanocrystals and nanoclusters
of C, Si, and SiC.

In this work, we synthesized homogeneous and
inhomogeneous SiC films with different (rectangular
and Gaussian) distribution profiles of carbon atoms
over the depth of the impurity by the implantation of
12C+ jons into silicon. We investigated the influence of
the distribution of carbon atoms in silicon on the phase
composition and the degree of crystallinity of the layer
and on the formation of SiC nanocrystals during the
annealing. A quantitative estimate was obtained for the
volume ratio of the crystalline and amorphous phases
of silicon carbide in implanted layers.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Carbon ions were implanted into single-crystal
Si(100) plates 7 x 7 x 0.3 mm in size with an electrical
resistivity of 4—5 Q cm [10, 11]. In order to prevent
heating of the sample above 25°C, the accelerator cur-
rent density did not exceed 3 pA/cm?. We synthesized
inhomogeneous SiC films with a Gaussian distribu-
tion of carbon atoms (with energies of 10 and 40 keV
during the implantation) in silicon and homogeneous
SiC,, films (rectangular distribution profile) on sili-
con by the multiple '>)C* implantation with different
ion energies (40, 20, 10, 5, and 3 keV) in silicon.

The composition and structure of the films were
investigated using IR spectroscopy on a Thermo Sci-
entific Nicolet iS50 FT-IR spectrometer (United
States). The software program for the Nicolet iS50
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Fig. 1. Calculated implantation profiles of the 12¢ gistribution in silicon, constructed according to Gibbons et al. [46] for the
parameters E, D, R (E), and AR,(E) given in Table 1: (a) Gaussian distribution profiles Nc(10 keV) and Nc(40 keV); (b) rectan-

gular distribution profile N-(40 + 20 + 10 + 5 + 3 keV) and Auger profiles of carbon and oxygen atoms in the layer N-(20°C)
(after implantation at 20°C), Nc(1250°C) (after annealing for 30 min at 7' = 1250°C), and N,(1250°C) (after annealing for

30 min at 7= 1250°C).

spectrometer allows the use of modern programs on
the decomposition of the IR absorption spectra into
components.

The surface microstructure of the implanted layer
was examined on a JEOL JSPM5200 atomic force
microscope (Japan) using the semicontact method.
The in-plane resolution of the microscope was
0.14 nm, and the vertical resolution was 0.01 nm.

The transmission electron microscopy (TEM)
investigations were performed on a JEOL JEM-
100CX transmission electron microscope (Japan) at
an electron gun accelerating voltage of 100 kV. The
morphology was examined predominantly using the
bright-field method, when the structure of the samples
was observed in the transmitted electron beam.

The density and thickness of the films were deter-
mined using X-ray reflectometry by recording the
angular dependence of the reflectivity for two X-ray
spectral lines Cuk, (0.154 nm) and CuK, (0.139 nm)
on the CompleXRay-C6 facility. The selection of the
spectral lines CuK,, and CuKj from the polychromatic
spectrum was carried out using thin semitransparent
and thick opaque pyrolytic graphite monochromators,
respectively, with a mosaic angle of 0.5° [44, 45].
Using the computer simulation of the reflectometry
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data, we can determine the composition, thickness,
and density of the films.

The samples were annealed at temperatures of
1200, 1250, 1300, or 1400°C for 30 min in a vacuum
or in an argon atmosphere with a low O, content.

3. RESULTS

3. 1. lon Implantation Synthesis of Inhomogeneous Films
of Silicon Carbide SiC in Silicon and Investigation
of Their Characteristics

We calculated and constructed the profiles of car-
bon atom distribution over the depth of the Si substrate
for the implantations of carbon ions with the parame-
ters E=40keV, D= 3.56 x 107 cm2and E = 10 keV,
D = 1.56 x 10'7 cm~2. Figure 1 shows the calculated
profiles N for the distributions of carbon atoms over
the depth of the silicon substrate for these values of ion
energies and doses (Table 1), which are the Gaussian
distributions constructed according to the expression

2
exp _x- R’;) ,
2AR,

where x is the distance from the surface.

N(x)

- 1/2
ARp(Zn)

(1)
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Table 1. Energies E, doses D, projected ranges R,(E), and root-mean-square deviations AR,(E) [46] for 2C™ jons in sili-
con, which are used in the construction of the Gaussian (SiC g4 and SiCy, ¢5 at the peak of the distribution) and rectangular
(SiCy 7 in the range of ~8—100 nm) distribution profiles

D(SiCy g4), D(SiCy 95), D(SiC, 7), N¢ profile (Gibbons et al. [46])
E kev 107 cm™2 107 cm™2 107 cm™2
R,(E), nm AR,(E), nm
40 3.56 2.80 93.0 34.0
20 0.96 47.0 21.0
10 1.56 0.495 24.0 13.0
5 0.165 12.3 7.0
0.115 7.5 4.3

The fraction of carbon atoms N/ Ng; at the peak of
the distribution is slightly less than the value corre-
sponding to the stoichiometric SiC composition
(Table 1). This makes it possible to avoid an excessive
graphitization of the layer.

The distribution N/Ng; is constructed under the
assumption that the concentration of Si atoms after
the implantation does not significantly change over
the depth and amounts to approximately the concen-
tration of Si atoms in a silicon single crystal, i.e., Ng; =
5 x 10?2 cm—3. Indeed, the concentration of silicon
atoms in a SiC single crystal does not significantly dif-
fer from this value and is equal to 4.83 x 1022 cm—3.

