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Abstract. Nonstoichiometric 3-SiC nanoparticles (np-SiC) have been studied by electron
paramagnetic resonance (EPR) and pulsed magnetic resonance methods including field
swept electron spin echo (FS ESE), pulsed electron nuclear double resonance (ENDOR)
and hyperfine sublevel correlation spectroscopy (HYSCORE). Four ESE signals related
to the paramagnetic centers labeled D1, D2, D3, D4 with g=2.0043, g=2.0029,
g=2.0031, g =2.0037 were resolved in FS ESE spectrum due to their different spin
relaxation times. As deduced from the study of the superhyperfine structure of the D2
defect by FS ESE, pulse ENDOR and HYSCORE methods the dominant paramagnetic
center is a carbon vacancy (V) localized in 3-SiC crystalline phase of the np-SiC. The
parameters of the D2 center coincide with those found for the V¢ in np-SiC obtained by
laser pyrolysis method. Three other defects were identified by comparison of their EPR
parameters with the microstructure of the np-SiC. The D1 defect was attributed to the V¢
vacancy located in a-SiC crystalline phase. The D3 defect is identified with the carbon
dangling bonds located in the carbon excess phase. The D4 defect was assigned to a
threefold-coordinated Si atom bonded with one nitrogen atom, resulting in the formation

of the local bonding Si-Si,N configuration in &-Siz;N, phase.
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1. Introduction

Silicon carbide nanoparticles (np-SiC) are important
engineering material because of its good mechanical
properties, good oxidation resistance, low coefficient of
thermal expansion, high hardness, and refractoriness [1].
On the other hand, it was reported that np-SiC and their
composites revealed size-dependent phenomena such as
a high electrical conductivity in annealed samples [2],
broad photoluminescence response [3] as well as
specific features of the charge carriers [4] and nonlinear
optical properties [5].

The np-SiC  previously investigated by
multifrequency electron paramagnetic resonance (EPR)
spectroscopy were synthesized by CO, laser pyrolysis of
gas mixture composed by silane (SiHg) and acetylene

(C,H,) [6]. Nuclear magnetic resonance measurements
(NMR) have shown the coexistence of the crystalline
polytypes 3C SiC (cubic), 6H SiC (hexagonal) and a
fraction of amorphous structure in np-SiC obtained by
laser pyrolysis method [7]. Microscopic measurements
showed that the sizes of the nanocrystallites varied
within the range 10 to 35 nm and sizes of the grains were
distributed within 35-90 nm.

Multifrequency EPR spectroscopy revealed the
existence of at least three different paramagnetic
intrinsic defects [2]. Two of them have been assigned to
carbon vacancies located in the crystalline phases of SiC
particles, and the third one was assigned to dangling
bonds in excess carbon phases [8].

Previous field swept electron spin echo (FS ESE)
investigations of the nitrogen doped np-SiC allowed to

© 2010, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

43



Semiconductor Physics, Quantum Electronics & Optoelectronics, 2010. V. 13, N 1. P. 43-50.

resolve two ESE signals with electronic g values g =
2.0048 = 0.0006 (DI) and g= 2.0036 =* 0.0006 (DII)
that were attributed to the carbon vacancies located in
the crystalline a-phase (6H SiC) and S-phase (3C SiC)
of the SiC particles, respectively [9].

The present work focuses on the FS ESE
investigation of the intrinsic defects in np-SiC, obtained
by self-propagating high-temperature synthesis (SHS) of
carbon and highly active silicon with the aim to compare
the types of the defects formed in np-SiC prepared by
different technological methods. To get more detail
information about local environment of the defects, the
pulsed electron nuclear double resonance (ENDOR)
[10,11] and hyperfine (hf) sublevel -correlation
spectroscopy (HYSCORE) [12] were applied, which
allowed to measure weak super hyperfine (shf)

couplings between the paramagnetic center and
surrounding ligand nuclei.
The ESE spectroscopy that demonstrates a

remarkable rise in the last decade is based on exciting
the spin system with high-power pulses of microwave
(mw) energy and then measuring the emission signal that
is referred to as a spin-echo signal — the response of the
spin system on pulse excitation. In an FS ESE
experiment, a two-pulse Hahn echo sequence [13] is
employed (Fig. 1a), and the resulting echo intensity is

(a)

Mw

monitored as a function of the magnetic field. FS ESE
has properties that can make it desirable over
conventional continuous wave (cw) EPR in certain
cases. In particular, the FS ESE method is capable to
disentangle overlapping EPR lines by taking advantage
of differences in the phase memory spin-relaxation time
of the paramagnetic centers. In addition, the FS ESE
method does not suffer from the magnetic field
modulation effect, and as such, very broad EPR spectra
can be casily detected.

