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Abstract. Characteristic features of the synthesis of par-
ticles, fibres (wires), tubes, films and bulk materials based
on nanocrystalline and amorphous silicon carbide are
considered. The role of size effects in the structure, compo-
sition and properties of these systems is analyzed. The
potential application fields of nano-sized silicon carbide
are outlined. The bibliography includes 83 references.

I. Introduction

Single-crystal and polycrystalline materials based on silicon
carbide have long attracted attention of scientists for the
wide spectrum of physicochemical and physicomechanical
properties and, correspondingly, their wide application
(e.g., see the latest proceedings!3 of major international
conferences carried out in 2006—2008). Certain data on
nanocrystalline SiC published before 2005 were reported in
reviews*> devoted to refractory compounds. However,
both the number of publications on nano-SiC and the
overall flow of information in the field of nanotechnology ©
show currently a trend to increase. According to informa-
tion contained in the SCOPUS database, only in 2008,
~100 papers were devoted to nanocrystalline and amor-
phous objects based on SiC. In addition to the previously
known characteristics of high stability and resistance to
corrosion and radiation of silicon carbide and its promising
high-temperature semiconductor behaviour, its attractive
optical and biological properties were discovered. This
altogether prompts an analysis of the latest trends in studies
and engineering operations dealing with SiC-based nano-
materials. In the present review, attention is focused on the
analysis of studies carried out in 2006—2009; moreover, as
opposed to earlier publications,*> this review considers
crystallographically amorphous compounds in addition to
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nanocrystalline objects, because silicon carbide exhibits a
trend to amorphization. This is why, the name and the text
of this review contain a term ‘nano-sized’ that combines the
notions ‘nanocrystalline’ (nanostructural) and ‘nanoamor-
phous’ (e.g., amorphous films with the thickness <100 nm).

Silicon carbide crystallizes in numerous (more than
200) 7 different modifications (polylypes). Table 1 shows
selected characteristics of the most abundant silicon carbide
polytypes,” 2 which makes easier further consideration and
comparison of nanoobjects, and Fig. 1 demonstrates posi-
tions of carbon and silicon atoms in polytype structures.
The composition of a silicon carbide polytype is determined
first of all by the conditions of synthesis (temperature,
pressure, environment) and the presence of impurities. The
cubic polytype 3C-SiC (B-SiC) is assumed to be more stable
than hexagonal polytypes (up to ~2100 °C).® The 2H
polytype is the most unstable. In addition to the cubic
polytype and three hexagonal versions, silicon carbide is

Table 1. Basic physicochemical characteristics of the most abundant
silicon carbide polytypes.”

Polytype 3C-SiC 2H-SiC ~ 4H-SiC 6H-SiC
characterization (B-SiC) (a-SiC) (a-SiC)  (a-SiC)
Structural group FA3m P63mc P63mc  Pbsmc
Hexagonality (%) 0 100 50 33
Layer alternation ABC AB ABCB ABCACB
(see Fig. 1)
Lattice spacing /nm
a 0.43589— 0.30753— 0.3070  0.3073-—
0.43596  0.3081 0.3081  0.3081
¢ - 0.5031-  1.0053- 1.51092—
0.5048 1.008 1.512
Tabulated values /nm
a 0.4359 0.3079 0.3073  0.3080
c - 0.5053 1.053 1.5117
Density /g cm—3 3.215 3.219 3.215 3.212
Band gap /eV 2.39 3.33 3.26 3.02
Electron mobility <1000 — <850 <450
at 300 K /cm? V-1 s~!
Hole mobility <40 — <120 <100

at 300 K /em?> V-1 s—!
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Figure 1. Positions of carbon and silicon atoms (1120).7 («) 3C-SiC, (b) 4H-SiC, (¢) 6H-SiC.

also characterized by the fifteen-layer rhombohedral poly-
type 15R (structural group R3m, the band gap 2.99 eV).
Different electrophysical characteristics of silicon carbide
polytypes make them promising precursors for the design of
heterostructures, which makes elucidation of the effect of
size-dependent factors on the properties of SiC especially
challenging.

I1. Characteristic features of synthesis

1. Nanopowders, nanoparticles in matrices, nanoporous
structures, nanowires and nanotubes

Silicon carbide nanopowders are manufactured by different
companies. For instance, PlasmaChem GmbH (Germany)
supplies SiC nanopowder with the average particle size of
20+ 7 nm and > 95% purity (free silicon content <0.75%,
oxygen content <1.25%, chlorine content <0.25%).

In recent publications on the synthesis of SiC nano-
powders, the peculiarities of tetramethylsilane decomposi-
tion in microwave low-pressure plasma to afford
crystallographically amorphous nanoparticles with sizes
4—-6 nm were investigated,'? the effect of the pre-reaction
mechanical activation treatment on the kinetics of silicon
and carbon combustion in air in the synthesis of the B-SiC
powder was revealed,!! the grain size of powders prepared
by a furnace and microwave synthesis was compared.!?

