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1 | INTRODUCTION

Silicon oxycarbide (SiOC) is a type of amorphous ceramics
that is preparatively accessible from polysiloxane precur-
sors and can be described as a glassy network consisting
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Abstract

Silicon oxycarbide film deposited on a silicon substrate has shown superior
electrical conductivity relative to its monolithic counterpart. In this work, the
evolution of different microstructures detected on the SiOC film reveals its hier-
archical microstructure. The existence of sp?-hybridized carbon domains has
been unambiguously confirmed by means of Raman spectroscopy and transmis-
sion electron microscopy corroborated with electron energy loss spectroscopy.
The diffusion coefficient of carbon in silica and its dependence on temperature
were studied by assessing energy-dispersive X-ray spectroscopy profiles taken
from the cross-sections of samples annealed at temperatures in the range from
1100°C to 1400°C. The activation energy for diffusion of carbon in silica was
determined to be approximately 3.05 eV, which is significantly lower than the
values related to the self-diffusion of silicon and oxygen. The microstructural
evolution of precursor to SiC,0,, and SiC serves as migration path of sp*-
hybridized carbon to the SiOy, layer. With increasing temperature, the formation
of microscale carbon-rich segregation is promoted while the SiOC film becomes
thinner.

KEYWORDS
carbon segregation, growth kinetics, polymer-derived ceramics, thin films

of the corner-sharing tetrahedra of SiO,_,C, (x = 0-4)';
consequently, silicon oxycarbide may be considered as
silicate-based glasses in which oxygen has been partly
replaced by carbon. Multiple studies using different char-
acterization methods, including IR spectroscopy, Raman
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spectroscopy, XRD, NMR spectroscopy, TGA/MS, and
TEM, have been conducted to understand the (thermal)
polysiloxane-to-SiOC transformation and to elucidate the
structure of SiOC as well as its evolution at different ther-
mal treatment stages.! " Initially, the polysiloxane can be
cross-linked via hydrosilylation, free-radical initiation, or
condensation, which can be assisted with catalysts such as
peroxides and metal acetylacetonates. Polymer-to-ceramic
conversion of the cross-linked polysiloxane initiates at
400-600°C upon the evolution of hydrogen and hydrocar-
bons, mainly CH,.>'°"® Pyrolysis at 600-1100°C results
in continuous cleavage of the Si-O, Si-C, and C-H bonds
producing free carbons with an onset at 800°C in an amor-
phous silicon oxycarbide ceramic phase.'*?° Bois et al.
explained with the use of solid-state?” Si MAS NMR that
the glassy network of the SiOC continuously evolves in the
temperature range of 1200-1600°C.%! At 1500°C, the evo-
lution of 5-SiC and an sp2 -hybridized segregated carbon
phase has been confirmed by XRD analysis.?*?

A significant amount of literature is available on the syn-
thesis approach and characterization of SiOC, although the
majority is dedicated to powder and monolithic samples.
In our latest work on SiOC thin film deposited on a sil-
icon substrate, the evolution of the SiC and free carbon
phases were documented at a temperature of 1400°C.%+?
A micro-scale segregation of phases was observed on the
surface of the film; the segregations were found to consist
of sp’Pybridized carbon and nanocrystalline 8-SiC dis-
persed within an amorphous silicon oxycarbide matrix.
The Si-O-C system is known to follow two processes when
exposed to temperatures well beyond 1000°C: The first
process involves the partitioning of the glassy SiO4_,Cy
network and the formation of amorphous silica and SiC
nanodomains, latter may crystallize; the second process
represents the carbothermal reaction between the phase-
separated silica and the excess carbon, complemented by
the growth of crystalline SiC and release of gaseous CO.’
These processes were extensively studied and are relatively
well understood for monolithic SiOC. While they are still
scarcely understood for polymer-derived SiOC thin films,
as in this case, the substrate may have a significant impact
on the phase separation and carbothermal decomposition
of SiOC.

The specifics of the present work comprise a thorough
investigation of the phases present on the SiOC thin film
and first insights related to their segregation and growth.
Multiple techniques, including Raman spectroscopy, TEM
coupled with EDS, and EELS, were used to further under-
stand the growth kinetics of the C-rich phase segregation
in the SiOC-based film. The diffusivity of carbon to the
SiOy layer was carefully assessed and correlated to the for-
mation and the growth of the C-rich segregation within the
film.