Another important application of the ESE
techniques is the measurement of nuclear spin transition
or ENDOR frequencies. Here, the transient nature of the
ESE technique has a great advantage, because it makes it
possible to observe the ENDOR transitions over a much
wider temperature range and with higher sensitivity than
in cw ENDOR experiments. The reason is that the
specific relationships among mw power, radiofrequency
(rf) power and the various spin relaxation times, that are
necessary for cw ENDOR, are not required in the pulsed
operation mode.

The two most common pulse ENDOR methods
were introduced by Mims [11] and Davies [10]. A good
overview of pulsed ENDOR methodology can be found
in [14]. In Mims ENDOR, n/2-1-n/2 is used to create
polarization for the electron spin and a third n/2 pulse
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Fig. 1. Pulse sequences used in various experiments: (a) — two-pulse FS ESE sequence (d0 — detection trigger offset time),
(b) — four-pulse (two dimensional) ESEEM (HYSCORE) sequence, (c) — Mims pulse ENDOR sequence.
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creates a stimulated echo at time t (Fig. 1¢). During the
mixing period between the second and third mw pulses,
a m rf pulse is used to excite a nuclear spin transition,
which leads to defocusing the electron spins and
consequently a decrease in the observed stimulated
electron spin echo. The frequency of this rf pulse is
varied and the stimulated echo intensity is monitored.
The resulting spectrum is an NMR spectrum of the
nuclear spins in the vicinity of the electron being probed.

HYSCORE (Fig. 1b) is a two-dimensional four-
pulse electron-spin-echo envelope-modulation (ESEEM)
technique where a series of microwave (mw) pulses is
applied to the spin system and the times t; and t,
between the pulses are scanned. In addition to the decay
of the four-pulse electron spin echo, which results from
relaxation processes, modulation may be present from
nuclei in the close environment about the paramagnetic
center having a nuclear spin larger than zero. The
frequencies of the modulations are identical to those
observed in the ENDOR spectra, but the ESEEM and
HYSCORE techniques have the advantage over ENDOR
that additional information concerning the hf interaction
with surrounding magnetic nuclei can be retrieved from
the echo modulation amplitudes. In HYSCORE, after
Fourier transformation, off-diagonal peaks are observed
which correlate two frequencies of the same nucleus,
similar to two-dimensional NMR spectroscopy. A cross-
peak correlates a nuclear transition frequency of one
electron spin sublevel Mg to a nuclear transition
frequency of the same nucleus but of the other M
sublevel. It is important to note that correlations between
transitions of different nuclei coupled to the same
paramagnetic center are much lower in intensity. In
principle, in the case of anisotropic EPR spectra,
information about the full hf tensors of the various
magnetic nuclei can be elucidated from orientation-
selective  HYSCORE spectra in combination with
spectral simulations even for disordered samples. A
comprehensive description of pulsed EPR spectroscopy
is given in the book of Schweiger and Jeschke [14].

2. Experiment
2.1. Sample preparation and characterization

The np-SiC was prepared by self-propagating high
temperature  synthesis (SHS) method in argon
atmosphere from a mixture of fine elemental silicon
powder and thermally exfoliated graphite (TEG) [15-
17]. The hetero-phase interaction between components is
accompanied by an exothermic effect. The ignition
temperature was in the range of 1200-1250 °C. The
reaction product is B-SiC in agglomerated state which
could be easily reduced to nanoparticles. The unreacted
carbon in the product after synthesis was removed by
heating in air at 700 °C. The final clean-up to remove
SiO, was carried out by etching in HF, rinsing in
distilled water and drying. The investigation of the
microstructure of the np-SiC by X-ray diffractometry
(XRD) and high resolution transmission electron

microscopy (HRTEM) methods have shown that the
synthesis of the np-SiC in non-equilibrium conditions
leads to the decrease of the B-SiC lattice parameter up to
43536 A in comparison with the standard value
(4.3589 A). A lower value of the lattice parameter in
comparison with a standard one can be explained by the
partial substitution of silicon atoms in SiC lattice by
carbon, nitrogen and oxygen atoms having smaller
covalent radii [15] resulting in the formation of the solid
solution SiC-C and small fraction of the Si;N,, Si,N,O,
Si0, phases. Fig. 2 shows HRTEM image of the np-SiC
with the average size of the particles of about 50 nm.

