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Three paramagnetic defects were revealed in amorphous hydrogenated carbon-rich silicon-carbon alloy films
(a-Sip3Cp.7:H). Two of them were attributed to silicon (Si) dangling bonds (Si DBs) and carbon-related defects
(CRDs). The third defect, based on its g-value and linewidth, was tentatively attributed to a bulk Si DB defect
bonded with nitrogen atoms in Si-N,Si configuration. The effect of thermal vacuum annealing on the properties
of the a-Siy3Cy7:H films was studied in the temperature range of 7,,,=400-950 °C. A strong increase in
CRD concentration was observed in high temperature annealed a-Sij3Cg7:H films, which was explained by
hydrogen effusion process occurred at 7,,, above 400 °C. The increase in the concentration of the CRDs is
accompanied by the exchange narrowing of its electron paramagnetic resonance (EPR) linewidth due to the
formation of carbon clusters having ferromagnetic ordering. The temperature dependent g-factor anisotropies
observed at Q-band and D-band frequencies for the CRD signal in the samples annealed at high temperature
(950 °C) were explained by the presence of graphitelike sp>-coordinated carbon clusters and demagnetization
field (shape-dependent anisotropy term). The demagnetizing field By.,=—47M,, where M, is the sample
magnetization, was found to be equal to 0.44 mT at 37 GHz and 1.1 mT at 140 GHz. Analysis of the
temperature dependences of the integral intensities of the SiDB and CRD EPR signals has shown that they do
not obey the Curie-Weiss law, and their spin systems exhibit superparamagnetic and ferromagnetic properties,

respectively.
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I. INTRODUCTION

Silicon-carbon ~ amorphous  hydrogenated  alloys
(a-Si;_,C,:H) have attracted great interest since they can be
used for production of a large variety of thin film materials
with tuneable electrical, optical, and light emitting
properties.!~! It was shown that the variation of the optical
band gap from 1.4 to 3.0 eV as well as the photolumines-
cence color from red to blue can be modulated by carbon and
hydrogen incorporation in these materials.' However, the
microstructure, the nature of defects and their relation to the
contents of carbon, hydrogen and annealing treatment are
still the major research subjects in semiconductor physics of
a-Si;_,C,:H, with implications both for the fundamental un-
derstanding of the electronic, optical and magnetic properties
and for the improvement of light-emitting efficiency of the
material. In particular, recently it has been shown that enrich-
ment of a-Si;_,C,:H films with carbon and low temperature
annealing strongly enhance the intensity of the visible pho-
toluminescence in this material.!! However the origin of
these phenomena is still unclear. At the same time the enrich-
ment of a-Si;_,C,:H films with carbon correlated with the
increase of the concentration of paramagnetic defects, among
which the sp3-coordinated silicon and carbon dangling bonds
as well as sp’-coordinated graphitelike carbon clusters are
the most probable candidates.

The previous electron paramagnetic resonance (EPR)
study of paramagnetic defects in near stochiometric and
carbon-rich a-Si;_,C,:H films deposited by magnetron sput-
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tering technique was performed at X-band frequency (9.4
GHz).!"!2 The EPR spectrum was represented by an isotro-
pic single line with the g-value (g=2.0026) similar to that
observed for a carbon related defect (CRD) in amorphous
carbon.'>!* Therefore the EPR signal with g=2.0026 was
attributed to the CRDs. The EPR investigation was mainly
focused on the analysis of the total concentration of para-
magnetic defects and the width of the isotropic single line.
But slight asymmetry of the X-band EPR signal of
a-Si;_,C,:H films was reported in Ref. 12 and ascribed to
the presence of silicon dangling bonds (SiDB) with g
=2.005. The SiDB signal was also observed in optically de-
tected magnetic resonance (ODMR) spectrum of
a-Si;_,C,:H films with low content of carbon at x<35 in.}
The influence of hydrogen incorporation on paramagnetic
response and characteristics of a-Si;_,C,:H thin films was
discussed in Ref. 11. It was shown that annealing of the
a-Si;_,C,:H films leads to the hydrogen effusion process in
a-Si;_,C,:H films and causes an increase in the spin concen-
tration of the CRD.

Recently high frequency (37 and 140 GHz) EPR study of
carbon-rich a-Sij;C7:H films showed that three EPR lines
contribute to the isotropic line observed at X-band
frequency.!> The EPR lines were attributed to SiDBs, CRDs,
and a bulk SiDB defect bonded with nitrogen atoms Si-N,Si.
The occurrence of the defect like Si-N,Si, is probably related
to the residual nitrogen contamination of the films during the
magnetron sputtering.