2 | MATERIALS AND METHOD

2.1 | Materials

Polyramic@®) SPR 212, a commercially available polysilox-
ane (Starfire Systems Ltd., Glenville, NY, USA), was used
as a polymer precursor for the synthesis of the SiOC thin
films. In order to provide an effective crosslinking process
of the polymeric films, free radical initiation was catalyzed
with 1 wt% of dicumyl peroxide (added as a 50 wt% solu-
tion in toluene). A supplementary amount of toluene was
added to achieve a 40% dilution of the polymers before the
spin-coating deposition.

A 100-mm diameter boron-doped p-type Si (100) wafer
with 525 um thickness (Prime Si + SiO,, MicroChemicals
GmbH, Ulm, Germany) was chosen as the substrate. The
Si substrates have a SiO, passivation layer with a thick-
ness of ~#500 nm grown in successive dry-wet-dry oxidation
processes.

2.2 | Thin film preparation

In a cleanroom, spin coating was performed using LabSpin
8 (Siiss MicroTec SE, Garching, Germany) with a static
dispense technique. A cascading technique of sequential
acetone and isopropanol was used to clean the surface of
the Si substrate prior to precursor deposition. The spin
coating process was optimized concerning three main
parameters: (1) initial spin speed, (2) acceleration pro-
file, and (3) final spin speed. Using the Taguchi method,
the design of experiment was carried out with the film
thickness as the response factor. The film thickness was
determined using a profilometer (Dektak XT Advanced
System, Brucker, Karlsruhe, Germany) and measured in
three different positions for each sample. The full details of
the optimization process including the statistical approach
are reported in detail in Reference 24. A favorable response
was obtained using the setting of an initial spin speed
of 4000 rpm for 30 s, then accelerated to a second spin
speed of 8000 rpm for 30 s with an acceleration of
500 rpm/s.

The samples were thermally cross-linked at 250°C in
air on a direct-contact hot plate. Subsequently, the sam-
ples were pyrolyzed in a graphite crucible placed in a
high-temperature furnace (FCT-Uniaxial hot-press, FCT
Systeme GmbH, Frankenblick, Germany) under a high
purity nitrogen atmosphere. The thermal profile involved
heating to 1100°C with a rate of 100 K min™' followed by
a dwell time of 2 h. Finally, the samples were annealed
at different temperatures, 1200°C, 1300°C, or 1400°C with
dwell times of 1, 2, or 3 h before cooling down to room
temperature.
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(A)C17_1100_3h

FIGURE 1
while Spectra 2-5 were taken on the particle.

For nomenclature, the prepared samples are labeled fol-
lowing the format of C17_Annealing temperature_Dwell
time. In this case, C17 stands for the 17 wt% free carbon
content of the sample.

2.3 | Characterization

The SiOC thin film deposited on a silicon substrate was
cut into 1 x 1 cm? coupons for characterization purposes.
The samples were primarily characterized by Raman
Spectroscopy (LabRAM Horiba HR Raman Spectroscope
HR800, Horiba Jobin Yvon GmbH, Bensheim, Germany),
scanning electron microscopy [SEM] coupled with energy
dispersive spectroscopy [EDS] (JEOL JSM 7600F, JEOL
Ltd., Chiyoda, Tokyo, Japan).

For the cross-section preparation of the thin-film speci-
mens, a Helios Nanolab 660 scanning electron microscope
(FEI Thermofischer) was used in combination with a
high-precision ion milling using FIB. A Titan3 G2 80-300
microscope (FEI Thermofisher) with probe (STEM) and
conventional TEM modes was used to analyze the prepared
sample. The device was coupled with EDS analysis and an
Enfinium EELS detector (Gatan) with a resolution of 0.8
ev.