Fig. 3 shows Raman spectrum (RS) of the np-SiC
powder and standard crystalline B-SiC sample which
were obtained using 514.5nm Ar-laser radiation
excitation. RS were taken with a double grating
spectrometer at room temperature. The signal was
registered with a cooled phototube operating in the
photon counting mode in back scattering geometry.
Analysis of RS peak frequencies observed in np-SiC
showed that np-SiC should be attributed to the 3C
polytype. As was seen from Fig. 3, the RS of the np-SiC
is characterized by the sharp peak at 790 cm ' that
corresponds to the transversal (TO) phonon band of -
SiC [18].

2.2. Spectroscopic measurements

X-band FS ESE, pulsed ENDOR and HYSCORE
experiments have been performed on Bruker ESP 380
and ELEXYS ES580 spectrometers at 6 K. The Q-band
cw EPR spectra were measured on RE1308 spectrometer
at T=4K. The FS ESE spectra simulations were
performed using Easyspin toolbox [19]. An overview of
the specific pulse sequences used in the various
experiments is given in Fig. 1.

The X-band FS ESE spectra were measured with a
two-pulse echo sequence (Fig. la) with mw pulse
lengths: t,, =16 ns and t, =32 ns with the pulse delay
7 =400 ns (short pulses) and t,, =96 ns and t, =192 ns
with the pulse delay 7 = 800 ns (long pulses).

Fig. 2. HRTEM image of the np-SiC particles synthesized
under non-equilibrium conditions.
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Fig. 3. Raman spectra of np-SiC (a) and standard B-SiC (b).
The np-SiC sample was annealed in air at 700 °C, and was
rinsed from SiO, by etching in HF.

For the X-band Mims ENDOR experiments the
stimulated electron spin echo sequence 7/2-T-7/2-ty,-
7t/2-t-echo was used (see Fig. 1¢), with nonselective mw
7t/2 pulse lengths of t,, =48 ns and the pulse delay
7=560ns. A selective radio frequency (rf) pulse of
variable frequency and length of t;¢= 12 us was applied
between the second and third mw pulses.

HYSCORE experiments [13] were recorded using
nonselective mw pulses of t,,=16ns and t,=32ns
with the pulse delays of 7 =136 ns and 104 ns between
first two /2 mw pulses (see Fig. 3b). In total, 170x170
data points were acquired for t; and t), and the spectra
with the different 7 values were added prior two-
dimensional (2D) Fourier transformation (FT) and
finally 2D FT magnitude spectra were presented.

3. Results

The cw EPR spectrum of the np-SiC measured at Q-band
frequency and 4.2 K was depicted in Fig. 4. It is seen that
EPR spectrum consists of several unresolved EPR signals
with central g-factor ~2.0025. Taking into account the
advantage of the pulse EPR technique over the cw EPR
(the absence of the magnetic field modulation effect on
the EPR linewidth), we applied pulse EPR methods to
resolve these EPR signals. Fig. 5 shows the first derivative
of the X-band FS ESE spectrum in np-SiC that consists of
a few signal components. As was seen from Fig. 5, the FS
ESE spectra taken with different pulse delays v have
different intensity ratios between signal components
indicating that the components have different electron
spin phase memory relaxation times and can be assigned
to a few distinct intrinsic defects. The parameters of the
four paramagnetic centers given in Table 1 and denoted as
D1, D2, D3 and D4 were obtained by deconvolution of
the experimental FS ESE spectrum. It was found that the g
values of the D1, D2 and D3 centers are close to those for
DI, DII and DIII centers observed in np-SiC obtained by
laser pyrolisis method [2].