In this paper, we present the results of high-frequency (37
and 140 GHz) EPR study of the magnetic properties of the
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SiDB and CRD in carbon-rich a-Sij3Cy7: H films in the tem-
perature interval from 4.2 to 300 K. It has been established
that the temperature dependences of the integral intensities
of the SiDB and CRD EPR signals do not obey the Curie-
Weiss law, and the SiDB and CRD spin systems exhibit su-
perparamagnetic and ferromagnetic properties, respectively.

The study of the impact of thermal annealing on the
a-Sig3Cp7,:H films in the temperature range of T,
=400-950 °C indicated that thermal annealing may be a
desirable treatment depending on the property of interest. It
was found that annealing treatment of the a-Siy;Cq5: H films
causes a beneficial effect of increasing the CRD density and
can significantly alter the microstructure and magnetic prop-
erties of amorphous silicon carbide. In particular, the ob-
served anisotropy of the g factor of CRD in high temperature
annealed a-Siy3C;:H films was explained by the formation
of graphitelike sp’-coordinated carbon nanoclusters and
presence of the demagnetization field.

II. EXPERIMENTAL DETAILS

Amorphous hydrogenated silicon-carbon alloy films
(a-Sip3Cy7:H) were deposited by reactive dc-magnetron
sputtering of a monocrystalline silicon target using a mixture
of Ar/CH, as the working gas. Two-side polished Si (100)
wafers (p type, 40 Ohm-cm) were used as the substrates.
The substrate temperature during deposition was about
200 °C.

The details of the deposition procedure have been re-
ported elsewhere.!? The thickness of the a-Siy;Cy7:H layer
measured by interferometer was found to be 500 nm. The
composition of the a-Si;_,C,:H was analyzed with Auger-
electron spectroscopy JEOL Jump 10 s using relative sensi-
tivity factors of core-valence lines of carbon (KVV) and sili-
con (LVV) obtained from the bulk 6H-SiC standard. Silicon-
to-carbon ratio was estimated to be about 30/70.

After deposition, the samples were annealed in vacuum
(10 Torr) for 15 min in the temperature range of
400-950 °C. Characterization of the surface morphology
was performed by atomic force microscopy (AFM, Nano-
scope Illa) in the contact mode. The microstructure and the
spatial distribution of carbon bonding states in the sample
annealed at 950 °C were examined by high-resolution scan-
ning transmission electron microscopy (STEM, Jeol-
JEM200CX) equipped with electron energy loss spectrom-
eter (EELS, Gatan ENFINA 1000).

EPR measurements at 37 GHz were performed using
Bruker EMX spectrometer and a conventional Q-band EPR
spectrometer equipped with a liquid helium cryosystem at
temperatures between 4.2 and 300 K. EPR measurements at
140 GHz were performed using D-band EPR setup at 4.2 K.
The error in g was estimated to be =0.0002. The magnetic
fields were calibrated with the help of a Si:P (g=1.9985)
standard sample. The spin densities were determined by a
double integration of the experimental spectra and compari-
son with the Si:P spin standard sample. The estimated rela-
tive accuracy of the N, measurements was *+20%.

III. EXPERIMENTAL RESULTS

A. Atomic structure of the a-Siy3;Cy7:H film

The atomic structure of the a-Sij3Cg7: H was investigated
in as-deposited and annealed samples. Figure 1 shows a typi-
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FIG. 1. AFM image of as-deposited a-Siy3C7:H surface.

cal AFM image of the as-deposited a-Siy;Cy7:H surface.
One can readily observe the nano-meter-size surface mor-
phology of the films. The surface profile, shown in Fig. 1,
confirms and quantifies the nanostructured columnar mor-
phology that is inherent to thin films deposited at low
temperatures.'® Large columns, 100-150 nm in diameter, are
composed of thinner columns with diameters in the range of
20-40 nm.

Elastic scattering STEM cross section image of
a-Sip3Cy7:H film annealed at 950 °C is shown in Fig. 2(a).
The structure of the film is not homogeneous and contains
nanoscale low-density regions (voids) elongated roughly per-
pendicular to the film surface and having a typical size of
less than 5 nm in width and up to 50 nm in length. It is
suggested that the observation of the voids in Fig. 2 is also
an indication of columnar growth morphology.