3 | RESULTS AND DISCUSSION

The morphology of the prepared SiOC-based thin films
was studied by means of SEM as shown in Figure 1.
A homogeneous SiOC film is clearly seen in Figure 1A
with no manifestation of carbon segregation. Based on
the backscattered SEM micrograph shown in Figure 1B,
a clear indication of compositional differences was seen

TECHNOLOGY

(B)C17_1400_3h

Spectrum 1

Spectrum 3

v“Spectrum 2

: D Spectruﬁ 4.
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Backscattered SEM micrograph of C17_1400_3h sample with five EDS spectra. Spectrum 1 is taken on the matrix of the film

on the surface of the C17_1400_3h sample. Through EDS
analysis, five areas were selected and the composition
of each spectrum (element fraction given in wt%), was
recorded and is shown as an inset in Figure 1. Spec-
trum 1 revealed that a high concentration of oxygen is
present in the matrix of the film, while Spectra 2-5 are
carbon-rich and oxygen-deficient. Nitrogen is also present
within the formed segregation which can originate from
the annealing atmosphere.

The sp®>"ybridized carbon was shown to be present in
both the SiOC matrix as well as in the oxygen-depleted seg-
regations and was extensively studied by means of Raman
spectroscopy. Raman analysis has been identified as a suit-
able non-destructive characterization technique for carbon
and carbon-based materials where every band of the spec-
trum corresponds to a specific vibrational frequency of a
molecular bond. In particular, carbon materials are typ-
ically characterized by three major bands in the Raman
spectrum, namely the G-band, the D-band, and the 2D-
band. The G-band is denoted as the characteristic band
of graphene at 1582 cm™!, which is a result of the only
Raman active E,; mode at the T point. The E,; mode is
doubly degenerate optical vibration where carbon atoms
move in graphene planes.?*~?® In a graphitic material, the
three-dimensional lattice built from layers of graphene, the
zone centers are given by I'8phite = pA, 4 2By, + 2Ey,
+ 2Ey,. This results in two Raman-active modes at the I'
point at 1582 cm™ and at 44 cm™. The other prominent
peaks on the Raman spectrum belong to the disorder-
induced bands within the material. D-band on the other
hand is the double-resonant Raman process caused by
hybridized vibrational mode at the edges of graphene.”’
The second-order peak, the 2D-band (also called D* or G'),
is a result of the longitudinal optical branches of graphite
in an over bent state. Detailed work on the assignment of
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FIGURE 2 Lorentzian fitting of the Raman spectra of the matrix of the SIOC samples annealed at different temperatures and dwelling

times. The untreated spectra are shown in black.

these bands has been made to extract indications about
the quality and microstructure of carbon-based materials,
including crystallinity and level of disorder revealed by
the peak positions, peak shapes, and peak intensities.* 3
Larouche et al. expanded the work by considering the tor-
tuosity of carbon domains within the material and defining
a new parameter, L., (see Equation (4)) by multiplying
the tortuosity ratio with the lateral crystal size, L, >* (see
Equation (1)). The works of Cangado et al. on quantifying
defects have been the basis of the present study to calculate
the defect density, np, and the distance between defects,
Lp3?3! (see Equations (2) and (3)).

-1

L, = (2.4 x 10‘10) A <2—2> )
L} =18x107° Aii—i )
np = 24X107Ap ®
A Ag
Ly = 77.0648% 4)

D.

Looking at Figure 2, the untreated spectra in black
exhibit high fluorescence background for the samples
annealed at temperatures below 1400°C. The broad region
concealing the second-order Raman region from 2400 cm™

indicates the amorphous state of the samples. At 1400°C,
increasing the dwelling time promotes better crystallinity
in the samples while the peaks of Si and the silica com-
ing from the substrate also become more pronounced. This
can be related to the decreasing thickness of the film as
the annealing temperature and dwelling time increase,
which is indeed clear from the cross-sections of the sam-
ples shown in Figure 3. Using the area under the curve
of each peak taken using the Lorentz fitting, the graphi-
tization indices of the sp>ybridized carbon phase in the
studied samples were assessed with the help of Equa-
tions (1)-(4) and are listed in Table 1. An improvement
in the ratio between the D- and G- bands can be seen as
the temperature and dwelling times increase. This is fur-
ther supported by the increasing of the lateral crystallite
size L,, which improved by four times as the temperature
increased from 1100°C to 1400°C. On the other hand, a
decrease of the value of Ly with increasing temperature
is seen for the SiOC-based amorphous matrix of the film.
Zooming into the values calculated from C17_1300_3h and
C17_1400_1h samples, the L, and the Leg of both the matrix
and the oxygen-depleted segregations are comparable in
magnitudes. As the annealing temperature of the thin film
increases, it is shown that the size of the carbon domains
in the segregated areas increases faster than that of the sp2-
hybridized carbon phase present in the amorphous matrix.
This is in agreement with a previous study, in which was
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A) C171100_3h B) C171200_3h C) C171300_3h D) C171400_1h

