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Abstract: The present work elaborates on the correlation between the amount and ordering of
the free carbon phase in silicon oxycarbides and their charge carrier transport behavior. Thus,
silicon oxycarbides possessing free carbon contents from 0 to ca. 58 vol.% (SiOC/C) were synthesized
and exposed to temperatures from 1100 to 1800 °C. The prepared samples were extensively analyzed
concerning the thermal evolution of the sp? carbon phase by means of Raman spectroscopy.
Additionally, electrical conductivity and Hall measurements were performed and correlated with
the structural information obtained from the Raman spectroscopic investigation. It is shown that
the percolation threshold in SiOC/C samples depends on the temperature of their thermal treatment,
varying from ca. 20 vol.% in the samples prepared at 1100 °C to ca. 6 vol.% for the samples annealed
at 1600 °C. Moreover, three different conduction regimes are identified in SiOC/C, depending on its
sp? carbon content: (i) at low carbon contents (i.e., <1 vol.%), the silicon oxycarbide glassy matrix
dominates the charge carrier transport, which exhibits an activation energy of ca. 1 eV and occurs
within localized states, presumably dangling bonds; (ii) near the percolation threshold, tunneling
or hopping of charge carriers between spatially separated sp? carbon precipitates appear to be
responsible for the electrical conductivity; (iii) whereas above the percolation threshold, the charge
carrier transport is only weakly activated (E, = 0.03 eV) and is realized through the (continuous)
carbon phase. Hall measurements on SiOC/C samples above the percolation threshold indicate p-type
carriers mainly contributing to conduction. Their density is shown to vary with the sp? carbon
content in the range from 10 to 10! cm~3; whereas their mobility (ca. 3 cm?/V) seems to not depend
on the sp? carbon content.

Keywords: silicon oxycarbides; charge carrier transport; free carbon; Raman spectroscopy;
Hall measurements

1. Introduction

Silicon oxycarbides have been studied for several decades and attracted special attention due to
the unique way in which they exhibit and combine structural features and properties of glasses with
those of interface-dominated nano-heterogeneous materials [1]. Thus, silicon oxycarbide typically can
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be described as silicate glasses with strong carbon-for-oxygen substitution [2,3]. The incorporation
of carbon in the silica glass network has been shown in various studies to improve its properties.
It was shown for instance that silicon oxycarbide glasses have significantly increased Young’s moduli,
hardness values, fracture toughness and devitrification resistance when compared to vitreous silica [1].
This effect has been attributed to an increased network connectivity of the silicon oxycarbides
as compared to that of vitreous silica. Moreover, studies concerning the network architecture
of silicon oxycarbide glasses revealed a relatively low mass fractal dimension of those materials
(typically in the range of 2.3-2.5) [2], which has been reflected for instance in a very low Poisson ratio
(i.e.,0.11 as compared to 0.17 in silica-based glasses) [4] and highly promising bioactivity with respect to
hydroxyapatite mineralization [5-7]. The glassy network of silicon oxycarbides can be easily altered via
incorporating additional network formers (i.e., boron) [8] or modifiers (e.g., Li, Ca, Mg, etc.) [3,5,6,9,10],
thus structural properties such as network connectivity and polymerization can be finely tuned [6].
This allows for providing finely adjustable properties in silicon-oxycarbide-based materials.

In addition to the unique structural architecture of their glassy network and their remarkable
property profile correlated to it, silicon oxycarbides can be designed to contain an in situ formed
sp?-hybridized carbon phase finely dispersed within their microstructure. This segregated carbon
phase has been shown to be responsible for a plethora of interesting properties of silicon oxycarbides
such as reversible Li uptake/release [11-15], tunable thermal and electrical transport [16-18],
piezoresistive behavior [19-21], near-zero creep at high temperatures [22-25], electromagnetic wave
absorption [26], tailorable surface energy [27], adjustable blood clothing effect [28], etc. The amount of
sp?-hybridized free carbon can be varied from a negligible fraction [29] up to very large extents
by adjusting the macromolecular architecture of the preceramic polymers and by considering
the introduction of additional carbon sources (e.g., divinyl benzene or other aromatics-containing
compounds) either by blending or by chemical bonding [1,30,31]. Moreover, the synthesis temperature
of free-carbon-containing silicon oxycarbides (i.e., SiOC/C) has been shown to directly correlate to
the ordering degree (crystallinity) of the free carbon phase [32]. Thus, the sp?-hybridized carbon
phase shows a highly disordered structure at temperatures of ca. 1000-1200 °C typically used for
the synthesis of SIOC/C; whereas annealing of SiOC/C at higher temperatures leads to a significant
ordering of the free carbon phase [1,32].