Absorption coefficient, arb. units
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This assumption is important for the high-dose
implantation of 2C* ions into silicon. It is based on
the fact that the volume of the diamond-like unit cell
of the silicon carbide SiC is approximately two times
smaller than the volume of the silicon unit cell, and the
high-dose carbon implantation is not accompanied by
the processes of swelling of the layer due to the
increase in the number of atoms. Of course, this
assumption holds only under the condition N < Ng;.

The IR absorption spectrum of the silicon layer
implanted with carbon ions (10 keV, 1.56 x 107 cm—2)
and annealed at a temperature of 1400°C for 30 min is
shown in Fig. 2. The spectrum exhibits an intense peak
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Fig. 2. Mathematical decomposition of the IR absorption spectrum of the silicon layer implanted with carbon ions (10 keV, 1.56 x
107 cm_z) and annealed at 1400°C for 30 min (values at the points of the maxima of the peaks are their amplitudes /, positions,

and areas .5).
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Table 2. Areas .S and sums of the areas ZS for five components of the SiC peak and two components of the SiO peak at

wave numbers w

E=10keV E =40 keV
Bond
w,em~! | S, arb. units S, % ZS, arb. units| w,cm~!' | S, arb. units S, % ZS, arb. units
Si—0 | 1107 5.15 80.5 6.4 1105.9 3.66 82.8 4.42
(TO) | 1050.5 1.25 19.5 (100%) 1020.6 0.76 17.2 (100%)
Si—C | 889.6 4.97 12.5 887.1 1.68 43
(TO) | 8333 6.47 16.3 853.3 0.86 22
794.9 16.8 422 39.78 793.1 27.88 71.4 39.07
736.2 8.12 20.4 (100%) 742.6 7.18 18.4 (100%)
670.6 3.42 8.6 671.6 1.47 3.8
612.3 5.39 100.0 5.39 612.2 7.29 100.0 7.29

of the crystalline SiC phase with the maximum at
794.9 cm~!. After the mathematical decomposition,
the IR absorption spectrum of the SiC layer is repre-
sented as the sum of 14 spectral components. For each
component, we determined the position, area, and
amplitude of the peak.

As can be seen from Fig. 2, there is a component
with the maximum at 1107.0 cm~', which is associated
with the presence of interstitial oxygen in the studied
sample [47]. Lisovskyy et al. [48] showed that the main
absorption band of the oxide can be represented as the
sum of four profiles corresponding to the transverse
optical stretching vibrations of the bridging oxygen
involved in the composition of molecular complexes,
such as SiOSi; (the component with the maximum at
995 cm™"), Si0,Si, (1033 cm™!), SiO,Si (1067 cm™),
and SiO, (1100 cm™'). The bands associated with lon-
gitudinal stretching vibrations of the Si—O bond are
also due to the motion of bridging oxygen atoms
involved in the composition of the complexes SiOSi;
(1145 cm™") and SiO,Si, (1205 cm™"). The component
with the maximum at 1107.0 cm~! in Fig. 2 indicates
that the SiO, complexes (1100 cm~!) dominate in the
oxide layer. It is also assumed that the oxide layer con-
tains the molecular complexes SiO;Si (1067 cm™!) and
Si0,Si, (1033 cm™'), which are responsible for the
appearance of components with the closely spaced
maxima at 1050.5 and 1016.8 cm™! in the spectrum
(Table 2).

Moreover, in the region between 590 and 630 cm ™!,

there is a peak with the area .S = 5.39 arb. units and
with the maximum at a wave number of ~612.3 cm™!.
This value is close to the wave number of 607 cm™!,
which is typical of substitutional carbon atoms [47].
The area of this peak varies within a narrow range (5—
7 au) in c-Si single-crystal wafers with an electrical
resistivity of ~2000 Q cm, and the peak itself is
assigned to carbon of the substrate material. However,
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in [36], the local vibrational mode of substitutional
carbon atoms was observed at 607 cm™! for Si samples
after the carbon ion implantation with an energy of
55keV and a dose of 6 x 1017 cm~2, followed by the
annealing at low temperatures (400°C); in this case,
from 40 to 60% of the implanted carbon atoms occu-
pied substitutional sites. Therefore, we cannot exclude
the influence of carbon implanted into the subsurface
layer on the area of the peak attributed to SiC, even
though the area of this component was subtracted
from the area of the SiC peak (Table 2).

Among the other components, noteworthy are the
components at 736.2 and 670.6 cm~', which are char-
acteristic of weak elongated Si—C bonds of amorphous
silicon carbide; the component at 794.9 cm~!, which is
characteristic of tetrahedral Si—C bonds of crystalline
SiC; and the components at 833.3 and 889.6 cm™!,
which are characteristic of shortened Si—C bonds that
dominate on the surface of nanocrystals and in the
clusters. From the ratio of the area of the component
with the maximum at 794.9 cm™! to the total area of
the SiC peak (39.78 arb. units), we can estimate that
approximately 42% of the total amount of SiC is con-
tained in crystalline silicon carbide.