The investigation of the spatial distribution of graphitelike
carbon clusters was performed using energy filtered STEM

FIG. 2. STEM micrographs of an a-Sij3C;: H sample annealed
at 950 °C: a-Elastic scattering STEM cross-sectional image;
b—STEM image based on EELS; ¢ and d-higher magnification of
the regions marked by the dashed lines in (a) and (b). Darker re-
gions in (b) and (d) correspond to higher concentration of
sp>-coordinated carbon atoms.
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FIG. 3. Experimental and simulated Q-band EPR spectrum mea-
sured in as-deposited a-Sip3Co7:H films at 4.2 K. The solid line
presents experimental data; the dashed lines are theoretical fits.
Three dashed lines labeled I, I,, and I5 are fitted with Gaussian
form.

measurements.'”'8 A narrow peak centered at 284 eV was
observed in the electron energy loss spectrum of an
a-Sip3Cy7:H sample annealed at 950 °C. This peak is a fin-
gerprint of graphite-like carbon and corresponds to the elec-
tron transition from the ls to 2p, unoccupied states (Is
— %) in the sp” hybrid orbital of carbon atom.!®? Figure
2(b) shows the map of the distribution of sp*-coordinated
carbon atoms generated by energy filtering of the electrons
with energy loss around 284 eV. The darker regions corre-
spond to higher concentration of sp’-hybridized carbon at-
oms. The magnified images of the elastic scattering map and
the sp-carbon bonding map are shown in Figs. 2(c) and
2(d), respectively. It is clearly seen that the spatial distribu-
tion of the graphitelike carbon is well correlated with the
distribution of the nanovoids. Therefore, we can conclude
that graphitic carbon that forms after the high-temperature
annealing is predominantly localized in the nanovoids of the
a-Siy3Cy7:H film. It is well known that graphitelike clusters
preferably condense on the surface in such a manner that
graphene sheets form parallel to the surface.

B. General features of Q-band EPR spectrum
in a-Si0_3C0.7 +H film

Figure 3 shows experimental and simulated Q-band room
temperature EPR spectrum obtained from as deposited
a-Sip3Cp7:H film. Deconvolution of the experimental EPR
spectra was performed by using Easy-Spin-2.6.0 toolbox
program.2!  The EPR spectrum of the as deposited
a-Sip3Cy;:H film is fitted with three Gaussian lines labeled
I;, I, and I5. The I, line has a g-value of 2.0059(2) and the
peak-to-peak linewidth AH,,=1.2 mT. These parameters
identify this defect as a silicon (Si) dangling bonds (SiDBs)
which is characterized by an isotropic g factor of
2.0055 +0.0005 and the linewidth of about (0.5-1.5 mT).??
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Somewhat higher g value of the /; line compared to that
obtained for SiDB in amorphous Si (g=2.0055) at X-band
frequency in?? does not necessarily indicate a different nature
of the EPR centers, but possibly points to the fact that chemi-
cal and structural surrounding of the SiDB in a-Sip3Cy;:H
film and a-Si:H are different.

The I, line is characterized by the isotropic g factor of
2.0028(2) and the peak-to-peak linewidth of AH,,=1 mT,
which are the typical parameters for carbon-related defects
(CRD) in amorphous carbon films.'*

The third broad EPR signal had g=2.0033(2) and the
peak-to-peak linewidth of AH,,,=2.5+0.2 mT. By compar-
ing the g-value and the linewidth of the third EPR signal
with the parameters of so-called K-centers previously ob-
served in amorphous hydrogenated Si;N, layers,”> we may
suggest that this EPR line is due to a defect similar to the K
centers. The K centers are associated with threefold-
coordinated SiDBs in which a Si atom could be bonded with
one, two or three nitrogen atoms resulting to the formation of
the (Si-NSi,), (Si-N,Si), and (Si-N3) configurations, respec-
tively. As a result, the g factor of the K center depends on the
configuration of the defect and changes from 2.0030 to
2.0040, while the linewidth is mostly determined by unre-
solved superhyperfine interaction with N (/=1) and N
(I=1/2) nuclei.”® The obtained value of the g factor of
2.0033(3) demonstrated that the K center observed in
a-Sip3Cy7:H films has the Si-N,Si configuration. The occur-
rence of such defects in a-Sip3Cy;:H films is probably re-
lated to the low-deposition temperature. Relative contribu-
tion of silicon- and carbon-related paramagnetic defects
(Ngi/N¢) in as-deposited films was estimated to be about 1/5
with total concentration of spins of about (5%+0.1)
X 10" cm™.

The effect of thermal annealing on the EPR spectrum of
the a-Sip3Cy7:H films was studied in the temperature range
of T,,,=400-950 °C. As can be seen from Fig. 4, the am-
plitude of the CRD EPR signal increased by a factor of 40,
while the integral intensity increased only by a factor of 8
due to the narrowing of the linewidth AH,,, at the annealing
temperature of 950 °C.