These studies continued and, to a certain extent, refined
earlier investigations of the carbothermal, plasmochemical
and laser syntheses reflected in reviews.*> At present,
attention of scientists is focused on the synthesis of nano-
sized SiC particles in matrices and also of silicon carbide
nanowires and nanotubes. The following major technolog-
ical methods were used: electrochemical and chemical etch-
ing, carbidization of silicon and its oxide, implantation of
carbon ions into silicon, co-implantation of carbon and
silicon ions into SiO;-type matrices. The methods of syn-
thesis of nano-sized silicon (a material for nanoelectronics)

were considered in a monograph!? and the synthesis of
nano-sized SiC was the subject of a review,'* which summa-
rizes the results of studies carried out up to 2005 and also
contains a detailed discussion of specific features of tech-
nological processes.

For nanoporous Si and SiC, intensification of photo-
luminescence (PL) was observed.!® Figure 2 shows low-
temperature PL spectra for a silicon carbide support, a
porous SiC layer and SiC nanoparticles measuring
<10 nm.'> The increase in PL for the last two objects is
clearly observed, particularly, for isolated nanoparticles.
Whereas the original 6 H-SiC sample was characterized by

Intensity
297 eV
1 Il L L
2.0 2.5 3.0 3.5 4.0
Energy /eV

Figure 2. Photoluminescence spectra of a standard 6H-SiC substrate
(1), nanoporous SiC layer synthesized by substrate anodization (2)
and SiC nanoparticles prepared by intense grinding of the nanoporous
layer (3).1°

Photoluminescence was measured (7 = 9 K) at the 5.08 eV line exci-
tation with an argon laser. The figure also shows the band gap
(2.97 eV) for the 6 H-SiC prototype and the energy of PL peaks.
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relatively weak emission in the energy range of 1.7—2.6 eV,
the porous sample after etching and isolated nanoparticles
exhibited intense luminescence in the wider energy range
from 1.6 to 3.5 eV, which was associated with the quantum-
size effect. Presumably, considerable contribution to the PL
gain was made by the defective surface structure of nano-
pores formed in the etching.!4

Electrochemical anodic etching was carried out at a
current density of 210 mA ¢cm—2 in an HF-EtOH (1:1)
solution for 25 min; the porous layer (~ 100 um thick) was
separated from the support by short-term increase in the
current density to 1 A cm—2 (Ref. 15). Moreover, it was
reported '¢ that common 3C-SiC powders can be disinte-
grated (from particles of several microns to nanoparticles
measuring several nanometres) by chemical etching in the
HNOs;—HF (1:3) mixture at 100 °C for 1 h, followed by
centrifugation, washing and drying. Figure 3 shows an
electron microscopic image of SiC nanocrystals, a histo-
gram of their size distribution and also an image of a single
nanoparticle.'® It is seen that the obtained nanoparticles are
round-shaped and sufficiently size-uniform (average size of
3.75 nm).

The technology of fabrication of porous silicon carbide
samples usually combined the SiC synthesis with the for-
mation of a porous skeleton, which made it possible to
considerably decrease the temperature and build structures
with fine pores. Thus heating of a mixture of silicon powder
with fullerenes or carbon black in sodium vapour (which

30
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Figure 3. Bright-field electron microscopic image of SiC nanocrystals
in ethanol medium (a) and their size distribution (b).'®

Inset shows a high-resolution image of a nanoparticle, namely, the
{111} planes of cubic SiC.

favours mass transfer) at ~700 °C afforded B-SiC with
~70% porosity that contained pores 2—10 nm in diameter
and nano-sized crystals.!” Pyrolysis of polycarbosilanes
mixed with nano-sized SiC powder afforded mesoporous
samples.!'® It was proposed to obtain porous materials
based on SiC nanowires (~ 100 nm in diameter, several
tens of micrometres long) by the carbothermal reduction
of Si0.1?

Studying carbidization of porous silicon synthesized by
electrochemical etching demonstrated?° the formation of
3C-SiC nanocrystals measuring 5—7 nm at 1200—1300 °C.
It was assumed that peculiarities of the mechanism of this
process favoured the formation of a heterostructure that
simultaneously included silicon nanocrystals and nano-
sized particles of amorphous SiC.

Several publications (e.g., see Refs 14, 21-23) dealt with
specific features of the implantation (ion-beam) synthesis of
SiC nanoparticles. In a pioneering study,?! it was found that
implantation of carbon ions (dose 10'7 cm—2, energy
50 keV) into a silicon substrate followed by thermal anneal-
ing and electrochemical etching was accompanied by the
appearance of B-SiC nanocrystals measuring ~2—5 nm and
gave rise to a new peak in the PL spectrum in the vicinity of
445 nm (2.79 eV, see Fig. 2) with the intensity 2.7-fold
higher as compared with the PL peak of the substrate
subjected to similar treatment but without carbon implan-
tation. The effects of the radiation dose, temperature and
the annealing time on the structure and optical properties of
synthesized SiC nanocrystals were studied, which included
both the individual implantation of carbon or silicon ions
and the stepwise double implantation of these ions using
SiO> films as the substrates.'4-23 In the latter case, the data
from EPR, XPS, PL spectroscopy, high-resolution trans-
mission electron microscopy (HRTEM), etc., revealed the
presence of several crystalline and amorphous nanoinclu-
sions of silicon, silicon carbide and carbon measuring
~5 nm formed as a result of implantation and additional
annealing. Their formation mechanism is complicated and
still much unclear. The advantages of implantation syn-
thesis include its compatibility with the conventional silicon
planar technology and also the predicted high chemical and
mechanical stability of SiC nanoparticles incorporated into
a wide-band SiO, matrix.