The structure of SiC films synthesized by ion
implantation has been investigated in a large number
of works. Nonetheless, the literature contains insuffi-
cient data on the quantitative estimation of the volume
ratio between the crystalline and amorphous SiC
phases. In particular, Kimura et al. [31] showed that,
after the implantation of carbon ions (£ = 100 keV)
into the n-Si(100) subsurface layers and the subse-
quent annealing at a temperature of approximately
900°C, the B-SiC phase contains 40—50% of the
implanted carbon atoms, and, with an increase in the
temperature to 1200°C, their amount increases to 70—
80%. Kimura et al. [49] also showed that all the
implanted carbon atoms are included in the B-SiC
phase during the annealing at temperatures of 900—
1200°C, if the concentration of carbon atoms does not
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Fig. 3. Mathematical decomposition of the IR absorption spectrum of the silicon layer implanted with carbon ions (40 keV,
3.584 x 107 cm_z) and annealed at 1300°C for 30 min (values at the points of the maxima of the peaks are their amplitudes /,

positions, and areas .S).

exceed their concentration corresponding to the sto-
ichiometric B-SiC composition at the maximum of
the distribution. At higher implantation doses, excess
carbon atoms form clusters and are not embedded in
B-SiC even after annealing at 1200°C.

Thus, it can be concluded that the low percentage
(42%) of carbon inclusions in the crystalline SiC phase
can indicate a high concentration of carbon and other
carbon-containing clusters in the layer. This is quite
probable, because, in the case of high-dose implanta-
tion of carbon ions with a low energy of 10 keV, we can
expect that, in the subsurface layer (Fig. 1), the carbon
concentration will increase to values higher than those
corresponding to the stoichiometric composition due
to both the effect of sputtering of the surface and the
change in the composition of the layer. Indeed, the
fractions of weak elongated Si—C bonds of the amor-
phous phase (components at 736.2 and 670.6 cm™),
strong shortened Si—C bonds on the surface of small
nanocrystals (components at 833.3 and 889.6 cm™!),
and tetrahedral Si—C bonds of the crystalline phase
(degree of crystallinity) after high-temperature
annealing at 1400°C are equal to 11.5/11.4/16.8 or
29/29/42%, respectively; i.e., a significant part of the
amorphous phase (29%) is not included in the SiC
nanocrystals, and the fraction of small SiC nanocrys-
tals with shortened Si—C bonds (29%) on the surface
is relatively high.

PHYSICS OF THE SOLID STATE Vol. 56

For example, Calcagno et al. [42] prepared Si,; _,C,
alloys in silicon by multiple implantation of C* ions
with doses in the range from 5 x 10'° to 3 x 10'7 cm™2
and energies in the range of 10—30 keV. An increase in
the carbon concentration (x > 0.55) leads to the
appearance of carbon inclusions (with a characteristic
size of 2.5 nm) in the sample. Yu Liangdeng et al. [6]
revealed that the Raman spectra contain a doublet
(1380 and 1590 cm™!) due to graphitized amorphous
carbon even after the implantation of carbon ions with
an energy of 80 keV and a dose of 2.7 x 10'7 cm~2 into
silicon, when the carbon concentration at the maxi-
mum of the distribution was substantially below the
concentration corresponding to the stoichiometric
composition.

The IR absorption spectrum of the studied layer
after the implantation (40 keV, 3.534 x 10'7 cm~2) and
annealing at 1300°C for 30 min is shown in Fig. 3. It
can be seen that the spectrum contains a component
with the maximum at 1105.9 cm~' due to the presence
of interstitial oxygen in the layer [47]. Also, there is a
component that is characteristic of substitutional car-
bon with the maximum at 612.2 cm~!, which almost
coincides in position with the maximum correspond-
ing to the layer prepared by the ion implantation with
an energy of 10 keV but exceeds it in area (5= 7.3 and
5.4 arb. units). This can be explained by the larger
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width of the SiC—Si transition layer due to the
increase in values of Rpand AR, (Table 1), specifically
in the part near the substrate that can be considered as
slightly defective.

From the ratio of the area of the components at
793.1 cm™' to the total area of the SiC peak
(39.07 arb. units), we can estimate that approximately
71% of the total amount of SiC is contained in crystal-
line silicon carbide; i.e., the degree of crystallinity is
relatively high. In general, the ratio of weak elongated
Si—C bonds (components at 742.6 and 671.6 cm™') of
the amorphous phase, strong shortened Si—C bonds
(components at 853.3 and 887.1 cm™!) on the surface
of small nanocrystals, and tetrahedral Si—C bonds of
the crystalline phase (degree of crystallinity) is equal to
8.7/2.5/27.9 or 22/7/71%. The content of the amor-
phous phase and, especially, the content of small
nanocrystals are less than that for the layer implanted
with 10-keV ions (29/29%) due to the lower concen-
tration of carbon and, accordingly, other clusters in
the layer.

For example, Wong et al. [50] synthesized the bur-
ied SiC layers by the carbon implantation into the p-
Si(100) substrate using a MEVVA ion source with
energies in the range of 30—60 keV and doses of (0.3—
1.6) x 10'® cm~2. The IR absorption spectra of the SiC
layers after annealing at 700—1200°C were decom-
posed into two or three components, one of which was
assigned to amorphous SiC and the other two were
attributed to B-SiC. At a fixed dose, the total amount
of SiC increases linearly with increasing implantation
energy, whereas at a fixed energy, it increases as a frac-
tional power of the dose, namely, I with the exponent
y = 0.41. These data can be explained by the decrease
in the concentration of carbon atoms and carbon clus-
ters and, consequently, by the increase in the number
of Si—C bonds with increasing energy and increasing
range of ions at a fixed dose and by the increase in the
number of carbon atoms and Si—C bonds with
increasing dose at a fixed energy.