The narrowing of the CRD EPR signal in the high tem-
perature annealed a-Siy3C,,:H films is believed to be pri-
marily due to spin-spin exchange interaction between charge
carriers. The observed change in the linewidth was within the
experimental error between 4.2 and 300 K (AH,,
=0.6+0.05 mT), which excludes the possibility that the
linewidth of the CRD EPR signal is determined by the mo-
tional narrowing effect, in which the linewidth becomes
smaller at higher temperature. The suggestion that the ex-
change interaction occurs between charge carriers is consis-
tent with the lineshape of the CRD signal being Lorentzian
in high temperature annealed samples. It was found that EPR
lineshape of the SiDB and CRD signals changes from a
Gaussian for as-deposited sample to Lorentzian form in the
sample annealed at 650 °C. The Gaussian line shape is ex-
pected when the linewidth is dominated by some unresolved
hyperfine interaction. Therefore, the dominant contributions
to AH,, of SiDB and CRD signals should be attributed to
unresolved hydrogen superhyperfine interaction in as depos-
ited and low temperature annealed hydrogenated amorphous
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FIG. 4. Q-band EPR spectrum measured in as deposited and
annealed a-Sip3Cy7:H films at different amplification level. T
=4.2 K. 1—as deposited; 2—7,,,=450 °C; 3—T,,,=650 °C: and
4—T,n=950 °C.

(a-Sip3Cy7:H) film. This conclusion is consistent with the
temperature behavior of the EPR signal observed in as-
deposited and low temperature annealed a-Siy;Cg7:H films
in'! at X-band frequencies. The observed narrowing of the
linewidth with increasing the temperature from 6 to 100 K
was explained by thermally activated jumps of the unpaired
electrons between hydrogen atoms. The change in the EPR
lineshape from Gaussian to Lorentzian form after annealing
the sample at 650 °C indicates that hydrogen effusion takes
place at T,,, above 400 °C. Due to the hydrogen effusion
process a strong increase in the concentration of the CRDs
was observed in high temperature annealed a-Siy3Cy;:H
films. At the same time, as was shown in Fig. 4, EPR signal
from Si-DB vanished upon annealing of a-Siy3Cy-:H at
T =650 °C. The increase in the concentration of the CRDs
indicates that carbon dangling bonds resulting from hydro-
gen release from the C-H bonds contribute to the CRD. Thus,
the analysis of the integral intensity of the CRD signal, its
line shape and width indicated that the exchange interaction
between the spins of the CRDs occurs in the high tempera-
ture annealed samples. A similar behavior of the linewidth
and line shape for CRD in high temperature annealed
a-SiC:H films was observed by other authors'*?* and was
explained by formation of the sp? carbon clusters.

C. Anisotropy of the resonance magnetic field/g-factor
of the CRD signal

For the a-Sij;C,;:H sample annealed at high temperature
(950 °C)  the  temperature  dependent  resonance
position/g-factor anisotropy was observed for CRD EPR sig-
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FIG. 5. Anisotropy of the resonance field of CRD EPR signal in
a-Siy3Cp7:H film annealed at 7=950 °C at Q-band (a) and D-band
(b) frequencies for variation of the magnetic field orientation from
normal (Bgg) to the film plane (By). T=4.2 K.

nal when the orientation of the magnetic filed was varied
relative to the film plane. The anisotropy of the resonance
position of the CRD signal was found at Q-band and D-band
frequencies, while at lower frequencies the anisotropy effect
was hidden in the natural linewidth. As can be seen from Fig.
5, the orientation effect of the resonance field for the CRD
signal was found to be higher at 140 GHz and 4.2 K with
Bgg> B, where B and By, correspond to the orientation of
the magnetic field in-plane and normal to the film plane,
respectively. The results of simulation of the CRD signal at
140 GHz indicated that the lineshape remains independent of
the resonance microwave frequency and can be fitted with
Lorentzian form, while the linewidth varies with orientation
of the magnetic filed from 1 mT for By, to 1.3 mT for B,,.
This variation is due to the magnetic field scattering effect
that occurs at high frequency and can be described by the
ratio Aw,,=¥.AH,,,>> where o is the frequency of the mi-
crowave field; v, is the gyromagnetic ratio of the electron.
The linewidth increases proportionally to the microwave fre-
quency, which is due to a nonresolved dispersion of g-tensor
components.