As mentioned above, the concentration and ordering of carbon in silicon oxycarbides has been
shown to directly affect their properties; for instance, the electrical conductivity in silicon oxycarbides
can be progressively changed from an insulator to a semiconductor and semimetal [1]. As recently
reported in a case study, SiOC/C with a carbon content of ca. 30 vol.%, which was prepared via pyrolysis
of a preceramic polymer at 1000 °C showed a resistivity value of p = 0.35 (3/m, which further decreased
to p = 0.14 Q)/m upon pyrolysis at higher temperatures [33]; whereas a SiOC/C material derived from
DVB-added polyhydridomethylsiloxane exhibited an even lower value of 0.23 ()/m [34] (note that
graphite has a resistivity <1073 Q/m). These values are significantly lower than those usually reported
for SiOC/C with carbon contents below 7.5 vol.%, which are typically in the range of 107-10'° Q/m) [35].
The resistivity in SiOC/C is thus considered to correlate to the amount of segregated carbon, which can
be altered by adjusting the macromolecular architecture of the precursor, and to its degree of ordering,
which can be varied by changing the temperature of thermal treatment [36-38]. Depending on the
synthesis conditions, a broad range of different carbon microstructures can be present in SiOC/C
ceramics, covering a wide range of electronic properties. At one extreme, the electronic conduction in
SiOC/C approximates that of graphite/sp?-carbon, whereas at the other extreme, the free carbon barely
contributes to the electronic transport, which is consequently determined by the insulating SiOC glassy
matrix [34,35,39]. The first border case may correspond to high amounts of the sp?-hybridized carbon
phase and/or high crystallinity thereof; whereas the latter involves small fractions of free carbon and/or
high disorder [1,40].

The present work studies the correlations between the amount and crystallinity of the free carbon
phase in silicon oxycarbides and their charge carrier transport behavior. Thus, detailed structural
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characterization of the segregated carbon phase, electrical conductivity and Hall effect measurements
will be introduced and discussed within the context of rationalizing different regimes of charge carrier
transport in SiOC/C.

2. Results and Discussion

In order to synthesize polymer-derived SiOC/C ceramics with different compositions, following
commercially available preceramic polymer resins were used: Polyramic® SPR-212, SPR-684 and
SPR-688 (Starfire Systems Inc., Glenville, NY, USA) and BELSIL® PMS-MK and SILRES® 604
(Wacker Chemie AG, Munich, Germany). Further SiOC/C compositions were obtained from
precursors prepared via sol-gel processing upon using different ratios of triethoxysilane TREOS,
methyldiethoxysilane MDES, triethoxymethylsilane TEMS or triethoxyvinylsilane TEVS (Merck KGaA,
Darmstadt, Germany). Table 1 lists the different silicon oxycarbide compositions considered in the
present study and the precursors used for their synthesis.

Table 1. SiOC/C-based samples considered in the present study. The number given in the sample name
indicates the volume fraction of the segregated carbon phase.

Sample Precursors Ceramic Yield (wt %) Ref.
TREOS:MDES molar ratio
C-0 10:1 87.1
C-1 2:1 88.4 [41-43]
C-2 1:2 86.6
TREOS:TEMS molar ratio
C-4 2:1 82.2
Sol-Gel Precursors C-6 1:1 80.7 this work
C-8 1:2 78.5
TREOS:TEVS molar ratio
C-13 1:1 85.0
C-15 1:2 87.6 .
C-18 13 88.2 this work
C-20 1:4 85.1
C-11 PMS MK 81.0 [44]
C-17 SPR 212 85.6 [12]
Preceramic Polymers C-36 Silres 604 84.7 this work
C-46 SPR 688 85.8 [12]
C-60 SPR 684 82.0 [12]

A brief summary of the elemental composition of the SiIOC/C samples heat treated at T = 1600 °C
is presented in Table 1. It is shown that the total amount of carbon present in the prepared silicon
oxycarbide materials can be adjusted over a wide range, i.e., from ca. 7 (sample C-0) up to 55 wt %
(sample C-60). Based on the empirical formulae of the prepared materials (Table 2), which can be
described as SiOy(1 - ) Cx + y C (Table 2), it can be stated that the prepared materials show comparable
contents of network carbon (i.e., x values range between 0.26 for C-11 and 0.33 for C-36), with the
exception of C-17 and C-60, which show an increased network carbon content, i.e., x values of 0.53 and
0.47, respectively. In the series of silicon oxycarbide formulations prepared in the present study,
the volume fraction of segregated carbon, which was estimated cf.