Silicon ion implantation (doses in the range from 10'¢ to
2x10'7 ions cm~2, energy of 40 keV) into carbon nano-
tubes was studied.?* The structure and composition of
implanted tubes were explored by the HRTEM, XPS,
energy dispersive X-ray spectroscopy (EDS) and other
methods that revealed the formation of crystallographically
amorphous silicon carbide the crystallization of which
required addition annealing.

Some studies (see, e.g., Refs 25-28) are devoted to
fabrication of silicon carbide nanowires and nanotubes by
direct synthesis, i.e., as a result of the reaction of silicon (or
its monoxide) vapour with carbon. The synthesis of SiC
proceeds by the following reactions:2>-27-28

2C(s) + 0, = 2CO, ()
2Si(g) + 0, = 2Si0 (g). @)
SiO (g) + 2C (s) = SiC (s) + CO, 3)
SiO (g) + CO = SiC (s) + O, @)
3Si0 (g) + 3C (s) = 2SiC (s) + SiO (s)+ CO;, )

SiO (g) + 3CO = SiC (s) + 2CO», (6
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Table 2. Characteristics of SiC nanowires.

Synthesis Diameter /nm Length /um Cross-section shape Phase composition Photoluminescence Ref.

time /h presence

4-9 ~200 10-20 hexagonal B-SiC not observed 25

2 50-200 several tens " traces o-SiC, C and O; peaks at 289 and 391 nm 26

SiO5 shell

1 60—100 several units circular B-SiC; SiO; shell not observed 27
COz2 + C(s) = 2CO0, (M) carbon nanotubes at 1200 °C for 100 h (Ref. 29) or by the
3Si0 (g) + CO = SiC (s) + 2Si0x (s), 8 reduction of methyltrichlorosilane with hydrogen in the

) . . presence of a catalyst (ferrocene) at 1000 °C for 1 h.3° The

4CO + 6Si (s) = 4SiC (s) + 2 SiO5 (s). O]

In some of these reactions, CO, SiO and SiO, are
regenerated. The realization of one or another reaction
scheme depends on the temperature and the degree of
supersaturation; however, virtually no detailed studies of
these reactions were aimed at elucidation of their stages and
mechanisms.

It was noted that the synthesis of SiC nanowires by
evaporation at 1600 °C in the argon atmosphere may
involve the use of different starting components, namely,
silicon in a graphite crucible and a graphite substrate
[reactions (1)—(4)];>® a mixture of silicon and ball-milled
activated carbon and a mixture of silicon monoxide powder
and arc-discharge plasma pretreated carbon black [reac-
tions (5)—(8)].27 The results of these studies aimed at the
large-scale synthesis can be compared using the data from
the Table 2. All technological processes were carried out in
the absence of catalysts, i.e., the most probable growth
mechanism may be represented by the vapour — solid
scheme (in the absence of liquid phase); the crystal growth
proceeded in the (111) direction. Figure 4 shows the appear-
ance of SiC nanowires with hexagonal and core-shell
structures. The presence of a silica shell can be distinguished
(see Fig. 4b,c); according to the data of X-ray diffraction
analysis, silica was in the crystallographically amorphous
state.

Evidently, the nature of starting components consider-
ably affects the synthesis processes; however, it is difficult to
choose the synthesis method due to scarce information on
the composition and properties of the final product.

The use of a nickel catalyst allowed reduction of the
temperature of formation of nanowires with the 3C-SiC
structure to 1050—1100 °C in the reaction of CO with the
Si0,/Si interface [reaction (9)].28

B-SiC nanotubes can also be synthesized by different
methods, for example, by the reaction of SiO vapour with

outer diameter of nanotubes was 20—80 nm, the inner
diameter varied from 15 to 35 nm.3° A detailed thermody-
namic analysis of the gas-phase reactions in chemical
vapour deposition of SiC with methyltrichlorosilane pre-
cursor was carried out.3! It was shown that in the synthesis
of B-SiC, the optimal temperature of the reduction of
Me;SiCl with hydrogen was ~ 1200 °C.

2. Films and compacts

The synthesis of nano-sized (crystalline and amorphous)
SiC involved the use of physical and chemical vapour
deposition (PVD and CVD versions): reactive magnetron
synthesis with carbon and silicon targets, non-reactive
magnetron synthesis with a silicon carbide target, hybrid
laser-magnetron synthesis, pulsed laser synthesis, electron-
beam evaporation, plasma-enhanced CVD, etc. (see, e.g.,
Refs 32—41). In addition, sublimation methods and molec-
ular-beam epitaxy were used.” Nitrogen-doped SiC films
can be obtained if ammonia was added into the gaseous
precursor (SiH4+ C,H, mixture);?® in the synthesis of com-
posite films of the B-SiC —diamond type, the composition of
the gaseous precursor (Hx+ CHa+ SiMes mixture) was
varied.#!