As follows from Fig. 6, the angular variation of the g
factor of the CRD signal measured at 37 GHz in
a-Siy3Cy7:H sample annealed at high temperature (950 °C)
may be fitted by the following expression:
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FIG. 6. The g-value anisotropy of the CRD spin resonance at
different temperatures, measured in a-Siy3Cy7:H sample annealed
at 950 °C. The points are experimental data, the solid lines are the
theoretical fits with Eq. (1): 1—4.2 K; 2—300 K; 3—77 K.

g=g, +A - cos’ 6, (1)

where 6 is the angle between the static magnetic field and the
film plane, #=0° corresponds to the magnetic field oriented
in the film plane (B;) and §=90° is the case of the magnetic
field normal to the film plane (Bg). The value of g | is inde-
pendent of temperature and remains constant, whereas the
anisotropy factor A is very strongly dependent on tempera-
ture and increases with decreasing temperature. It was found
that g, =2.0023 = 0.0002. The anisotropy A changes from
0.0002 at T=300 K to 0.0010 at T=4.2 K. From the fact
that the g-value of the CRD signal exhibits the anisotropy we
may conclude that the resonance arises from the unpaired
spins located in the ordered phase of the film.

D. Temperature behavior of Q-band EPR spectra
in ll-Si()_3C0.7:H film

Figure 7 shows the temperature behavior of EPR spectra
measured on samples annealed at 400 °C for the magnetic
field orientation normal (By) to the a-Sip3Cq4:H film plane.
As can be seen from Fig. 7, the intensity of the EPR line of
SiDB and CRD centers decreases with increasing the tem-
perature. The temperature dependences of the integral inten-
sities of CRD and SiDB resonance line observed in the
sample annealed at 400 °C for the magnetic field orientation
normal (By,) and parallel (B;) to the film plane is shown in
Fig. 8. It is seen that they exhibit a different character of the
temperature dependence, which is discussed in detail below.
It should be noted that the temperature dependence of the
intensities of the CRD and SiDB resonance lines was re-
corded at the same amplification level, and as a result the
SiDB resonance line is hardly visible at 7=50 K without
gain variation.
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FIG. 7. Temperature behavior of the EPR spectrum measured on
the a-Sip3Cy7:H sample annealed at 400 °C with the magnetic
field orientation normal to the film plane.

IV. ANALYSIS OF THE EXPERIMENTAL DATA AND
DISCUSSION

A. Anisotropy of the resonance magnetic field
of the CRD EPR signal

The anisotropy of the resonance position/g-factor ob-
served for CRD EPR signal can serve as an evidence that a
demagnetizing field exists in the a-Siy;Cy;:H film. In con-
trast to the diluted paramagnetic materials, in which the de-
magnetizing fields are small relative to the linewidth the de-
magnetizing field becomes noticeable for the disordered
materials such as amorphous layers in which the spins are
coupled in clusters. These clusters can display ferromagnetic,
antiferromagnetic or superparamagnetic behavior, which can
be recognized by investigating the magnetization as function
of applied magnetic field M(B) at a given temperature and as
a function of temperature M(T) at a fixed field. The observa-
tion of the demagnetization effect in amorphous carbon at
9.4 GHz has been published earlier.?® The influence of de-
magnetizing fields for a-C layers of about 10 mT was also
observed at 285 GHz.”’

Since the demagnetizing field B, is proportional to the
magnetization M of the sample (By.,=—47M), one can
evaluate the sample magnetization M from the following ex-
pressions given in?® for a thin layer:

(w/y)*=By- (By+47M),

(w/'y) =B90—47TM, (2)

where w is the frequency of the microwave field; y=8-g is
the gyromagnetic ratio of the spin system in the sample; 8 is
the Bohr magneton, g is the spectroscopic splitting factor g.

The Eq. (2) allow one to obtain two unknown values:
4mM and g,. By combining these two equations one can
obtain the sample magnetization value at two frequencies if
the quadratic terms in Eq. (2) are neglected and the following
experimental data are used: Bgy=1320.656 mT and B,
=1319.99 mT at w=37010.2 MHz and By,=5043.14 mT
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FIG. 8. The temperature dependences of the EPR signal inten-
sity of the Si DB and CRD measured on the a-Siy3C;:H sample
annealed at 400 °C for the magnetic field orientation (a) normal
(Bgg) and (b) parallel (By) to the film plane. The points are experi-
mental data, the solid and dash-dotted lines are theoretical fits with
Egs. (4) and (5), respectively.
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and By=5041.49 mT at w=141335.0 MHz. It was found
that the magnetization field at 4.2 K in a-Sij;Cy7:H film
annealed at 950 °C is M=0.035 mT at 37 GHz and M
=0.088 mT at 140 GHz.

The calculation of the gyromagnetic ratio of the spin sys-
tem from the expression g,= W‘igw) obtained from Eq. (2)
yields g(=2.0029 at 37 GHz and g;,=2.0028 at 140 GHz.