(- (1 - $)]mc)roc
Iy - (1 - 3)]Mc})/pC+ ({5 Msio,}/08i05) + ({1 = ¥ — 2-Msic}/pSiC)

bc = 1)

(with M being the molar mass and p the density of the constituent phases in the studied silicon
oxycarbides), may be adjusted between 0 and ca. 58 vol.% (Table 2). Clearly, the synthesis of silicon
oxycarbides from suitable precursors allows one to tailor their amount of carbon, especially that of
the sp?-hybridized, segregated carbon. Consequently, it is expected that the charge carrier transport
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behavior in those silicon oxycarbide-based materials may be gradually set from that of an insulator to
that of a semimetal, as shown previously [1,16,34].

Table 2. Elemental composition, empirical formula and estimated phase composition of selected SiOC/

C samples.
Element Content (wt %) Empirical Formula Volume Fraction (vol.%)
Sample : Si0, _Cx + : :

Si () C 201 -0x Ty SiO, SiC C
C-0 51.78 40.88 7.03 Si0; 30Co 31 832 16.8 -
C-1 50.97 42.14 6.89 Si01.45C028 + 0.04C 84.27 14.55 1.18
C-8 4838 38.69 12.93 Si0; 4Co 29 + 0.31C 77.42 14.38 8.20
C-11 46.65 39.40 13.95 Si0; 45Cq 26 + 0.44C 76.75 12.24 11.01
c-17 49.13 26.44 2443 Si0p0sCoss + 0.63C  54.49 27.83 17.68
C-36 36.53 27.90 35.57 Si0134Co.33 + 1.95C 51.91 11.66 36.43
C-46 13.72 38.23 48.05 SiOp3Cogo +225C  26.86 26.71 46.42
C-60 27.96 16.93 55.11 Si0; 06Coa7 +413C  30.19 12.28 57.53

The prepared silicon oxycarbides were investigated by means of Raman spectroscopy.
Figure 1 displays the visible Raman spectra (A = 514 nm) of the sample C-11, which was heat-treated in
argon at different temperatures from 1000 to 1800 °C. The Raman spectrum of the sample prepared
at 1000 °C exhibited two broad signals at ca. 1330 cm™! and ca. 1610 cm™! representing the D and G
modes, along with a broad, low-intensity signal at 1120 cm™~!, the so-called T band [45]. No significant
change is observed in the Raman spectra of the C-11 samples heated at temperatures up to 1400 °C.
However, in the spectrum of the sample annealed at 1400 °C, the T band, related to residual sp3
carbon, nearly vanished and the full width at half maximum (FWHM) of the D band significantly
narrowed along with an increasing intensity. By comparing the spectra of the samples heat treated
at 1400 and 1600 °C, it could be concluded that the width and intensity of the G band did not
significantly change, though a small shoulder around 1620 cm™! arose. This signal was assigned to the
D’ band [45-47] and indicate the evolution of small nano-graphitic clusters in the silicon oxycarbide
sample. This has been substantiated by the appearance and development of two signals (2D and D + G)
in the second-order spectrum.

C-11, @ 514 nm

2D
_JA_ D+G

Raman intensity (a.u.)

T=1000°C =

500 1000 1500 2000 2500 3000 3500
Raman shift (cm™)

Figure 1. Raman spectra of sample C-11 heat-treated at different temperatures in the range from
1000 to 1800 °C (laser wavelength was 514 nm). Green lines represent deconvoluted bands, black circles
indicate the experimental curve and the blue line is the fitted curve.