Table 1. Parameters of paramagnetic centers observed in
two-pulse FS ESE spectra at T = 6 K (AH,, is the peak-to-
peak EPR linewidth).

Center Oxx Oyy 9z Aprs
mT

D1 2.0041(2) 2.0041(2) 2.0041(2) 0.24
D21 2.0029(2) 2.0029(2) 2.0029(2) 0.24
D3 2.0031(2) 2.0031(2) 2.0031(2) 1.8
D4 2.0036(2) 2.0036(2) 2.0036(2) 0.6
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Fig. 4. The Q-band cw EPR spectrum measured on the np-SiC
sample at T=4 K.
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Fig. 5. First derivative of X-band FS ESE spectrum measured
using the np-SiC sample at T = 6 K with short pulses (a) and
long pulses (b).
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Additional shoulders observed in the wings of the
first derivative of the FS ESE spectrum (Fig. 5) indicate
the presence of a isotropic shf splitting (Ais, =29.7 MHz)
with surrounding »’Si or *C nuclei, both isotopes having
a nuclear spin I = 1/2 and natural abundances of 4.7 and
1.1 %. The shf lines are symmetric with respect to the
signal D2 with g=2.0029 and can be consequently
assigned to the D2 center. The intensity ratio between
central line and satellites is about 9-10 %, which
corresponds to the natural abundance of two equivalent
*Si atoms. The defect with the same shf splitting and
g =2.0036 = 0.0006 was previously observed in np-SiC
obtained by the laser pyrolisis method and was assigned
with to the carbon vacancy [9]. Therefore, it can be
concluded that D2 center is also related to the carbon
vacancy.

The identification of the other intrinsic defects was
undertaken by comparison of their experimental EPR
parameters with the microstructure of the np-SiC
materials. The feature of the D1 centers was found to be
consistent with that of DI centers with g= 2.0048
+ 0.0006 observed in np-SiC obtained by the laser
pyrolisis method. It was shown that DI centers
disappears progressively with decreasing the degree of
hexagonality of the np-SiC, which is favoured by
annealing the sample [8]. Therefore, the observed small
fraction of the D1 center compared to D2 center in np-
SiC which have mostly cubic crystalline structure
indicates that D1 center is the intrinsic defect localized
in the hexagonal phase of np-SiC.

The g-factor and linewidth of the D3 center
coincide with those of DIII center observed in np-SiC
obtained by the laser pyrolisis method [2, 8]. It was
proposed that the DIII is related with carbon dangling
bonds located in the carbon excess phase of np-SiC
[2, 8]. Taking into account that the SiC-C solid solution
coexists with B-SiC phase in crystallite structure of np-
SiC, we may conclude that the D3 center also originates
from sp’-coordinated carbon dangling bonds located in
the carbon excess phase of np-SiC.

The FS ESE spectrum of the D4 center is
characterized by the isotropic g factor g= 2.0037
+ 0.0002, linewidth (6+0.5) Gs, and Gaussian line shape.
The parameters of the D4 defect are typical for the bulk
K-center previously observed in amorphous hydrogenated
Si3Ny4 layers [20]. The study of this defect in silicon nitride
layers of different compositions Si,N,, has shown that the
g-factor of the K-center is dependent on the local bonding
configuration Si-X; and varies from 2.0030 for Si-Nj to
2.0040 for Si-NSi, [20]. The linewidth depends also on
the configuration due to the unresolved shf interaction
with the N (I=1) nuclei. Thus, considering that X-ray
investigations confirms the existence of the peak
reflections due to @-SizN, and a-Si,N,0 phases in np-SiC,
the D4 center can be assigned to the defect located in a-
Si3N, phase with Si-NSi, configuration.

The detailed study of the ligand structure of the
intrinsic defects by the pulse ENDOR and HYSCORE

methods was concentrated on the D2 center. Other
defects have an insufficient intensity of the FS ESE
signals to be investigated by pulse ENDOR and
HYSCORE methods.

Pulsed ENDOR and HYSCORE spectra were
recorded at the FS ESE position of D2 center. Fig. 6
shows ENDOR spectrum measured at T =6 K using the
Mims pulse sequence, which is more sensitive for
measuring small hf couplings, if the phase memory time
Tw of the sample is sufficiently long to allow an optimal
7 value to be used. For large hf couplings, it is usually
preferable to employ the Davies ENDOR sequence with
a well chosen length for the inversion mw pulse [14].