In our case, an increase in the energy and layer
thickness by a factor of 4 and an increase in the ion
dose by a factor of 2.3 should lead to a substantial
increase in the number of Si—C bonds and, accord-
ingly, to an increase in the area of the SiC peak. How-
ever, this does not occur, and the areas of the SiC peak
after annealing are nearly equal to each other for the
implantations of carbon ions with energies of 10 and
40 keV; i.e., they are 39.78 and 39.07 arb. units,
respectively (Table 2). This can be associated with the
fact that the annealing temperatures (1400 and
1300°C) near the melting point of silicon differ by
100°C. The annealing at 1400°C leads to an intensive
decomposition of stable carbon clusters and to the for-
mation of small SiC nanocrystals in the layer prepared
by the implantation of ions with an energy of 10 keV,
as well as to an increase in the total area of the SiC
peak due to the increase in the number of shortened
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Si—C bonds (833.3 and 889.6 cm™!) with a small frac-
tion of tetrahedrally oriented Si—C bonds (42.2%).

Hence, it follows that the thin (<30 nm) high-qual-
ity hybrid p-type a-SiC/nc-Si window layer with con-
trollable nano-sized silicon crystals embedded in the
amorphous SiC matrix, which was prepared by the
RF-PECVD method at 150°C in [23], can, in princi-
ple, be synthesized by the implantation of carbon ions
with an energy of 10 keV into a preheated silicon sub-
strate.

These data demonstrate that the analysis of indi-
vidual samples after annealing at comparable temper-
atures provides a lot of information on the structural
state and the chemical composition of the layer.

The parameters of the films were determined using
X-ray reflectometry with two spectral lines Cuk,
(0.154 nm) and CuKj (0.139 nm). Figure 4 presents
the results of X-ray reflectometry of the SiC, film syn-
thesized by the implantation of carbon ions (40 keV,
3.584 x 107 cm™?) into silicon after annealing
(1300°C, 30 min) on the logarithmic (Fig. 4a) and
natural (linear) (Fig. 4b) scales. We did not observe
intensity oscillations that could be used to determine
the thickness of the film from the distance between
their peaks. This is associated with the Gaussian distri-
bution of carbon atoms and with the lack of clear
boundaries between layers of different densities. How-
ever, the change in density over the depth of the
implanted layer can cause intensity fluctuations in the
region of the main peak, whose position is used to
determine the critical angle of reflection and the den-
sity. This can result from the fact that, after the high-
dose implantation and annealing, the layer with the
Gaussian distribution of carbon atoms (Fig. 1) usually
consists of the following layers: the layer of silicon
nanocrystals with inclusions of silicon carbide nanoc-
rystals nc-Si + nc-SiC, the nc-SiC layer with ne-Si
inclusions, the nc-SiC + nc-Si + ncl-C layer, the nc-
SiC + nc-Si layer, the nc-Si + nc-SiC layer, and the c-
Si substrate. After annealing, the SiO, layer can be
formed near the surface. For example, Yu Liangdeng
et al. [6] showed using the TEM investigations that,
after the implantation of C* ions with an energy of
80 keV and a dose of 2.7 x 107 cm~2 into silicon, the
sample has a layered structure: defective Si (d-Si),
amorphous SiC (a-SiC), 3C-SiC, a-SiC, d-Si, and
crystalline Si (c-Si). The annealed sample has a similar
layered structure, but amorphous layers (Si, C) are not
found.

Indeed, as can be seen from Figs. 4a and 4b, the
thin SiC, layer prepared by the higher dose implanta-
tion of carbon ions (40 keV, 3.584 x 10'7 cm~2) into sil-
icon is characterized by intensity fluctuations in the
region of the main maximum. By extrapolating the
intensity curves to //2 = 39200 cps with the Henke
program [51], we determined the layer densities of
2.55,2.90, and 3.29 g/cm? (Table 3). This corresponds
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Fig. 4. Results of the CuK|, (0.154 nm) and CuKB (0.139 nm) X-ray reflectometry studies of the SiC, film synthesized by the ct
ion implantation (40 keV, 3.584 x 1017 cm_z) into silicon after annealing (1300°C, 30 min) on (a) logarithmic scale and (b) nat-

ural scale.

approximately to the density of the subsurface SiC, ,5
layer predominantly containing nc-Si nanocrystals
with nc-SiC inclusions, the density of the SiC, 45 layer
containing nc-SiC with nc-Si inclusions, and the den-
sity of the SiC, ;4 layer containing nc-SiC with inclu-
sions of nc/-C nanoclusters.

The composition of SiC, films with the density p, =
2.55 g/cm?® was determined according to the formula

Pr = P1+ (x=x)[(p1—pP2)/ (X1 —x,)]
or

Py = P+ (=y)I(Pi=pP)/ Vi =y)], (2)

which was derived from the conditions

Si = SiC,, x, =0, p, =233g/em’

SiC,, 0<x<1, 233<p,<3.2lg/m’

Si = SiC,, x,=1, p,=321g/em’

or

Table 3. X-ray reflectometry determination (using the Henke
program [51]) of the density of the SiO, film synthesized by
the carbon ion implantation (40 keV, 3.584 x 10'7 cm™?)
into silicon after annealing (1300°C, 30 min)