Thus, it can be stated that the segregated carbon phase in C-11 increased its ordering as the
temperature of heat treatment increased. With increasing crystalline order of the carbon phase, the D
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band continued to narrow and the D’ band became more and more pronounced together with a shift
of the G band towards lower wavelengths (Figure 1). Although the advancing graphitization did
not lead to an increase of the intensity of the G band, the two signals in the second-order range of
the spectrum clearly improved their intensity. In the sample annealed at 1800 °C, the intensity of
the G band was notably increased and the wavelength was downshifted by 30 cm~1, with the D’
band remaining as a small shoulder. In addition, the second-order spectrum markedly differed from
those of the samples annealed at lower temperatures, as the band at 2700 cm~! had apparently grown
in intensity and was displaced by 15 cm™! to the lower wavelength. According to Pimenta et al.
the shape and shift of this band resembled turbostratic stacking of several graphene sheets along
the c-axis, as the width of the band (w = 77 cm™!) was significantly larger than that of monolayer
graphene (w = 24 cm™!) [47]. Thus, the progressive changes in the Raman spectra of C-11 might be
correlated to the evolution of the segregated carbon from amorphous to nanocrystalline and eventually
to turbostratic microcrystalline carbon.

Figure 2 shows the lateral crystal size L, and its progress with increasing the annealing temperature
for the C-11 based samples. As shown by Tuinstra and Konig, the relative intensity ratio Ip/Ig of the D
and G bands depends inversely on L, for graphitic samples; whereas, L, has been best described for
highly disordered carbons upon using the ratio of the integrated areas Ap/Ag of the D and G band
instead of their intensities [48,49]. Consequently, the disordered carbon phase in SiOC/C was assessed
by using the following equation [49,50].

“10y 44 (A

Lo = (241070)Af (A_c) 2)
with Aj being the laser wavelength. As clearly indicated in Figure 2, the lateral crystal size L, was not
affected by the treatment temperature in the temperature range from 1000 to 1500 °C and only slightly
varied around a value of ca. 7.5 nm. This is in agreement with the work of Takai et al. who obtained
similar values (L, = 5-7 nm) for amorphous carbon films heat treated at temperatures up to 1500 °C.
At higher temperatures, the crystalline lattice started to grow, as intrinsic lattice defects were removed.
The onset of graphitization was emphasized by the increase in intensity of the G band and the clear
development of D’ at temperatures beyond 1600 °C, as shown in Figure 1. Thus, the L, value found
in the C-11 sample annealed at 1800 °C was ca. 20 nm. This is in excellent agreement with a study
of Cancado et al. who investigated the graphitization behavior of diamond-like carbon thin films at
temperatures ranging from 1800 to 2700 °C, which revealed a L, value of 20 nm for the films annealed
at 1800 °C [50] (see empty symbols in the inset of Figure 2).
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Figure 2. Evolution of the lateral crystal size L, in C-11 as a function of the treatment temperature.
The open data points in the inset represent the work of Ref. [50], indicating the evolution of L, with the
annealing temperature for diamond-like thin films.
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As the series of SiOC/C samples in the present study showed, the content of the segregated
carbon phase in the prepared materials can be adjusted in a broad range. Within this context,
Raman spectroscopic investigations were done in order to rationalize whether the amount of segregated
carbon in SiOC/C ceramic might have an effect on the lateral crystal size L,. Figure 3 plots the L, as a
function of the volume fraction of the segregated carbon phase in the studied SiOC/C ceramics and
revealed a constant L, value of 9 + 1 nm for samples showing carbon contents above ¢¢c > 10 vol.%;
whereas the samples possessing of lower carbon contents, (¢ < 10 vol.%) exhibited smaller L, values
of 6 £ 2 nm. Thus, it may be concluded that the large(r) amount of segregated carbon in silicon
oxycarbides correlates to its relative higher graphitization degree [39].

14 T T T T T T T T

SiOC/C, @ 514 nm
T=1600 °C ]
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1

Lateral crystal size L, (nm)
(@) oo
‘L—\§>—'
52

2 - . : . : . : : ;
0 10 20 30 40 50

sp? carbon (vol.%)

Figure 3. Plot of the lateral crystal size L, (blue diamonds) as a function of the amount of carbon.
Bars represent standard deviation.

The evolution of the segregated carbon phase in silicon oxycarbides as a function of the annealing
temperatures was also assessed by considering the interdefect distance Lp. Lp was calculated according
to Ref. [51] (Equation (3), Ap and A represent the areas of the D and G band, respectively).