FIGURE 3 Cross-section of the matrices of SiOC film samples annealed at (A) 1100°C for 3 h, (B) 1200°C for 3 h, (C) 1300°C for 3 h, and
(D) 1400°C for 1 h
TABLE 1 Graphitization indices of SiOC thin-film samples annealed at different temperatures and dwelling times. Indices were
calculated using the Raman spectra using Equations (1), (2), (3) and (4)
Sample Ap Ag Ap Ap/A; L,(am) Lp(nm) np(x1012cm3) Leq (nm)
Matrix C17_1100_3h 70.58 8.13 — 8.68 1.93 3.91 2.98 —
C17_1200_3h 18.35 2.99 15.07 6.14 2.73 4.65 211 63.31
C17_1300_3h 41.30 6.25 16.29 6.61 2.53 4.48 2.27 30.40
C17_1400_1h 38.49 11.05 12.27 3.48 4.81 6.17 1.20 24.57
C17_1400_2h 33.64 12.67 7.76 2.65 6.31 7.07 0.91 17.78
C17_1400_3h 30.30 14.32 4.94 212 7.92 7.92 0.73 12.56
Precipitate C17_1300_3h 41.30 6.25 16.29 6.61 2.53 4.48 2.27 30.40
C17_1400_1h 30.76 8.51 8.45 3.62 4.63 6.06 1.24 21.17
C17_1400_2h 36.99 11.34 18.41 3.26 513 6.38 1.12 38.35
C17_1400_3h 18.30 15.21 18.22 1.20 13.93 10.50 4.14 76.74

also shown that the sp2-carbon in the segregations of the
SiOC thin films is higher graphitized than the sp2-carbon
from the amorphous matrix.”

The SiOC thin films on Si substrate were prepared for
TEM and EELS analyses by preparing the cross-section via
the FIB technique. Lamellae were taken along the matri-
ces of the film, while additional lamellae were prepared
for samples where oxygen-depleted segregations were
evident. Displayed in Figure 3 are the cross-sections of
samples annealed from 1100-1300°C for 3 h and the sam-
ple annealed at 1400°C for 1 h. The interfaces between the
Si substrate, the SiO, passivation layer, and the SiOC film
are clearly exposed after annealing at 1200°C. This method
exposed the true thickness of the SiOC film at ~200 nm.
In the sample annealed at 1100°C, the amount of oxygen
in the SiOC film gradually increases as it approaches

the interface with the SiOy; passivation layer as shown
in Figure S1. As the temperature increases, the thickness
of the SiOC film decreases from 450 nm in the sample
prepared at 1100°C to ~200 nm in the sample annealed at
1400°C. At the same time, the oxygen-depleted segrega-
tions appear within the film. Interestingly, C17_1400_1h
showed the development of a sinkhole, or a depression,
leading to the segregations at the center, also shown in
Figure 7A. The formation of the segregation started to
manifest after annealing at 1300°C for 3 h.

EDS profiles of the cross-sections presented in Figure 3
are extracted to determine the diffusivity of carbon
between the SiOC thin film and the SiO, layers depicted
in Figure 4. Using the Fick’s second law of diffusion, the
carbon diffusion constant (D) was estimated using Equa-
tion (5), where ¢, and c;, are the initial concentrations
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(A-C) Carbon profiles from EDS analysis and calculated coefficients of diffusion for SiOC thin film samples annealed at

different temperatures, 1100-1300°C, at 3 h dwelling time. (D-F) Carbon profiles of isothermally annealed samples at 1400°C at different

dwelling times, 1-3 h

at the interface between the SiOC film and the SiOy
passivation layer, x, corresponds to the inflection point of
the profile, and ¢ is annealing dwell time.