20, | O, 0., Ps
Layer | Ima | Ima/2 | ‘geg | deg | mrad |gem™
SiCy.s | 78393 | 39200 | 0.466 | 0.233 | 4.067 | 2.55
SiCyes | 78393 | 39200 | 0.498 | 0.249 | 4.346 | 2.9
SiC, 56 | 78393 | 39200 | 0.529 | 0.265 | 4.619 | 3.29
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SiC = 8i,C, y, =0, p, =3.2lg/cm

. 3
Si,C, O<y<l, 32l<p,<3.51g/em” |-

C =Si,C, y,=1, p,=35lg/em’

Here, x = N/ Ng;, y = Ngi/ N¢, SiC, is the silicon car-
bide of stoichiometric composition, and SiC, = Si.
Then, forx=0.25,x,=0,x,=1and p, =2.33 g/cm?,
p, = 3.21 g/cm?, from expression (2) we obtain p, =
Poas = 2.55 g/cm?. Fory =0.7353,y, =1, y, = 0 and
p; = 3.21 g/ecm?, p, = 3.51 g/cm?® (diamond), we
obtain p, = p, 7353 = 3.29 g/cm’. In this case, we have
Si,C = SiC, ), or Si 735;C = SiC, 3.

3.2. lon Implantation Synthesis of Homogeneous Films
of Silicon Carbide SiC in Silicon and Investigation
of Their Characteristics

In order to obtain homogeneous SiC layers with a
rectangular distribution of carbon atoms in silicon
(Fig. 1b), the implantation of carbon ions with differ-
ent energies and doses into silicon was performed in
the sequence specified in Table 1. The samples were
annealed at 1250°C for 30 min in an argon atmosphere
with a low O, content. In our previously work [10], we
obtained a homogeneous SiC, ; layer with an increased
carbon content near the surface after the implantation
and with the SiO, layer after annealing.

The IR absorption spectra of the SiC, ; layer after
the ion implantation and annealing at 1250°C for
30 min are shown in Figs. 5 and 6. After the mathe-
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Fig. 5. Mathematical decomposition of the IR absorption spectrum of the SiC 5 layer (Table 4) synthesized by the ion implan-
tation (values at the points of the maxima of the peaks are their amplitudes /, positions, and areas .S).

matical decomposition, the IR absorption spectrum is
represented as the sum of 12 Gaussian components. It
is assumed that, after the implantation, the sample
contains the molecular complexes SiO,Si, with the
characteristic maximum at 1033 cm~' [48], which are
responsible for the appearance of the component with
the maximum at 1021.1 cm™' in the spectrum
(Table 4). There is also a component with the maxi-
mum at 1105.9 cm~!. This component reflects the
presence of interstitial oxygen in the sample [47] and

indicates that the SiO, complexes (1100 cm~') domi-
nate in the oxide layer. After annealing, this compo-
nent is split into two components with maxima at
1092.6 and 1058 cm™! due to the transverse optical
stretching vibrations of bridging oxygen in the molec-
ular complexes SiO, (maximum at 1100 cm™") and
Si0,Si (maximum at 1067 cm™") [48]. The total area
of these peaks (S = 20.09 arb. units) exceeds, by a fac-
tor of more than 3, the area of the peaks of the silicon
oxide before the annealing (S = 6.04 arb. units). This

Table 4. Areas S and sums of the areas ZS for components of the SiC peak and two components of the SiO peak at wave

numbers w
T=20°C T=1250°C
Bond
w,cm~! | S, arb. units S, % ZS ,arb. units| w,cm™' | S, arb. units S, % ZS , arb. units

Si—O 1105.9 3.61 59.8 6.04 1092.6 9.97 49.6 20.09
(TO) | 1021.1 2.43 40.2 (100%) 1058.0 10.12 50.4 (100%)
Si—C 883.5 6.39 15.9 884.2 7.09 14.3
T0) | 8177 5.93 14.7 826.5 8.15 16.4

780.1 5.24 13.0 40.29 795.6 23.95 48.2 49.69

739.0 13.16 32.7 (100%) 738.5 8.77 17.6 (100%)

674.1 9.57 23.8 678.7 1.73 3.5

612.6 6.96 100.0 6.96 612.3 5.73 100.0 5.73
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Fig. 6. Mathematical decomposition of the IR absorption spectrum of the SiC, ; layer after the implantation and annealing at
1250°C for 30 min (values at the points of the maxima of the peaks are their amplitudes /, positions, and areas .5).

indicates the decomposition of silicon carbide and the
oxidation of silicon during the annealing as a result of
the interaction with residual oxygen atoms.

The annealing leads to a slight decrease in the area
of the component typical of substitutional carbon (S =
6.96 and 5.73 arb. units) with the maximum at
612.6 cm™!, which is close to the characteristic value
of 607 cm~! [47]. This can be explained by the fact that
carbon atoms are embedded in the structure of SiC
nanocrystals.

Immediately after the implantation, the absence of
the component at 794 cm~! and the position of the
resulting maximum at 739 cm~! indicate a noncrystal-
line nature of the implanted layer. After annealing at
1250°C, the total number of Si—C bonds (Table 4)
increases by 23% due to the decomposition of opti-
cally inactive stable clusters and their transformation
into optically active Si—C bonds. The maximum of the
peak attributed to SiC is shifted to the value of
795.6 cm™!. This suggests that the tetrahedrally oriented
Si—C bonds dominate in the layer after annealing.