An\ !
2 _ 944 2D
L, =1.8-10 -AL-(A—G)

®)

In Figure 4, the Ap/Ag ratio in C-11 samples annealed at different temperatures was plotted
as a function of the Lp value. It is clearly shown that Ap/Ag decreased and Lp increased as the
annealing temperature of C-11 increased from 1000 to 1800 °C. In the C-11 sample prepared at 1000 °C,
a Lp value of 6 nm was obtained, which means that at least one defect is present within the average
lateral size of the crystallite (L, (1000 °C) = 7.5 nm). By increasing the annealing temperature up
to T = 1400 °C, Lp increased giving values in the range of Lp = 8-10 nm. This correlated to the
appearance end evolution of the D’ band in the Raman spectra of the corresponding samples and
was similar to the behavior and evolution of nano-graphitic structures. Upon annealing at higher
temperatures, the concentration/number of the intrinsic defects was further reduced, giving rise to
larger Lp and L, values. This is an expected trend, which agreed very well with the description of
Ferrari et al. who identified two stages concerning the evolution of the Ip/Ig ratio: the first stage
corresponded to a high defect concentration situation in the carbon phase and there the Ip/Ig ratio
scales with L, cf. Ip/Ig = 1/L.%; whereas the stage two corresponded to a low defect concentration in
carbon, with Ip/Ig = 1/L, [45]. Considering the proposed L, value of ca. 2 nm as a border between the
first and second stage and the values obtained for the studied C-11 samples, it could be concluded that
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the carbon phase present in the C-11 samples could be assigned to the second stage, independent of
the annealing temperature.

Interestingly, not only the trend but also the values of Ap/Ag ratio and Lp were comparable
with graphene-based materials in which the disorder was induced and adjusted upon Ar* ion
bombardment [52] (empty circles in Figure 4).

4 T T T T
B ¢® C-11,@514 nm
3 gg o Lucchese et al.
Il,’ o\ @ T=1000°C
o 8 o
o Io) N
<ol 4 2 .
o) Q og
< ' .
8
0
110 .
Hel
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. ool
0 T T T T
0 5 10 15 20 25

Average defect distance Ly (nm)

Figure 4. Evolution of the average distance between defects Lp within the carbon of SiOC/C synthesized
at different temperatures. The empty symbols correspond to a graphene-based material in which the
disorder and defect concentration were altered upon argon ion bombardment [52].

The significant effect of the annealing temperature on the ordering and defect concentration in
the sp? carbon phase of SiOC/C materials studied in the present work might obviously correlate to
their electronic transport. This aspect was addressed by investigating silicon oxycarbide ceramics
possessing various amounts of the segregated carbon phase and annealed at different temperatures via
dc conductivity and Hall measurements and will be discussed in the following.

Figure 5 shows the (logarithmic) room temperature dc conductivity of the SiOC/C samples
synthesized at temperatures in the range from 1000 to 1600 °C as a function of the content of
sp?-hybridized segregated carbon. It is clearly seen that the dc conductivity shows a dependence on the
sp? carbon content in SIOC/C, which may be correlated to percolative systems. The critical concentration
$eri. (percolation threshold) of sp? carbon is shown to depend on the annealing temperature and varied
from ca. 20 vol.% for the sample series prepared at 1000 °C to ca. 6 vol.% for the samples annealed at
1600 °C (Figure 5). It is tempting to attribute the decrease of the percolation threshold to an increase in
the aspect ratio of the segregated carbon phase, as the threshold typically depends on the shape of the
conductive filler in many composite materials [53-55]. For instance, Cordelair et al. computed in a
case study the insulator-conductor transition in SiOC/C-based materials, showing that the percolation
threshold decreases from 20 to 5 vol.% as the shape of the conductive filler is changed from spherical to
rod-like [35]. However, no reliable information on the aspect ratio can be obtained for SiOC/C, due to
the random 3D carbon morphology and the lack of suitable characterization methods.

The observed temperature-dependent shift for ¢ in the SiOC/C ceramics may therefore be
also attributed to changes within the carbon network itself, e.g., the decrease of defects concentration
and/or better alignment of carbon sheets allowing enhanced electrical transport in conjugated bonds.
This possibility has been addressed upon assessing the critical exponent ¢ in the studied SiOC/C
samples cf. oc = 0p-(p — ¢)m¢)t, where 0y is a proportionality constant, oc the conductivity of the
composite, Py, the critical concentration below the composite that is insulating (percolation threshold)
and t the critical exponent. The value of the critical exponent ¢ is known to depend on the lattice
dimensionality and was calculated to possess a value of ca. 2.0in three-dimensional lattices/systems [56,57].
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Deviations from this behavior have been reported for many different composites [58]. According to
Balberg, these deviations can be assigned to tunneling-percolation processes with strong fluctuations
in tunneling distances thus causing high values for t, even up to 6.0 [59,60].