The spin concentration Ncgp estimated from the well-
known expression for the paramagnetic susceptibilities y
=M/H=g,’8’N/(3 KT) gives the concentration of the local-
ized paramagnetic centers Negp=9 X 10'° cm™, while the
estimation of the concentration of the spin system with fer-
romagnetic behavior from the relation M =Ng,8 yields
Ncrp=5% 10" cm™. The last value is comparable with the
value of the total concentration of the spins found in as-
deposited films, which was estimated to be of about
(5+0.1)x 10" cm™. As was pointed out above, the relative
accuracy of the N, measurements was =20%. Therefore it is
most likely that the ferromagnetic rather than paramagnetic
ordering in the spin system of the CRDs is responsible for
the magnetization effect in a-Siy3C;:H films. This conclu-
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sion is supported by the recently found ferromagnetism in
carbon-based materials.?’

On the other hand, the temperature dependent g-value an-
isotropy of the CRD signal observed in high temperature
annealed samples correlates with that found previously for
the charge carriers in monocrystalline graphite, but the an-
isotropy value A for CRD signal is smaller. The observed
value A for pure graphite at 300 K is A=0.047 and A
=0.125 at T=4.2 K,** while for CRD in a-Siy;C(;:H film
A=0.0002 at 7=300 K and A=0.0010 at 7=4.2 K.

The g-value anisotropy for the charge carriers was also
observed in polycrystalline and nanocrystalline graphite and
in amorphous carbon a-C:H. In these materials g tensor of
the charge carriers have the same g value in the sheet plane
(BLc) of g, =2.0028 =0.0002 and varies as magnetic filed
is normal (Bll¢) to the sheet plane from g,=2.0182 for poly-
crystalline graphite to g;=2.005 for nanocrystalline graphite
and amorphous carbon at 4.2 K. It was found that the mag-
nitude of the anisotropy A depends strongly on the graphite
particle size and has the smallest value for the nanosized
graphitic sp? clusters formed in amorphous carbon.?! Con-
sidering that the anisotropy factor A (0.0022) and spin con-
centrations (10"°—10%' ¢cm™) in a-C:H had values close to
the ones observed in this study, we can conclude that the
anisotropy of the CRD signal originates from graphitelike
sp*>-bonded carbon nanoclusters that are formed in the high
temperature annealed a-Siy3Cy;:H film. In accordance with
the relationship between the numerical value of g, and the
sp? cluster size found for amorphous carbon in,?' the size
value of sp? graphitelike clusters formed in a-Siy;Cy;:H
film was estimated to be below 5 nm. This result is in agree-
ment with the nanometer size of the sp? carbon clusters (1.2—
2.5 nm) deduced from the Raman measurements in the high
temperature annealed a-SiC:H films.!? Taking into account
the porous columnar morphology of the a-Siy;Cy;:H film
[Fig. 1 and 2(a)], and the map of distribution of
sp*-coordinated carbon atoms obtained by energy filtered
STEM measurements, shown in Fig. 2(b), it is expected that
the graphitization occurs at the column surface oriented per-
pendicular to the film plane. This conclusion is justified by
the fact that the electrical conductivity of a-Siy;C7:H in the
film plane is a several times smaller than the conductivity
normal to the film plane. Indeed, as was shown in,%0 the
conductivity of graphite along the ¢ axis is 100 to 200 times
smaller than that in the film plane. Thus, the direction of the
conductivity anisotropy in a-Sip3Cy;:H agrees with that in
graphite if one assumes that the graphitization occurs along
the columns, and as a result the ¢ axis of the graphitic layer
is oriented roughly along the film plane.

Comparison of the anisotropy behavior of the g-value in
a-Si3Cy7: H with that in graphite also confirms this conclu-
sion. The angular dependence of the g-factor for
a-Siy3Cy7:H correlates with that for graphite if the direction
normal and parallel to the crystallographic ¢ axis® in graph-
ite corresponds to the #=0° and #=90° in a-Si;;C7:H, re-
spectively.

Thus, the observed g-value anisotropy of the CRD signal
is caused by the presence of the sp>-coordinated carbon clus-
ters and by the presence of a demagnetization field (shape-
dependent anisotropy term) the magnitude of which depends
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on the value of the applied external magnetic field. But it
remains unclear how to distinguish between these two con-
tributions that caused the observed g-value anisotropy of the
CRD signal.

Considering that the material comprises a mixture of the
sp* and sp? carbons, we could make an attempt to evaluate
the contribution of the graphitelike sp? fraction in respect to
the sp? carbon matrix in as deposited a-Siy;C,:H using the
relation for the effective magnetic resonance field of two
paramagnetic subsystems coupled by exchange interaction:

Bres — XlBres,l + XZBres,Z (3)
X1t X2

where x;, are the magnetic susceptibilities of the two spin
subsystems. One of them belongs to the carbon dangling
bonds with isotropic g=2.0028, the second one belongs to
the charge carriers in graphite with the maximum value of
the g-factor g=2.0496 at T=300 K. B, is the observed
resonance magnetic field, B ; and B, are the resonance
magnetic fields for the individual subsystems in the absence
of the exchange interaction.