Table 3 contains certain examples of magnetron syn-
thesis and chemical vapour deposition. Considering these
data, it should be noted that in the overwhelming majority
of cases, the freshly deposited SiC films were crystallo-
graphically amorphous. Their transition into the crystalline
state required higher temperatures of the substrates or
additional annealing. The structural state of films was
usually determined using the XRD (diffractometers with
grazing incidence beam in the low-angle range were used to
enhance the sensitivity) and TEM methods, by analyzing
the Fourier transform IR (FTIR) and Raman spectra and
also XPS. The film composition was studied by XPS, EDS,
Rutherford backscattering spectroscopy, Auger electron
spectroscopy and electron energy loss spectroscopy.

50 nm
e

Figure 4. SiC Nanowires according to the results of high resolution transmission electron microscopy (HRTEM).
(a), (b) and (c) correspond to the results obtained in Refs 25, 26, 27, respectively.
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Table 3. Characteristics of different methods of SiC synthesis.
Synthetic method Annealing Phase Grain size Study method Ref.
temperature /°C composition /nm

Reactive magnetron synthesis using 1100 B-SiC 7.3+04 X-ray diffraction analysis 32
C and Si targets (Si substrate) 3-10 HRTEM

Reactive magnetron synthesis (ion energy 950 80% B-SiC 8—-10 X-ray diffraction analysis 33
~90 eV; Si, Al,O3, Mo, SiO; substrates, 1140 85% (o + B)-SiC 17 photoelectron spectro-
deposition temperature 700—1050 °C) scopy

Reactive magnetron synthesis in the Ho + Ar — 3C-SiC+ 6H-SiC 4-5 HRTEM 35
mixture at 200600 °C; Si substrate

Plasma-activated deposition from 1300 2H-SiC +4H-SiC 15 HRTEM 36
CH4 + SiH4 + Ar mixture on Si and SiO» 5 X-ray diffraction analysis
substrates at 350 °C

Deposition from SiH4 + CH4 + H» mixture - 3C-SiC 6-12 X-ray diffraction analysis 37

on a molybdenum wire at 100—-430 °C

Figure 5 shows examples of the temperature evolution
of the Raman, XRD and IR spectra for SiC films synthe-
sized by reactive magnetron sputtering in the argon 32 and
hydrogen —argon plasma 3> and also by CVD onto a molyb-

denum wire from a mixture of silane, methane and hydro-

gen.’” The characteristic features of these spectra were
discussed in detail 3* as applied to films, nanowires, nano-
needles and other SiC nanoobjects synthesized on silicon

Intensity a

si-si | si-c | c-c

a-Si

1.6

—_
(3]

Absorption factor /104 cm—!

1000 °C 0.8
800 °C
0.4
a-C
o [
Deposited film | 2
1200 1000 800 v/em—! a3
1 1 1 1 1 A 4
400 800 1200 1600 v/em—! d CER)
0.4 W
Intensity (arb.u.) b
800 N
= M
Q
<t
2 M—A/\M\
600 - 1140 °C s
&
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1080 °C %
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)
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Figure 5. The effect of annealing temperature on the Raman (a),3?
_/\—,§/\ 880 °C XRD (b)?? and different-range IR (c, d) spectra.’®
0 — ! (a) a-Si and a-C are amorphous silicon and carbon; 70O and LO are the
30 40 50 60 70 20/deg  transverse and longitudinal modes; D-band and G-band are D and G

vibration modes in the carbon sublattice. (c¢,d) T/°C: 200 (1), 300 (2),

400 (3), 500 (4), 600 (5).
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substrates by pulsed laser irradiation. Particularly, the
presence of small reflexes in the vicinity of the pronounced
(111) peak in B-SiC XRD patterns was mentioned, which
was associated with stacking defects. At the same time, the
Raman spectra demonstrated peculiarities as compared
with those observed earlier,3? for example, the presence of
peaks at 972 and 800 cm .

Various temperature conditions of crystallization of a
particular SiC polytype depend on experimental conditions
and many kinetic parameters. Different temperature
dependences of the grain size were also typical, for instance,
a non-monotonic dependence with a maximum at 280 °C
observed in experiments on vapour deposition from the
SiH4+ CH4+ H> mixture,3” monotonic size variations with
the increase in the temperature of co-deposition of carbon
and silicon ions?3? and an athermic dependence in the
interval of 200600 °C for reactive magnetron sputtering.’>
These data altogether necessitate further studies with the
aim of refining various mechanisms of SiC film formation.

A method of solid-state epitaxy of SiC on silicon
was developed, which consists of treating single-crystal
silicon with carbon monoxide (7 = 1100-1400 °C,
Pco = 10-300 Pa, t = 5—-60 min).*?> It was assumed that
vacancies and pores near the interface between SiC and Si as
a result of this reaction due to the formation and removal of
gaseous SiO provided relaxation of elastic stresses caused by
the lattice misfit between silicon and silicon carbide. This
resulted in the epitaxial growth of 20—100 nm thick SiC
films on silicon. A thermodynamic nucleation theory deve-
loped for this case and a model of stress relaxation by
vacancies and pores in the substrate was put forward.
Experiments have shown that the films were formed based
on 4H or 3C polytypes and also on their mixtures. Figure 6
demonstrates the PL spectra of 4H and 3C polytypes; peaks
correspond to wavelengths of ~380 and ~ 540 nm
(6H polytype has a peak at a wavelength of ~430 nm).
The PL spectrum for cubic polytype was close to the blue
emission.