Non-universal behavior is frequently observed in dispersed composites, whereas universal
behavior is seen more often in clustered samples [58]. The non-universal behavior may result from
tunneling/hopping processes between two adjacent conductive particles [61], e.g., taking quantum
mechanics into account the critical exponent becomes dependent on the mean tunneling distance and

in principle does not obey any upper limit.
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Figure 5. The electrical conductivity of SiIOC/C as a function of the sp2 carbon for three different
temperature series (a-C: amorphous carbon). The data were obtained from two-point conductivity
measurements. Literature values [19,33,35,38,62-65] are added for the sake of comparison.

As clearly shown in Figure 6, the value of t in SiIOC/C sample series prepared at 1600 °C (with a
percolation threshold at 6 vol.%) was ca. 4.3 and thus these materials should be considered as being
significantly different than three-dimensional systems, for which the geometry and aspect ratio of the
conductive phase mainly determined their behavior. The ¢ value obtained for the SiOC/C ceramics in
the present study were similar to those obtained, e.g., for RuO,/silica composites (t = 3.8) [58].

0 T T T T T T
| Sioc/C
T=1600 °C t=2
-5 T2 s ]
> -101 E
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204 < this work |
O Vionnet-Menot et al.
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Figure 6. Electrical conductivity of SiOC/C materials as a function of the sp? carbon concentration.
Table 1. The upper dashed line represents the universal behavior with a slope of t = 2. The empty
circles represent the electrical conductivity of piezoresistive RuOj,/silica composites with varying RuO,

content [58].
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Only sparse information about the conduction mechanism in PDCs is available in the literature.
Haluschka and Engel reported on the conduction behavior of SiCN/C (¢¢ = 5 vol.%) and SiOC/C (¢
=12 vol.%) prepared at T = 1500 °C and T = 1300 °C, respectively [36,66]. Both authors interpreted
their data considering the variable range hopping model (VRH) postulated by Mott and Davis [67,68].
Haluschka et al. showed furthermore that the conduction occurs by phonon-assisted hopping near
the Fermi-energy and not near the mobility edges [36]. Engel estimated the density of states near
the Fermi energy to be N = 10" — 10" eV~! cm®, by assuming a localization length of o' = 10 A,
which is typical for amorphous semiconductors [66]. Based on the correlation between the parameters

. . . . . 1/B
op and Ty in the general equation for transport in localized states (i.e., 0 = Go-[—(TO) ], Ma et al.

investigated a SiCN/C system (¢ = 22 vol.%) considering the nearest neighbor hopping, also called
band tail hopping (BTH), as the main transport mechanism [63].

Figure 7 shows the Arrhenius plots for the electrical conductivity of three C-11 samples prepared at
1000 °C, 1400 °C and 1600 °C. A linear dependency of o with T~! is evident for all samples, indicating an
activated transport and activation energies E, of 0.4 eV, 0.23 eV and 0.04 eV for the samples prepared
at 1000 °C, 1400 °C and 1600 °C, respectively. For the sake of comparison, a SICN/C system prepared
at 1300 °C showed an E, value of 0.15 eV [36] and was thus similar to the C-11 sample prepared at
1400 °C.

10"

2
1074 T = 1600 °C
107 1 E,=0.04 eV ]

104 4
5 T= 1400 c
1074 E,=0.23 ov =

104
107 4
108

1074 :
107°

o (Q-cm)’

0?8 1f0 1i2 1f4 1i6 1i8 2?0 212
1000/T (K"

Figure 7. Electrical conductivity of C-11 as a function of the inverse of the treatment temperature.

Plotting the conductivity data against T-VP (3 = 3,4) yields no clear evidence of a non-Arrhenius
behavior, underlining the presence of thermally activated transport in all the investigated samples.
However, one cannot rule out that both VRH and thermally activated transport exist in this
temperature range, thus further measurements are needed for an unambiguous mechanistic clarification.
The decreasing activation energies with increasing the synthesis temperature indicate a continuous
reduction of the band gap in the SiOC/C system and may be related to the evolution of the carbon
phase with the temperature. Interestingly, the activation energy of the C-11 ceramic sample annealed
at 1600 °C, i.e., 0.04 eV, was comparable to that of glassy carbon (0.03 eV [69]).