The ENDOR spectra proved to be isotropic and are
dominated by a few doublets centered at the "H Larmor
frequency. Therefore, to understand the ENDOR results
we will consider the isotropic shf interaction (Fermi
contact term). The interaction constant a; reflects the
spin density of the donor electron wave function (V) at
the site of the nucleus (rj) and is given by:

8

S M ta Oe Oni [ E(|, (1)

a; =
where ug is the electron Bohr magneton, u, — nuclear
magneton, g. — g-factor of free electron, g, is the g
factor of the nucleus i, g, — nuclear g-factor.

The related ENDOR transitions for a nuclear spin
=12 (eg. 'H, "C, *Si) have the following
frequencies [21]:

VENDOR| :%’ gni“nBi% , 2)
where B is the external magnetic field.

Therefore, the expression (2) predicts that each
nucleus i will give rise to two ENDOR transitions
symmetrically placed around their Zeeman frequency
OnitnBo/h  (Gf the weak coupling limit
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Fig. 6. X-band pulsed ENDOR measured on D2 FS ESE

position in the np-SiC sample at T =6 K using Mims pulse
ENDOR sequence.
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frequency has further been analyzed by HYSCORE
spectroscopy that has a much better sensitivity that
ENDOR in this frequency range.

As was seen from Fig. 7b, the low frequency part of
the HYSCORE spectrum is dominated by an intense **Si
cross peak ridge ([0.64; 5.33], [5.33; 0.64]) with a total
width 4.69 MHz. Therefore, according to [9] the
paramagnetic center D2 couples to the »Si nucleus
located in the next neighborhood of the D2 center with a
maximum shf interaction A, = 4.69 MHz corresponding
to silicon nuclei denoted as Si(IV) in [9]. The detailed
analysis of widths of the ridges and the maximum shift of
the cross peak ridges given in [9] allows to evaluate the

range of the isotropic (Aissio(w)) and anisotropic (TSi(IV)) shf
Si(IV):

and

coupling limits for
1.6 MHz < AS™) <34 MHz
1.4 MHz = T™ > 0.5 MHz.

The ridge at BC Larmor frequency ([2.85; 4.44],
[4.44; 2.85]) in HYSCORE spectrum is less intensive
than that observed for *Si, and its width corresponds to
a maximum carbon shf interaction A, = 1.59 MHz
denoted as carbon nuclei C(II) in [9]. Thus, we can
conclude that we observe approximately the same value
for #Si and ">C hf structure, as it was observed in [9] for
DII center. In our case analogous to [9], the maximum
shift of the cross peak ridges is below the spectral
resolution 0.06 MHz of the experiment.

Except for the intense peaks due to *°Si and "°C, a
weak 'H cross peak ridge ([14.23; 15.46], [15.46;
14.23]) with a maximum spread of about 1.22 MHz is
observed at the proton nuclear Larmor frequency
(Fig. 7a). The obtained value is close to the proton shf

coupling value A2H = 1.4 MHz as already deduced from

the Mims ENDOR spectrum. To explain the absence of
the 'H cross peak ridges corresponding to the protons

with AlH =2.3 MHz in 2D spectrum, we can propose

that ENDOR lines are broadened due to distribution in
the isotropic shf interaction, while the anisotropic
coupling is negligible.

4. Discussion

With the aim to compare the type of the intrinsic defects
formed in np-SiC obtained by different technology
methods, the investigation of the nonstoichiometric np-
SiC prepared by SHS of carbon and highly active silicon
was performed by EPR, FS ESE, ENDOR and
HYSCORE methods. FS ESE measurements of the np-
SiC prepared by SHS method revealed four types of the
paramagnetic centers. Three of them (D1, D2, D3) have
quite similar parameters to those observed for the
intrinsic defects in np-SiC obtained by laser pyrolisis
method. The ligand structure of the D2 center observed
in FS ESE, ENDOR and HYSCORE spectra is found to
be consistent with that observed for DII center in np-
SiC, obtained by laser pyrolisis method. Good
agreement between the value of the largest shf splitting
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Fig. 7. Contour plot of the HYSCORE spectrum for np-SiC
measured on D2 FS ESE position. (a) the full spectral range,
insertion is the stacked plot of the HYSCORE spectrum;
(b) low frequency part. The solid lines in (b) indicate the
vy =, axes at the *°Si and *C Larmor frequency.