y (x’ t) — Cmax t Cmin + Cmax — Cmin erf X — Xo
2 2 24/Dct

5)
D¢ = Dgexp <—1§—;> (6)

Figure 4A-C displays the resulting carbon distribu-
tion after 3 h of annealing at temperatures 1100-1300°C,
wherein the carbon concentration on the SiOC layer is
sustained at ~22 at%. In Figure 4D-F, isothermal anneal-
ing is performed at 1400°C at different dwelling times, 1-3
h. The resulting diffusion coefficients for the isothermally

annealed samples exhibited an inverse proportionality
with increasing dwelling time. The diffusion coefficient
at 1400_3h sample is one magnitude lower than those
for the other two samples annealed at 1400°C. This can
be attributed to the low carbon concentration gradient
between the film and SiOy layer which is a result of the
growth of C-rich segregations which are more prominent
after 3 h of annealing at 1400°C. To keep the carbon con-
centration at an akin level, the 1400_1h sample is used to
compare the diffusion coefficients of carbon at different
temperatures.

Using the Arrhenius relation in Equation (6), wherein
D, is the pre-exponential factor, Qq is the activation energy,
and R is the gas constant (8.31J mol~! K™!), an exponential
relationship of the diffusivity with temperature is observed
in Figure 5A. The natural logarithm of the calculated D¢ is
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FIGURE 5 Diffusion coefficients of carbon obtained from EDS analysis of carbon profiles of SiOC thin film samples annealed at

different isothermal temperatures (A) and the corresponding Arrhenius plot thereof (B)

then plotted against the inverse of temperature to extract
the activation energy of the diffusing species which is
shown in Figure 5B. The activation energy is extracted
from the slope of the line of the Arrhenius plot resulting
in 3.05 eV with an excellent fit of 99.99% and D, equal to
3.19. The calculated activation energy is comparable to the
value of Shimoo et al.,*> ES = 3.74 eV, obtained from the
reduction of SiO, with graphite leading to the formation
of SiC and SiO as reduction products. In comparison, look-
ing at the potential diffusivity of the three elements present
in SiOC, the calculated Eg (3.05 eV) of carbon to silica is
lower than the activation energy required to facilitate self-
diffusion of Si to SiO, (E5' = 4.56 €V)*>* but larger than
the activation energy required to diffuse oxygen to silica
(EY = 2.54 eV).***° Increasing the annealing temperature
also promotes free carbon segregation which also increases
the C/SiO, mixture ratio leading to a significant increase
in the production of SiC. Consequently, with more time
for annealing, the concentration of carbon left on the SiOC
matrix diminishes slowing down the diffusivity of carbon
which is evident in Figure 4D-F.

The EELS map and selected area electron diffraction
(SAED) pattern of the graphitic carbon domains are pre-
sented in Figure 6. The Si L, ; edge, which is highly visible
in all the spectra can be divided into the energy loss near
edge structure (ELNES) at 120 eV with an onset at 104 eV,
and the extended energy loss fine structure (EXELFS) at
150 eV which is superimposed with the L, edge.**"** The
broadened peak at 120 eV is a result of the amorphous

O-Si-C units within the region with the residual peak at
115 eV from the Si-O-Si bonds.**** The absence of a sharp
peak at 108 eV confirms the absence of SiO, within the C-
rich area of the segregation.***> Moreover, at the midpart
of the map (black area), the C K-edge is predominantly
composed of broad 7* peaks at 285 eV, which diminishes
toward the gray area of the map with the rise of the o*
peak =300 eV which suggests the existence of a mixture of
sp2 and sp3 carbons.!”#444> The white region on the map
exhibited peaks of N K-edge at 400 eV which supports the
presence of Si; N, within the segregation. In Figure 6B, the
HRTEM image of the C-rich area along the (0003) basal
plane exhibited the hexagonal rings of carbon structure
with bent areas indicated by the white dashed lines. In con-
junction with the Raman results in Table 1, these results
support the tortuous nature of the carbon domains present
in the film.