Liquid-phase epitaxy of 2H-SiC films on the 4H-SiC
substrate (0001) in a Li—Si melt at 850 °C (¢ = 48 h) was
documented.*?

2000 F “
3
§ 1500
2
£ 1000 [
k|

500

1500
3
2 1000 F
=
§ 500 ¢
=

0

Figure 6. Photoluminescence spectra of 4H-SiC (a) and 3C-SiC (b)
polytypes at 77 K .42

In contrast to the synthesis of nano-sized SiC films,
attempts to prepare bulk nanomaterials were less success-
ful.#- 3 44 Preparation of bulk nanostructured materials was
hampered by the intensive recrystallization of nanopowders
at consolidation temperatures. Even the recourse to high-
pressure and high-temperature technique (sintering at pres-
sures > 1 GPa) to fabricate SiC samples with the crystal size
less than ~20 nm met with difficulties. The examples of
preparation of compact samples by sintering of SiC nano-
powders activated by mechanosynthesis, as well as of highly
porous materials of highly dispersed mixtures of carbon and
silicon are known.*

II1. Structure and properties

1. Structural peculiarities and composition

According to the literature data, different SiC polytypes are
characterized by different stoichiometric ratios and concen-
trations of carbon vacancies (Table 4).45 Structural studies
of nano-SiC polytypes were insufficiently detailed to draw
conclusions on the effect of size on the deviations from
stoichiometry and vacancy characteristics. For nano-SiC of
the cubic polytype, the following values of lattice spacing
(a/nm) are known: 0.436 (grains of 4—7 nm);!7 0.4353
(nanowire 200 nm in diameter);>®> 0.4370 (nanowire
60—100 nm in diameter);?” 0.4361 (nanowire 60—70 nm in
diameter);?® 0.438 (crystal size 2—5 nm).?> For the 6H
polytype, a = 0.309, ¢ = 1.525 nm.3> The majority of these
values are comparable with the data in Table 1; however, it
is difficult to judge on how the size factor or impurities
affect the lattice spacing, although it was noted 3> that the
lattice spacing in nanoinclusions of a- and B-polytypes
increased as compared with lattice constants of their bulk
analogues.

Table 4. Ratio Si: C and averaged concentration of carbon vacancies (N¢)
in different SiC polytypes.*®

Polytype Si:C Nc /100 cm—3
3C 1.046 33.6
6H 1.022 16.3
15R 1.012 15.1
4H 1.001 7.3

Evolution of carbon, argon and hydrogen in the anneal-
ing of amorphous and nanocrystalline SiC films was studied
by several authors (see, e.g., Refs 33, 34, 36, 46, 47). The
temperature variations in the Si—Si, C—C and Si—C
interatomic interactions were followed and the changes in
the film composition and structure were revealed using
XRD, HRTEM, IR spectroscopy and other methods. The
EDS method for samples obtained by pulsed laser deposi-
tion technique revealed changes in the contents of carbon
and silicon.?*

The excessive amount of silicon was attributed to the
effect of the silicon substrate; the presence of oxygen
admixtures was also mentioned.

T/)°C 500 1000 1200
C content (at.%) 24.18 17.95 15.20
Si content (at.%) 75.65 81.12 83.51

Figure 7 shows HRTEM images of cross-sections of SiC
films deposited by reactive magnetron sputtering in hydro-
gen-argon plasma at different silicon substrate tempera-
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Figure 7. The effect of silicon substrate temperature on the crystal-
lization of an amorphous SiC film (HRTEM data).?>

T/°C: 200 (a), 300 (b), 400 (c), 600 (d). Insets show electron micro-
patterns; nanograins in reflection positions are encircled.

tures.3> As can be seen (considering also diffraction micro-
patterns given in insets), the crystallization of SiC nano-
inclusions (6 H or 3C polytypes) in the amorphous matrix
intensifies as the temperature increases; the same correla-
tion was observed in the evolution of IR spectra (see
Fig. 5¢). Analysis of the acquired information has shown
that the structure contains stacking faults and twins. The
TEM and HRTEM studies of the defectiveness of B-SiC
layers grown by the CVD technology on a silicon (001)
substrate with a propane-silane precursor (CszHg+ SiHy)
also revealed the presence of stacking faults and twins.*®
The origin of these planar defects was associated with both
peculiarities of the crystal growth on the SiC/Si interface
and the low energy of stacking defects in silicon carbide.
The role of size effects in energy variations of stacking
defects in nano-sized SiC was analyzed.*’

The presence of pores, the formation of different poly-
types, their subsequent coalescence and the manifestation of
stacking defects were observed in SiC films synthesized by
the solid phase epitaxy method.>°

The morphology of growing SiC nuclei was successfully
followed by atomic force microscopy (AFM). Figure 8
exemplifies their nucleation observed after carbon was
deposited on a silicon substrate by the electron-beam
evaporation method.>! These nuclei represented cones with
the base of the average radius of ~70 nm and the average
height of ~4 nm; their surface density was ~10° cm~—2.
Using a molecular dynamics method (computations), a
physical model describing the formation and growth of
such nuclei during molecular-beam epitaxy was deve-
loped.”?> Theoretical estimates of the time of transition
from two- to three-dimensional growth agreed with exper-
imental results.