Figure 8 shows the activation energy E, as a function of the segregated carbon in the SiOC/C
samples prepared at 1600 °C. Three different electrical transport regimes can be distinguished,
with activation energies decreasing from ca. 1 eV in regime I to ca. 0.3 eV in regime II and further to ca.
0.03 eV in regime III.

In regime I (Figure 8), conduction is considered to occur within the amorphous silica network,
as the amount of sp? carbon is very low (¢c < 1vol.%) [70,71]. According to Hapert, high concentration
of silicon dangling bonds is present within amorphous silica SiOy, showing a VRH transport within
localized states [70,71]. A VRH conduction mechanism is also likely for low-carbon SiOC/C materials.
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In regime II (¢ =2-6 vol.%, Figure 8), the sp>-hybridized carbon precipitations were still separated
by the SiOC matrix but the resulting potential barrier for the transport was lowered (E, = 0.3 eV)
as compared to that of regime I. The low activation energy arose from additional carbon defects
states within the band gap presumably overlapping with the silicon dangling bonds states. A very
similar activation energy (E, = 0.3 eV) has been found in carbon-based materials by Dasgupta et al.,
who investigated hopping transport between graphitic islands separated by a lower conducting sp®
carbon layer [72].

In regime III (Figure 8), the carbon concentration was above the percolation threshold for samples
prepared at 1600 °C. Thus, the electrical transport was considered to be dominated by the continuous,
three-dimensional carbon sp? network, yielding activation energies in the range of E, from 0.035 to
0.02 eV, which is in excellent agreement with the conduction energies found in glassy carbon [73].
The transition from semiconducting to semi-metallic conduction is accompanied by the reduction
of the gap between carbon 7 and 7* band states. Carbon essentially controlled the density of states,
whereas the SiOC states were of minor importance within regime III (Figure 8). Hence, the same
transport mechanism (i.e., as in regime III, Figure 8) was assumed to prevail for all samples above the
percolation threshold.

1 11 111 <& this work
1.24 O Luetal.
N
0.9} |
= .
[0) \
=064} l
1]
031 |00 o 1
0.0 OO
0 5 10 15 20 25

sp? carbon (vol.%)

Figure 8. Plot of E, as a function of the sp? carbon content in SIOC/C, the empty symbols represents
data published by Lu et al. [34]. The dotted line is shown only as a guideline, it does not represent any
fit of the data. I, Il and III represent the three conduction regimes as described in text above.

The electrical behavior of the SIOC/C samples investigated in the present study could be correlated
with their Raman data. Upon assuming that the width of the band gap depends on the concentration of
carbon precipitations cf. E, = % for carbon-based semiconductors [74] and E, = {—Z for graphitic-like
materials [75], the activation energy E; may be estimated with the help of the L, value. Thus,
an activation energy of E, = 0.28 eV was calculated for semiconducting samples with an average lateral
crystal size of L, ca. 7.5 nm, which was in excellent agreement with the E, values obtained from
the conductivity measurements (see Figure 8, regime II); whereas for materials exhibiting a value of
9 nm for L,, an activation energy of E, = 0.085 eV was obtained, which was though larger than the E,
determined in regime III (E,; = 0.035-0.02 eV, Figure 8).

Information about the density and mobility of the dominant charge carrier type in the SiOC/C
ceramic materials was obtained from measurements of the Hall effect. Figure 9 exhibited the carrier
density (N) and mobility (i) as a function of the carbon content for SIOC/C samples prepared at 1600 °C.
Literature values of an SiOC/C synthesized at T = 1550 °C are displayed for comparison [76].