Two models to structurally describe the architecture of
amorphous silicon oxycarbide have been proposed by Wid-
geon et al.! and Saha et al., *° respectively, focusing on the
SiC,04.,-based glassy network and the sp2-carbon phase.
The work of Widgeon et al. described the structure of
SiOC to follow a Swiss-cheese morphology composed of
a fractal network and “voids.” The fractal network has
the SiC,0,., composition while the sp2-hybridized car-
bons are found within its voids. As deduced from Raman
analysis, C17_1100_3h sample is in agreement with the
model of Widgeon et al. with ~2 nm free carbon domains,
although this is not easy to envision based on the SEM
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FIGURE 6 (A)EELS spectra of C17_1400_3h sample taken within the segregation region (C/SiC/N). (B) HAADF pattern of graphitic
carbon taken along the (0003) plane. Dashed lines indicate the curved sections of the graphitic carbon formed within the segregation

cubic - SiC
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FIGURE 7 TEM image of C17_1400_1h sample with an evident thickness. SAED patterns of (1) SiOC film and (2) SiO2 layer remained in
amorphous state while (3) stacking faults of SiC are found on the thickness-depleted area of the SiOC film.

image in Figure 1B. Relating to Figure 1B, the microstruc- sp2-hybridized carbon serves as the main driving force for
ture of the thin film synthesized in the present work the generation of the carbon-rich segregations manifested
at 1400°C agrees well with the model of Widgeon et al. on the thin film microstructure. The diffusivity suggests

on a microscale. It is considered that the formation of  that increasing the annealing temperature promotes the
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TEM image and SAED pattern of the carbon-rich area of the C17_1400_3h sample. (A) TEM image of C17_1400_3h sample

segregation with equivalent SAED patterns. (B) Graphitic carbon; (C) 4H-SiC-rich region; (D) 8-Si3N4-rich region

formation of SiC,,0,., structural units, which facilitates a
migration path for the free carbons. With the benefit of
the SiO, layer from the silicon substrate, after annealing
at 1400°C for 1 h, diffusion of the carbon is highly favored
leading to the formation of the microscale carbon-rich seg-
regations denoted by the thickness depletion in Figure 7.
The SAED pattern (3) confirms the presence of stacking
faults of cubic-SiC on the interface of the SiOC film and

the SiO, layer, while the rest of the SiOC film remains in an
amorphous state (Figure 7_SAED Pattern 1). SAED Pattern
2 denotes the SiO, layer.

After 3 h of annealing at 1400°C, the segregation grows
further down into the SiO, layer without reaching the Si
substrate. In Figure 8, the segregation area is revealed to be
composed of dense areas containing sp2-hybridized carbon
domains, 4H-SiC, and $-Si3N4, which are presented with
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corresponding SAED patterns. The formation of SizN, is
reasonable and is a consequence of the reaction of N, gas
with the in situ formed SiO44Cy. The reaction has a min-
imal contribution during the thermal decomposition of
SiOC/Si/SiC and is more favored at temperature between
1400 and 1600°C.*" It is obvious from the SAED patterns
that multiple crystalline phases exist in the segregation.
On the TEM image, it is apparent that 4H-SiC and 8-SizN,
exist as fragments distributed in the area of the segregation.

4 | CONCLUSIONS

In the present study involving several annealing temper-
atures and dwelling times, the SiOC thin-film displays
two distinct phases of segregated round-shaped structures
homogenously distributed in a matrix. These two phases
are differentiated by the amount of carbon and oxygen
contents making the segregation C-rich and O-depleted,
whereas the matrix is O-rich. Through Raman analysis,
non-destructive characterization of the carbon domains
with the SiOC film is carried out revealing the domain
of sp?-hybridized carbons present on both the matrix and
the segregations. Through this work, a clear manifestation
of carbon domains is demonstrated, which correspond-
ingly facilitates the formation of SiC via diffusion. Finally,
increasing the annealing temperature demonstrated a pos-
itive trend in the growth mechanism of the microscale
segregation composed of SiC, SizNy, and graphitic carbon
domains, which is confirmatory of the 2-level hierarchical
microstructure of the SiOC film on a silicon substrate. The
diffusion coefficient of carbon to silica showed a direct pro-
portionality to increasing temperature and an Arrhenius
relation resulting in activation energy of 3.05 eV.
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