Figure 8. AFM Images of SiC nuclei formed by carbon vapour
deposition.>!
Flow 5x 1083 ecm=2s— 1, T=925°C;t=10s

2. Properties

The effect of temperature of magnetron sputtering and
subsequent annealing on the properties of 3.2—4.4 um
thick SiC films is illustrated by the data shown in Table 5
and Fig. 9.47 For comparison, Table 5 lists the properties of
sintered and single-crystalline SiC samples. As was men-
tioned above, the deposited SiC films were crystallographi-
caly amorphous and characterized by the high argon
content and considerable intrinsic stresses (arising due to
the difference in properties of the silicon substrate and the
growing SiC layers). It is evident that as the temperatures of
deposition and subsequent annealing increased, the argon
content decreased, the intrinsic stresses in films were
relieved and their elastic moduli and hardnesses increased.
When heated, the amorphous films gradually crystallized
and, according to the HRTEM data (see Fig. 7), the pro-
gressive formation of B-SiC crystals measuring 1 —6 nm was

Table 5. Phase composition, elastic modulus and hardness of SiC films
synthesized under different temperature conditions.*”

Tsub /°C Tann /°C Phase composition E/GPa  H/GPa
25 — amorphous phase 280+5 222+0.2
800 the same 312+6  28.9+£0.7
1000 " 331+£3  34.1+£2.1
1200 " (see?) 365+6  36.3+£2.0
400 — " 283+5 27.0+04
600 - " 297+3  30.5+0.4
750 — amorphous phase+ -SiC ~ 378+3  40.0+1.0
800 amorphous phase + -SiC ~ 369+3  39.5+0.5
(L ~ 6 nm)
1000 amorphous phase + -SiC ~ 374+2  37.8+0.5
750" — amorphous phase+ B-SiC ~ 385+2  40.5+0.8
(L ~ 3 nm)
800 amorphous phase + B-SiC ~ 367+2  40.94+0.8
(L ~ 6 nm)

312+7.5 21.6£1.0
499+2.0 36.0+2.0
440+16 32.0+2.0

polycrystalline sintered SiC
single crystal o-SiC (0001)
single crystal B-SiC (111)

Notes. The following designation are taken: Ty, is the substrate
temperature, Tann is the temperature of additional vacuum annealing
for 1 h, Eis the elastic modulus, H is the hardness, L is the crystal size.
2 Traces of nanocrystallization. ® Deposition with negative bias voltage
applied to the substrate.
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Figure 9. The effect of substrate temperature on the argon content (), intrinsic stress (b), elasticity modulus (¢) and hardness (d) of SiC films.*4”

observed starting from ~300 °C (in Ref. 47, the XRD
experiments revealed the formation of nanocrystals at
temperatures above ~ 700 °C). The film properties strongly
depended on the negative bias voltage applied to the
substrate. Thus, the increase in the elastic modulus and
hardness was the result of action of many factors (phase
composition variations with the increase in the number of
nanocrystals, chemical composition refining, changes in the
strained state, efc.); hence, it is difficult to single out their
individual roles.

A comparison of coarsely crystalline and single-crystal-
line films has shown that hardnesses and elastic moduli for
SiC samples with the amorphous nanocrystalline structure
are lower than those for common sintered samples and,
especially, single crystals. This can be explained by consid-
erable content of the amorphous phase in films that escaped
complete nanocrystallization during the synthesis.*’

The role of size effects in hardness and elastic modulus
of nano-SiC is also illustrated by the data from Table 6. It is
evident that, as for other nanomaterials,*3-57 a decrease in

Table 6. The effect of crystal size on the hardness and elastic modulus.

L/nm H/GPa E/GPa  Notes Ref.

~10 ~50 ~515 films synthesized in hydrogen— 53
silane microwave plasma on
molybdenum substrates at

~ 1200 °C; crystallinity ratio
~85%; residual stresses

is 0.25 GPa

films synthesized by electron- 54
beam evaporation on stainless

steel substrates at 900 °C

films prepared in supersonic 55
plasma

compacts prepared by hot 56
isostatic pressing of nano-

powders

~13  550+£10.5 425+84

~20 ~37 —

~70 24-25 —

the grain size results in an increase in H due to the
progressive effect of intergrain boundaries, i.e., barriers to
propagation of dislocations and cracks. A decrease in E
observed for different materials with the crystal size at a
level <30—50 nm was associated with the lower fraction of
intergrain boundaries the elasticity characteristics of which
are inferior to those for the regular crystalline state.>” In the
most general form, the properties of nano-SiC should
depend not only on the grain size, but also on the crystal-
linity of the structure, i.e., the fraction of the amorphous
component and also on the particular properties and
composition of these components. It is common practice
to analyze the properties of amorphous nano-SiC-based
composites by comparing them with the ratios of sp? and
sp? carbon atoms retrieved from the results of the Raman
and XPS studies (recall that the sp® configuration corre-
sponds to diamond and sp? configuration corresponds to
graphite; for example, see Ref. 55).