In actual fact, Yu Liangdeng et al. [6, p. 73]
observed that, after the implantation of C ions with an
energy of 80 keV and a dose 0of 2.7 x 10'7 cm~2 into sil-
icon, the IR absorption spectrum contains a broad
Gaussian band centered at 700 cm~! due to the pres-
ence of amorphous SiC inclusions in the sample. The
Lorentzian contribution of the spectral component of

PHYSICS OF THE SOLID STATE Vol. 56

crystalline B-SiC at 796.2 cm~! appears only after
annealing. Borders et al. [8] revealed that, after the
2C* implantation (£ = 200 keV, D ~ 10'7 cm™2), the
IR spectrum contains a broad absorption band cen-
tered at 700—725 cm~!. After annealing at 825°C, this
band is shifted to 800 cm~!, which corresponds to the
transverse optical phonon absorption band of SiC. The
observed decrease in the half-width of this peak at
temperatures of 850 + 25°C indicates the formation of
crystalline SiC. Baranova et al. [26] synthesized crys-
talline SiC films by the implantation of C* ions (E =
40 keV, D> 107 cm~2) into silicon wafers. At temper-
atures of 600—700°C, these authors observed a change
in the position of the absorption maximum from 715
to 815 cm~'. Chen et al. [52] prepared the buried SiC
layers by the implantation of C* ions with energies of
40 and 65 keV into p-Si. After annealing of the layers
at 600—1200°C, they decomposed the FT-IR spec-
trum into three Gaussian components, one of which
with the maximum at 700 cm~' was attributed to
amorphous SiC and the other two components with
higher (larger grains) and lower (smaller grains)
FWHM values and with the maximum at 795+ 1 cm™!
were assigned to B-SiC. After annealing, the total area
of'the spectra (or the amount of the formed SiC layers)
increased; i.e., before annealing, not all carbon atoms
in samples were bound to the Si atoms.
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The ratio of weak elongated Si—C bonds (compo-
nents at 739.0 and 674.1 cm™!) of the amorphous
phase, strong shortened Si—C bonds (components at
817.7 and 883.5 cm™") on the surface of small nanoc-
rystals, and tetrahedral Si—C bonds of the crystalline
phase (degree of crystallinity) is equal to
22.7/12.3/5.24 (or 56/31/13%) after the implantation
and 10.5/15.2/24.0 (or 21/31/48%) after annealing.
The degree of crystallinity of the layer, which is deter-
mined as the fraction of bonds that are close to the tet-
rahedral orientation, amounts to 13% before annealing
and 48% after annealing (Table 4). The observed shift of
the maximum is favored by a decrease in the content of
the amorphous part of the layer from 56 to 21% and by
an increase in the content of nanocrystals from 13 to
48% while retaining the same number of short bonds on
the surface of small nanocrystals (31%).

The small fraction of tetrahedrally oriented Si—C
bonds (48%) in the SiC, ; layer, which is an intermedi-
ate value between the degrees of crystallinity of the
inhomogeneous layers produced by the implantation
of carbon ions with energies of 10 (42%) and 40 (71%)
keV into silicon, is due to an increased concentration
of stable carbon clusters, because the average carbon
concentration Ng/Ng; = 0.7 is significantly higher than
that in the layer prepared by the implantation of car-
bon ions with an energy of 40 keV (Fig. 1).

The high content of the amorphous component
(21%) after annealing at 1250°C for layers with a car-
bon concentration lower than the concentration cor-
responding to stoichiometric SiC can seem question-
able. For example, Kimura et al. [49] showed that all
the implanted carbon atoms are incorporated into -
SiC during the annealing at temperatures of 900—
1200°C, provided that the concentration of carbon
atoms does not exceed the concentration correspond-
ing to the stoichiometric composition of 3-SiC at the
maximum of the distribution. At higher implantation
doses, excess carbon atoms form clusters and are not
embedded in B-SiC even after annealing at 1200°C.
Calcagno et al. [42] prepared the Si, _,C, alloys in sil-
icon by multiple implantation of C* ions with doses in
the range from 5 x 10'¢ to 3 x 10'7 cm~2 and energies in
the range of 10—30 keV. After annealing of the sample
at 1000°C, the authors observed a shift in the peak of
the IR signal toward the 795 cm~! and its narrowing,
which indicated the formation of the crystalline SiC
phase. The TEM and X-ray diffraction investigations
revealed the formation of 3-SiC crystallites with sizes
in the range of 5—10 nm, which was also observed by
other authors [53, 54]. Only an increase in the carbon
concentration (x > 0.55) led to the formation of car-
bon inclusions (~2.5 nm) in the sample. Nonetheless,
we assume that carbon clusters of smaller sizes can also
be formed at the carbon concentration below the con-
centration corresponding to the stoichiometric SiC
composition. For example, in [8], the decrease in the
half-width of the SiC peak in the IR absorption spec-
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4
5

Fig. 7. Transmission electron diffraction pattern and

microstructure (x50000) of the multiply 12C*—implanted
silicon layers on the “SiC 7 layer + transition layer + c-Si”

regions after annealing at 1200°C for 30 min. (a) SiC
(rings), Si (point reflections), SiC ; (bright areas), and c-
Si (dark areas). (b) Schematic cross section of the studied
sample: (7) SiC 7 regions, (2) Si—SiCy, ; transition layer
regions, (3) double diffraction regions, (4) through hole,
and (5) transmitted region.

trum after the 2C* implantation (£ = 200 keV, D =
107 ¢cm~?) and annealing at temperatures of 850 +
25°C indicated the formation of crystalline SiC; how-
ever, it was concluded that only about half of the car-
bon atoms are included in SiC.