The susceptibilities ratio x;/ x,, i.e., the ratio between the
spin concentrations of the two subsystems, may be calculated
by using the expression (3). It was found that the concentra-
tion of the graphitelike sp> dangling bonds amounts to 1.1%
of the total concentration of the carbon dangling bonds in as
deposited a-Siy3Cy7:H.

B. Magnetic properties of the SiDB and CRD

The information about magnetic state of the spin system
responsible for the observed magnetic properties of
a-Siy3Cy7:H film can be also derived from the temperature
dependence of the integral intensities of the SiDB and CRD
EPR signals shown in Fig. 8. In principle one can expect that
three types of magnetic systems could be presented in disor-
dered material such as a-Si;_,C,:H films: (1) a paramagnetic
system of the uncoupled spins with the Curie-Weiss tempera-
ture behavior of magnetic susceptibility x(T), (2) a system of
superparamagnetic clusters in which unpaired spins are
coupled to a quite large magnetic moments, and (3) a system
of spin clusters with ferromagnetic coupling occurred in dis-
ordered range. Analysis of the temperature dependences of
the integral intensities of the SiDB and CRD EPR signals has
shown that they do not obey the Curie-Weiss law, and their
spin systems exhibit superparamagnetic and ferromagnetic
properties, respectively.

Superparamagnetism is normally found for the superspins
coupled to the clusters with the large magnetic moments.
These superspins behave such as individual spins in para-
magnetic materials and as a result their temperature proper-
ties are described by the Langevin function L

=coth(6/T)-T/ 6, where 6= #efn r Boltzmann constant,
H—resonance magnetic field value; n—the number of spins
in the cluster; 8—is the energy of the total magnetic moment
(n- up) in the presence of the magnetic field H. € is given in
the temperature units; up is the Bohr magneton.

In the real system with the high concentration of para-
magnetic centers, the number of the spins in the clusters may
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vary in a wide range. As a consequence, assuming that the
clusters have a size distribution, the temperature dependence
of the integral intensity of the SiDB resonance line was fitted
with the integral of the Langevin function

0,/T o 71 (o
I(T)=A-T-J [coth(—)——]d(—)
0,7 r) 61 \T
sinh(%)
TaN /a0 | (4)
Tl
0, T

The 6, and 6, are the integration limits corresponding to the
minimum and the maximum number of spins in the clusters,
respectively.

By fitting the temperature curve in Fig. 8 with Eq. (4) it
was found that the spin number in Si clusters varies from
Npin=16 to n.,,=25, for the magnetic field orientation par-
allel to the film plane and from n;,=20 to n,,,=32 for the
magnetic field orientation normal to the film plane. The fact
that the temperature dependence of the signal intensity of Si
DB resonance line is described by the Langevin function
indicates that the SiDB clusters exhibit superparamagnetic
behavior.

Unlike the temperature curve of the SiDB resonance line,
the temperature curve of the CRD signal intensity, shown in
Fig. 8, is concaved. As can be seen from Fig. §, down to
below 20 K the CRD signal intensity reaches its constant
value, which is caused by saturation of the magnetization at
low temperature. The temperature dependence of the CRD
EPR signal intensity correlates with the temperature behavior
of magnetization curves observed for the clusters with ferro-
magnetic ordering in a disordered system, which was de-
scribed by percolation mechanism of free-charge carriers
across the clusters.>* Due to the ferromagnetic exchange in-
teraction between spins through the random jumps of free
charge carriers, the spin clusters are coupled into the bulk
total magnetic moment. According to the model of magneti-
zation in a disordered system the temperature dependence of
the CRD signal intensity is described by the expression:?

I(T)=Io-{1—exp[— vR-1n3<J—;>}}, (5)

where VR=%7T>< nXR3; n is the spin number in the unit of
the volume, R is an effective radius of the exchange interac-
tion between spins; J, energy of the exchange interaction
between the nearest spins.

The fitting of the theoretical function (5) to the experi-
mental temperature curve in Fig. 8 allows one to obtain the
energy of the exchange interaction J, between the nearest
spins for CRD. It was found that Jy=13.3 meV for the mag-
netic field orientation parallel to the film plane and J,
=10.7 meV for the magnetic field orientation normal to the
film plane. The v value is 0.55 and 0.2 for the magnetic
field orientation parallel and normal to the film plane,
respectively.