On this evidence it is clear that the discerning of
contributions of different factors in the H = f(L) and
E = f(L) dependences for SiC-based nanomaterials requires
additional studies. Nonetheless, it is evident that with a
decrease in the grain size, the hardness of SiC and other
refractory compounds substantially increased.*> Prelimi-
nary results pointed to a considerable increase in the
fracture toughness [the crack resistance factor (Kic)]; thus
for B-SiC films with the grain size of 10—15 nm (the
intergrain  boundary width of 1-2nm), Kjc is
9.24+2 MPal/?; for ordinary silicon carbide materials,
Kic = 2—6 MPal/?) (Refs 54 and 58).

The issues of the stability of brittle nanomaterials based
on SiC and other refractory compounds are addressed
theoretically within the framework of solid-state physics
and mechanics (see, e.g., Refs 59—-61). In particular, such
problems as homogeneous and heterogeneous formation of
dislocations, origin and propagation of cracks on interfaces,
grain boundary sliding, etc. were considered.

The in situ observation of a plastic deformation in the
HRSEM and HRTEM tests of p-SiC nanowires
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(70—100 nm in diameter) should be considered as the most
interesting experimental result.%?-3 The test temperature
was close to room temperature and deformation exceeded
200%; the test revealed an increase in the concentration of
dislocations in the initial stage and structural amorphiza-
tion in the final stage. The results of a computer simula-
tion ® also deserve mention. A model with the size of
62.5%62.5x53.5 nm? contained 18.7 million atoms, the
grain size was 8 nm; this revealed the grain boundary sliding
in the first stage of deformation at room temperature
followed by the intragrain dislocation shears.

Note that the high-temperature superplasticity of nano-
SiC was mentioned as far back as 10 years ago. Figure 10
illustrates the deformation behaviour of B-SiC samples with
crystallites measuring ~2 pm and ~0.2 um at 1800 °C.%°
For coarse-grain samples, this was a typical brittle failure,
whereas the objects close to nanostructures exhibited super-
plasticity (deformation ~110%).

Relative strain (%)

0 20 40 60 80 100 120
300 T T T T T T
I
<
A 200
<}
o
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True strain (rel.u.)

Figure 10. The behaviour of hot-pressed (/) and isostatic hot-pressed
(2) B-SiC samples (with small additions of boron and carbon) in the
high-temperature deformation (with the strain rate of 10— s—4).6%

T = 1800 °C, L /um: (1) 2, (2) 0.2.

Note that, as a rule, for common coarse-grain B-SiC
samples, the brittle —ductile transition temperature does not
drop below 900—1200 °C (Ref. 66) (and can be even
> 1800 °C, according to Fig. 10), i.e., the decrease in this
characteristic with the transition to nanostructured materi-
als can be substantial; however, it is difficult to gain such an
advantage for bulk nanoobjects, because the technology of
their preparation should provide high-quality nanostruc-
tures that contain no nano- and micropores nor other
defects inside nanograins and especially on their bounda-
ries.

Above, we considered the evolution of PL spectra for
6H-SiC with the transition from a coarse-grain substrate to
a nanoporous sample and further to isolated nanoparticles
(see Fig. 2). Examples of changes in the luminescence and
optical properties of nano-SiC (nanoparticles, nanotubes,
quantum dots and nanofilms) can be found in a review,!4
which also shows the analysis of results of theoretical
studies of this phenomenon. The theory that explains the
changes in PL spectra and the broadening of the band gap
with the quantum size effect (effect of dimensional quanti-
zation) was based on the analysis of the band structure that
took into account the finite size of nanocrystals. It is known
that the electron excitation energy in nanostructured semi-

conductors exceeds the energy of interband transition in the
corresponding macrocrystalline semiconductors. As applied
to nanosilicon, this effect was comprehensively treated in a
monograph.'3 According to theoretical estimates, the
broadening of the band gap for the 6H-SiC hexagonal
polytype started with the nanoobject radius below ~7 nm,
while its sharp increase started from sizes <3 nm; for the
3C-SiC cubic polytype, these values were <4 nm and
< 1.5 nm, respectively.'* The cubic polytype was studied
most comprehensively (both theoretically and experimen-
tally); thus the band gap for particles with diameters of 3.9
and 8.8 nm were found to be ~2.7 and ~2.3 eV, respec-
tively (the latter value was close to that shown in Table 1).67

The ab initio calculations of optical properties, chemi-
sorption characteristics and stability of silicon carbide
nanotubes of different shapes as a function of their geo-
metrical size and chirality have shown©®-7! that NO,
molecules can be sorbed by silicon carbide nanotubes in
contrast, for example, to carbon and boronitride nanotubes,
and the nanotube structure stability increases with the
increase in the length and the diameter of nanotubes.

An attempt was undertaken7>73 to study the electrical
and galvanomagnetic properties of amorphous hydrogen-
ized SiC films and epitaxial 3C-SiC films. The studies of the
effect of annealing of amorphous films on their conductivity
revealed the temperature dependence of the activation
energy.”> Figure 11 shows temperature dependences of
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Figure 11. Direct (¢) and inverse (b) temperature dependences of the
resistance of 3C/6H heterostructures.