The high-dose implantation of carbon ions into sil-
icon leads to a change in the composition and to an
increase in the density of the subsurface layer. In turn,
the increase in the density of the layer during the
implantation leads to a decrease in the projected range
R, and the root-mean-square deviation AR,. The
decrease in AR, leads to the formation of a more
abrupt boundary between the SiC film and Si sub-
strate. Therefore, we can assume that the X-ray reflec-
tometry method can be used to measure the thickness
and density of the SiC, , film. Indeed, the TEM inves-
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(b)

Fig. 8. Surface topography of the SiC, ; layer: (a) after

multiple implantation of carbon ions with energies of 40,
20, 10, 5, and 3 keV into silicon and (b, c¢) after annealing
for 30 min at temperatures 7= (b) 800 and (c) 1250°C.

tigations of two samples (Fig. 7a) revealed a sharp
transition between the SiC, ; film and the Si substrate
in the form of a clear boundary between the bright (the
SiC, ; layer) and dark (the Si substrate) regions.

The superposition of the point and ring electron
diffraction patterns (Fig. 7a) is observed in the patterns
from sections 3, in which the studied objects are

Intensity, cps

NUSSUPOV et al.

brought into coincidence with single-crystal and poly-
crystalline structures (Si + SiC, ;). The region under
investigation can be divided into three parts (Fig. 7b):
section [/ is the SiC, ; layer; section 2is the SiC, ; layer +
Si—SiC, ; transition layer; and section 3 is the SiC,,
layer + Si—SiC,, transition layer + c¢-Si layer. In the
transition layer, a decrease in the concentration of car-
bon atoms leads to the fact that, during the high-tem-
perature recrystallization, excess silicon atoms located
between large SiC grains are embedded in the sub-
strate, thus forming a sawtooth SiC—Si structure
(Fig. 7a). The crystallographic structure of the sam-
ples was investigated by analyzing the ring electron dif-
fraction patterns. It was found that the experimentally
measured diameters of the rings in the electron dif-
fraction pattern are in good agreement with the calcu-
lated diameters of the rings formed for the face-cen-
tered cubic lattice B-SiC due to the reflection from
planes with the indices (111), (220), (311), (222),
(331), and (422).

The atomic force microscopy revealed (Fig. 8)
that, after the implantation and annealing at tempera-
tures of 800 and 1250°C for 30 min, the layer has a
smooth surface with fluctuations within 9—14 nm. The
formation of grains does not lead to a significant
deformation of the surface. This can also favor the
appearance of intensity oscillations in the X-ray
reflectometry measurement of the layer parameters.
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Fig. 9. Results of the CuK|, (0.154 nm) and CuKﬁ (0.139 nm) X-ray reflectometry studies of the SiC ; film on silicon after anneal-

ing at 1250°C on (a) logarithmic scale and (b) natural scale.
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Fig. 10. (/) Calculated curve simulated with the Release
software [18] and (2) experimental X-ray reflectometry
curve of the SiC, ; films after annealing at 1250°C.

We revealed intensity oscillations attributed to the
interference of X-ray reflections in the SiC, ; and SiO,
layers (Fig. 9a). The first reflection maximum with the
intensity /; = 93207 cps is observed at 26 = 0.418°.
The angle of the total external reflection was estimated
as the angle where the reflection intensity is approxi-
mately equal to half the maximum / = /,/2 = 46 603
cps, i.e., 20, =0.449° (Fig. 9b) or 6,=0.2245°=3.918
mrad. Using the Henke program [51], we determined
that this value of 0, corresponds to the density of the
film (2.37 g/cm?) and is close to the density of cristo-
balite SiO, (2.32 g/cm?). Then, with an increase in the
angle of incidence, the reflection intensity again
increases to [, = 76831 cps and indicates a more dense
structure. A further decrease in the intensity to /,/2 =
38415 cps occurs at 20, = 0.486° (Fig. 9b) or 0, =
0.243° = 4.241 mrad, which corresponds to the den-
sity of 2.77 g/cm? and is close to the density of quartz
(2.65g/cm®) or SiC,s (2.77 g/cm?®). Further, we
observe again an increase in the intensity from 17298
to I; = 34416 cps (Fig. 9b) and, then, a continuous
decrease to the appearance of oscillations.

Using the simulation with the Release software
[55], we obtained a theoretical curve that is closely
similar to the experimental curve (Fig. 10) and corre-
sponds to the main parameters of the following sys-
tems:
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(1) the SiC,, layer (thickness d = 2.0 nm, density
p = 3.26 g/cm?, surface roughness ¢ = 0.44 nm),

(2) the SiO, layer (d = 5.3 nm, p =2.88 g/cm?, 6 =
1.1 nm),

(3) the SiC,g layer (d = 1.5 nm, p = 3.03 g/cm’,
o =0nm),

(4) the SiC, layer (d = 43.7 nm, p = 2.85 g/cm’,
o =0 nm),
(5) the Si substrate (p = 2.33 g/cm?, 6 = 1.8 nm).

The total layer thickness proves to be equal to
52.5 nm, which is less than the expected value. This
can be associated with the effect of sputtering in the
high-dose carbon ion implantation into silicon.