The obtained results are in agreement with the main prin-
ciple formulated for the carbon based materials in Ref. 34

=A-T-In
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stating that all constituent atoms and molecules should be
paramagnetic and interaction should be ferromagnetic. Par-
ticularly, the two sp? carbon radicals separated by a carbon
atom in sp’ state interact ferromagnetically. In the case of
a-Sip3Cy;:H films a coexistence of ferromagnetic and para-
magnetic spins is suggested, which is supported by the fact
that 1.1% of the ferromagnetic sp>-bonded carbon nanoclus-
ters are dispersed in a sea of the paramagnetic spins with
isotropic g=2.0028.

V. CONCLUSIONS

High-frequency EPR study of as deposited hydrogenated
carbon-rich silicon-carbon alloy (a-Siy3Cy;:H) films in the
temperature interval from 4.2 to 300 K have shown that the
EPR spectrum of a-Siy3Cy;:H consists of three lines with
£=2.0059, g=2.0028 and g=2.0033. The first two of those
lines were assigned to SiDB and sp3-coordinated hydrocar-
bon related paramagnetic defects (CRD), respectively. The
g-value and the linewidth obtained for the third EPR signal
are similar to the corresponding parameters of the so-called
K center observed in amorphous hydrogenated SisN, layers
and having Si-N,Si configuration.”® Therefore it was sug-
gested that the third EPR line with g=2.0033 represents the
threefold-coordinated SiDBs in which a Si atom is bonded
with two nitrogen N atoms (Si-N,Si).

The effect of thermal annealing on the EPR spectrum of
the a-Sip3Cy7:H films was studied in the temperature range
of T,,,=400-950 °C. The analysis of the line shape and
linewidth of the CRD and SiDB signals in as-deposited and
annealed a-Siy3Cj;:H films showed that the dominant con-
tributions to the linewidth (AH,,,) of SiDB and CRD signals
in as-deposited and low temperature annealed a-Siy3Cy;:H
films is due to unresolved hydrogen super-hyperfine interac-
tion. It was established that hydrogen effusion process oc-
curred in a-Sij3Cy7:H at T, above 400 °C. Hydrogen loss
from C-H bonds starts at 450 °C and leads to the strong
increase in the concentration of the CRDs. The increase in
the concentration of the CRDs is accompanied by the ex-
change narrowing of their EPR linewidth. The g-factor of the
CRD signal in a-Sip3Cy7:H sample annealed at high tem-
perature (950 °C) shows, similar to the case of charge car-
riers in graphite materials, a strong anisotropy, which mag-
nitude is temperature dependent and increases with
decreasing the temperature. The similarity in the behavior of
the g-factor anisotropy for the charge carriers in graphitelike
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materials and in amorphous SiC indicates that the graphite-
like sp>-bonded carbon clusters are formed in the high tem-
perature annealed a-Sij;Cq7:H.

Taking into account the porous columnar morphology ob-
served in as deposited a-Sip3Cy7:H film and the particular
pattern of the spatial distribution of graphitelike carbon clus-
ters in high temperature annealed a-Siy;Cj,:H obtained
with a STEM based on EELS, it was concluded that the
graphitization occurs at the column surface and is oriented
roughly perpendicular to the film plane. This conclusion is in
agreement with the observed anisotropy of the resonance
magnetic field of the CRD defect and anisotropy of the con-
ductivity observed in high temperature annealed
a-Siy3Cy7:H samples.

On the other hand, the anisotropy of the g-factor observed
for the CRD signal at Q-band and D-band frequencies is
explained by the influence of demagnetizing fields, which is
becoming significant at high-spin density of the paramag-
netic centers, higher microwave frequency, and low tempera-
ture. It was found that the demagnetizing field which is pro-
portional to the magnetization of the sample M is equal to
0.035 mT at 37 GHz 0.088 mT at 140 GHz.

The information about the magnetic state of the spin sys-
tem responsible for the observed magnetic properties of
a-Siy3Cy7:H film was obtained from the temperature depen-
dence of the integral intensities of the SiDB and CRD EPR
signals. The fact that the temperature dependence of the sig-
nal intensity of the SiDB resonance line is described by the
Langevin function indicates that SiDB clusters exhibit super-
paramagnetic behavior. It was found that the spin number in
the Si clusters varies from n,,;,=16 to n, =25, for the mag-
netic field orientation parallel to the film plane and from
Nmin=20 to 1., =32 for the magnetic field orientation normal
to the film plane.

It was found that the temperature dependence of CRD
EPR signal intensity correlates with the temperature behavior
of the magnetization curves observed for the clusters with
ferromagnetic ordering in disordered system. Due to the ex-
change interaction between the free-charge carriers the spin
clusters are coupled into the bulk total magnetic moment
exhibiting the ferromagnetic behavior.
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