(1—4) Heterostructures with different doping levels of the 3C layer;
(5) 6H substrate.
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specific conductivity for epitaxial films grown on the
6H-SiC substrate.”® It is seen that as the temperature
dropped, the electric resistance of the 3C-SiC/6H-SiC het-
erostructures increased approximately by the exponential
law; for T < 50 K, the resistance increased linearly with
T'73. At the liquid nitrogen temperature (77 K), the sub-
strate electric resistance (hexagonal polytype) was ~2
orders of magnitude higher as compared with films. The
studied epitaxial layers exhibited n-type conductivity, the
concentration of carriers and their mobility at 300 K were
2x 10" cm~3 and 40 cm? (V s)~!, respectively, i.e., suffi-
ciently close to the data in Table 1. Analysis of the results
also demonstrated that the low resistance of these layers at
liquid helium temperatures may be associated with the
presence of the insulator —metal junction.

Information on the electrical and optical properties of
the 3C-SiC/6 H-SiC heterostructures and superlattices (mul-
tilayer films) on their basis were generalized as regards the
problems of electronics in a review.”

Recently, studies of the effect of radiation on the
properties of nano-SiC have been started. Thus a compar-
ison of structural evolution of 3C-SiC samples in their
conventional crystalline state (grain size ~1 um, porosity
15%) and with the nanocrystalline structure (grain size
~36 nm, porosity 8%) has shown that irradiation with the
xenon ions (energy 95 MeV) in a dose of 5 x 104 cm—2 was
accompanied by approximately identical variations in the
lattice spacing and did not lead to complete structural
amorphization.”* At the same time, it is known that
6H-SiC single crystals were actively amorphized under
radiation. Changes in the Raman, PL, IR and XRD spectra
induced by co-implantation of carbon and aluminium ions
into these 6 H-SiC films were analyzed.”>

Certain publications (see a review’¢® and references
therein) contain encouraging results obtained in studying
the biological properties of amorphous SiC films as applied
to biomedicine. Previous in vivo and in vitro studies have
indicated, forinstance, biocompatibility of SiC with living
cells able of capturing and ingesting the foreign particle
(phagocytosis). However, the accumulation of systematic
information on biological characteristics of nano-SiC is in
its very beginning. This is particularly important in the
context of the mentioned risk of toxicity of nanoobjects.

IV. Conclusion

Studying the properties of nano-SiC revealed many inter-
esting aspects that, first of all, noteworthy are the possibility
of substantial increase in hardness, the manifestation of the
high ductility of nanowires, a considerable increase in the
intensity of PL spectra, biocompatibility, high resistance
against radiation-induced amorphization, efc. Conventional
application fields of silicon carbide materials (e.g., abrasives
and refractory materials, heating elements, superfine pow-
ders and fibres, certain semiconductor devices, additives to
compositions, etc.) have gained impetus to potential exten-
sion. Adequate biocompatibility and high wear resistance of
nano-SiC made promising the use of these objects as the
materials of coatings for implanted microelectrodes, worn
joints, highly porous membranes and biosensors.”® The
chemical inertness and biocompatibility together with
good optical properties open up the possibilities of using
SiC-based quantum dots in the fluorescence diagnostics in
medicine.”” The high potential of nano-SiC-based materials
in opto- and nanoelectronics,”’® as a part of micro- and

nanoelectromechanical systems’?-89 and also as porous
high-temperature filters and catalyst carriers is quite evi-
dent.!”-1° The high radiation stability of nanostructured
silicon carbide materials makes them promising candidates
to be used in nuclear technology facilities [e.g., as the
blanket and divertor facing material in the International
Thermonuclear Experimental Reactor (ITER)3!].

Realization of the listed applications largely depends on
the efficiency of the technology of synthesis of nano-SiC. It
is therefore appropriate to mention the development of the
method of solid-phase epitaxy of SiC on silicon.4? It is
expected that the thus obtained nano-SiC layers would find
application as the substrates, light-emitting diodes and solar
cells.82 The methods of synthesis and consolidation of SiC
nanopowders are being developed, for example, the recently
proposed interesting carbothermal synthesis (a-SiC poly-
type), which makes use of spherical SiO, particles with a
narrow size distribution (2—10 nm).83 Thus, as was noted
above, the necessity of comparing different methods of
nano-SiC synthesis is still urgent.

At the same time, information on the stability of
physicochemical, physicomechanical and, correspondingly,
operational characteristics of these materials seems to be
insufficient. Moreover, the extension of application fields of
nano-SiC certainly requires further development of funda-
mental studies in the field of size effects.
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the Russian Foundation for Basic Research (Projects No.
08-03-00105 and No. 09-03-11000) and also by the Pro-
gramme of Fundamental Studies of the Presidium of the
Russian Academy of Sciences (subprogrammes P-18 and
P-27). The author is grateful to V V Klyucharev and
S V Klyucharev for their assistance in the preparation of
this review for publication and also to D I Tetel’baum for
discussion and valuable remarks.
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