4. CONCLUSIONS

The structure and composition of ion-implanted
(with energies of 10 and 40 keV) silicon subsurface lay-
ers with a Gaussian distribution profile of carbon
atoms in silicon, as well as with a rectangular profile
(SiC,,), were investigated. It was assumed that, in the
homogeneous SiC,, layer after the annealing, the
structural—phase composition does not change over
the depth, whereas in inhomogeneous layers with a
Gaussian distribution profile of carbon atoms, not
only the concentrations of C and Si atoms but also, as
a consequence, the concentrations of nanocrystals
and nanoclusters of Si, SiC, and C change over the
depth.

The mathematical decomposition of the IR
absorption spectrum of the SiC, ; film was carried out.
Based on the proportionality between the area of the
spectral component and the number of the corre-
sponding Si—C bonds, we determined the areas .S
before and after the annealing at 1250°C for 12 spec-
tral components, including components with maxima
in the following positions: 612 cm~! (carbon in substi-
tutional sites); 739, 674, and 678 cm~' (weak elon-
gated Si—C bonds in amorphous silicon carbide);
780 cm~! (Si—C bonds close to the tetrahedral orien-
tation); 795 cm~! (Si—C bonds close to tetrahedral
orientation of crystalline SiC); and 817, 826, and
884 cm~! (shortened Si—C bonds). It was shown that,
immediately after the implantation, the absence of the
component at 794 cm~! and the position of the result-
ing maximum at 739 cm~! indicate a noncrystalline
nature of the implanted layer. After the annealing at
1250°C, the total number of optically active Si—C
bonds increased by 23% due to the decomposition of
optically inactive stable clusters. Before and after the
annealing, the ratios of the numbers of weak elongated
Si—C bonds of the amorphous phase, strong shortened
Si—C bonds on the surface of small nanocrystals, and
tetrahedral Si—C bonds of the crystalline phase
(degree of crystallinity) were equal to 56/31/13 and
21/31/48%, respectively.
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It was demonstrated that there is an abrupt bound-
ary between the SiC, ; film and the Si substrate. After
the implantation and annealing at 1250°C, the layer
had a smooth surface with fluctuations within 9—
14 nm, and the formation of grains did not lead to a
significant deformation of the surface. The intensity
oscillations revealed by X-ray reflectometry were
attributed to the interference of X-ray reflections in
the layers of SiC, ; and Si0O,. Using the simulation with
the Release software, we obtained a theoretical curve,
which is closely similar to the experimental curve and
corresponds to the main parameters of the following
systems: (1) the SiC,, layer (thickness d = 2.0 nm,

density p = 3.26 g/cm?, surface roughness ¢ =
0.44 nm), (2) the SiO, layer (d = 5.3 nm, p =
2.88g/cm?, o = 1.1 nm), (3) the SiC,y layer (d =
1.5 nm, p=3.03 g/cm?, 6 =0 nm), (4) the SiC ¢ layer
(d=43.7nm, p =2.85 g/cm?, 6 = 0 nm), and (5) the
Si substrate (p = 2.33 g/cm?, 6 = 1.8 nm).

For inhomogeneous subsurface silicon layers with a
Gaussian distribution profile of carbon atoms in sili-
con, which were synthesized by the carbon ion
implantation with the parameters £ = 40 keV, D =
3.56 x 107 cm=2and £=10keV, D= 1.56 x 10" cm2,
followed by annealing for 30 min at temperatures of
1300 and 1400°C, respectively, the total numbers of
optically active Si—C bonds were found to be almost
identical to each other, although there are significant
differences in the ion energies and doses because the
annealing temperatures differ by 100°C near the melt-
ing point of silicon.

The mathematical decomposition of the IR
absorption spectrum obtained from a silicon layer after
the ion implantation with energies of 10 and 40 keV
demonstrated that fractions of weak elongated Si—C
bonds in the amorphous phase, strong shortened Si—C
bonds on the surface of small nanocrystals, and tetra-
hedral Si—C bonds in the crystalline phase (degree of
crystallinity) after high-temperature annealing of the
layers are equal to 11.5/11.4/16.8 and 8.7/2.5/27.9 (or
29/29/42 and 22/7/71%), respectively.

It was shown that the low degree of crystallinity
(42%) of the layer synthesized by the implantation of
10-keV carbon ions into silicon is associated with the
sputtering effects and the higher concentration of car-
bon atoms and stable carbon clusters, whose decompo-
sition at a high temperature of 1400°C led to the for-
mation of small-sized SiC nanocrystals with a high
fraction of shortened Si—C bonds on their surface.

After the high-temperature annealing (1300°C),
the high degree of crystallinity (71%) of the silicon
layer implanted by C* ions with an energy of 40 keV, as
compared to the degree of crystallinity (48%) of the
SiC, , layer or the degree of crystallinity (42%) of the
layer after the C* ion implantation with an energy of
10 keV, was explained by the lower average concentra-
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tion of carbon and stable carbon clusters after the
implantation.

The X-ray reflectometry data on fluctuations of the
intensity of X-ray reflections in the region of the main
maximum were interpreted in terms of variations in
the density over the depth of the layer with a Gaussian
distribution of carbon atoms (40 keV). Using the
Henke program, we identified the SiC ,5 layer (silicon
nanocrystals nc-Si with nc-SiC  inclusions, p =
2.55g/cm?), the SiCs layer (nc-SiC with nc-Si
inclusions, 2.90 g/cm?), and the SiC, 5, layer (nc-SiC
with ncl-C inclusions, 3.29 g/cm?).
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