of the D2 defect observed in FS ESE spectrum and
theoretically evaluated shf constant for carbon vacancy
in np-SiC performed in [22] by self-consistent norm-
conserving pseudopotential band energy calculations
indicates that the D2 center and likewise the DII center
can be assigned to a carbon vacancy. It is necessary to
add that the corresponding shf constants of *’Si for
carbon vacancies in bulk SiC crystals are essentially
higher [23] indicating that the wavefunction of the
unpaired electron of the vacancy in np-SiC is
substantially higher delocalized than in bulk material. At
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the same time, considering that the ENDOR spectrum of
the D2 center shows a weak shf interaction with
hydrogen we may suggest that the carbon vacancy
environment would be contaminated with hydrogen
forming the hydrogen-related defect (V+H) with donor-
like behavior [24, 25]. Table 2 shows the calculated shf
interaction for carbon vacancies in np-SiC and
hydrogenated carbon vacancy with S=1/2 in bulk SiC
calculated in the framework of density functional theory
(DFT) in [25] along with experimental shf interaction
observed for D2 and DII center. As was seen from
Table 2, the ratio between shf interaction with hydrogen
and *’Si observed for D2 and DII center are not in
contradiction with that theoretically predicted for the
hydrogenated carbon vacancy in SiC bulk crystals.
Furthermore, the configuration with an H-atom in the
center of three ligands Si;, Siy and Si, provides nearly
isotropic shf parameters for the case of motional
averaged structure of the complex caused by a dynamic
Jahn-Teller effect, which is in reasonable agreement
with the negligible value of the anisotropic coupling of
the hydrogen observed in the ENDOR spectrum of the
D2 center at T =4 K. Strongly anisotropic 'H-related shf
splitting was predicted only for T =0 K. To confirm the
assumed contamination of the carbon vacancies with
hydrogen, further theoretical calculations of the (V+H)
complex in np-SiC are required.

Other defects cannot be conclusively identified
from the experimental data because of the lack of the
ligand structure in their FS ESE spectrum. But
comparison between microstructure of the np-SiC and
obtained experimental EPR parameters of the D1 center
enables to attribute it to the intrinsic defect located in
crystalline hexagonal phase of np-SiC. As was shown in
[22], the vacancies are a necessary attribute of the
crystalline phase of the np-SiC. Therefore, we may
conclude that the D1 center like to the D2 and DI centers
is caused by a charged vacancy.

Taking into account that the SiC-C solid solution
coexists with B-SiC phase in crystallite structure of the np-
SiC, it was concluded that the D3 center like to the DIII
center originates from sp’-coordinated carbon dangling
bonds located in the carbon excess phase of the np-SiC.

Table 2. The comparison of calculated shf interaction for
carbon vacancies in np-SiC [22] and hydrogenated carbon
vacancy in bulk SiC [25] (S =1/2) with experimental shf
interaction observed for D2 and D11 center.

Ligands »si 'H Ref.
Defect Aiso» T, Aiso, T,
MHz MHz MHz | MHz
Calcul. V¢ 32.88 -4.35 - - [22]
for np-SiC
Calcul. -173.98 | -19.7 | 5.91 0.66
VctH (Sij.4) (Sis.4) [25]
Hbetween | —5.6 Si; |-5.6 Si; - -
Si, Sis, Siy
Exp. D2 in 29.7 - 2.3 - This
np-SiC work

Exp. DII in 29.7 6.4

(9]
np-SiC
The D4 center characterized by g= 2.0037
* 0.0002 and a Gaussian line shape was attributed to the
bulk intrinsic defect located in a-SizN4 phase of the np-
SiC with Si-NSi, configuration.

Thus, the structural phases involved into the np-SiC
are characterized by the intrinsic defects that are
necessary for thermodynamic stabilization of the particle
size and structure [22]. Crystalline cubic and hexagonal
phases are monitored by the bulk defect like to a charged
vacancy, while carbon excess phase of the np-SiC is
stabilized by presence of dangling bonds.
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