The charge carrier density/mobility can be furthermore estimated from conductivity measurements
if the electrical transport solely depends on one charge carrier type (electrons or holes), as follows:
0 = e:N-u. The carrier densities derived from dc measurements on SiOC/C samples are shown in
Figure 9 (green circles) as a function of the carbon concentration; the charge carrier densities were
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calculated using the experimentally determined mobility of i1 = 3 cm?/Vs, which is similar to that of
turbostratic carbon (i = 3.1-6.3 cm?/Vs [77,78]). For SiOC/C samples possessing carbon contents higher
than ca. 8 vol.%, the charge carrier densities derived from the dc conductivity data showed an excellent
agreement to those obtained from the Hall effect measurements and were furthermore comparable
to values determined for glassy carbon [79,80]. However, SiOC/C samples with carbon contents
significantly lower than 8 vol.% showed strong discrepancy between the dc-conductivity-derived
data and those obtained from the Hall effect measurements. Unfortunately, Hall measurements for
samples with rather low conductivity or electrical non-uniformity are experimentally challenging and
consequently the few data obtained for the SiOC/C samples with low contents of segregated carbon
(i.e., <8 vol%) do not allow any clear statement.
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Figure 9. Charge carrier density (N) and mobility (i) in SiOC/C materials prepared at T = 1600 °C;
the empty symbols represent data from a case study published by Kim et al. [76].

Figure 10 plots the Hall coefficient (Ry = 1/Ne = p/o) of SiOC/C samples as a function of their
sp?-hybridized carbon content. It is shown that SiOC/C samples possessing carbon content in the range
from 8 to 43 vol% show a Hall coefficient of 5 x 1072 cm3/C, which does not depend on the amount of
carbon in SiOC/C and is similar to that of glassy carbon (2.8 x 102 cm?/C) [77]. The positive sign of
the Hall coefficient indicates p-type carrier transport. This may be related to vacancies (missing carbon
atoms within the lattice of sp? carbon) or to the removal of dangling bonds creating holes in the filled
m-valence band [81].
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Figure 10. Plot of the Hall coefficient in SiOC/C samples synthesized at 1600 °C as a function of their
sp?-hybridized carbon content. Glassy carbon is depicted as reference [75].
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Positive Hall coefficients comparable to those measured for SiOC/C samples in the present study
were also reported for (nano)crystalline graphite [82-84]. It is shown that upon decreasing the sp?
carbon content in the studied SiOC/C samples (i.e., ¢ < 8 vol%), the Hall coefficient strongly increased,
indicating less ordering of the carbon phase in SIOC/C materials containing low amounts of sp? carbon.
This result is supported by the Raman data showing a change of the lateral crystal size L, and the
average defect distance Lp in the same concentration region. Furthermore, the activation energy for
the conductivity is shown to increase from 0.03 to 0.3 eV as the amount of free carbon decreased below
8 vol.%, as discussed above.

3. Materials and Methods

3.1. Materials Synthesis

The sol-gel route used in the present work to synthesize SiOC samples with varying carbon content
was already reported in detail in [41-43]. Within this work, a series of additional samples was prepared
according to the same general procedure using different alkoxysilane precursors. An exemplary
description of the synthesis procedure is given in the following: 8.21 g triethoxysilane (0.05 mol) and
9.51 g triethoxyvinylsilane (0.05 mol) were mixed and stirred for 15 min. Subsequently, water (5.4 g,
3 mol) with a pH of 5 was added dropwise and the solution was stirred overnight to obtain a
homogeneous clear solution. The solution was aged in air for 24 h without using any catalyst to obtain
the corresponding gel, which was dried at 80 °C for 24 h.

Both commercially and synthesized precursors were thermally crosslinked in an alumina tube
furnace (HTSS 810/10, Carbolite Gero, Neuhausen, Germany) at T = 250 °C for 2 h and subsequently
pyrolyzed at T = 1100 °C for 2 h with a heating and cooling rate of 100 °C/h under a constant flow
of argon (5 L/h). To ensure an oxygen-free atmosphere during thermal treatment, the chamber was
evacuated three times and purged with high purity argon. The resulting black glassy powders were
ground and sieved to a particle size <40 pm. The sieved powders (m = 1-2 g) were sealed within
graphite foils and hot-pressed (Spark Plasma Sinter System, SPS-211Lx, Fuji Electronics Industrial
Co. Ltd., Technical, Fujimi, Saitama, Japan at T = 1600 °C with a uniaxial load of P = 50 MPa for
15 min under high purity argon atmosphere and using a heating rate of 320 °C/min. Subsequently,
the obtained dense monoliths were polished using a grinding machine (ZB 42T, Ziersch and Baltrusch,
Ilmenau, Germany) equipped with a diamond grinding wheel to ensure a defined geometrical shape
with plane surfaces.

3.2. Materials Characterization

The elemental composition of the as-prepared silicon oxycarbide samples was determined by
hot gas extraction. The carbon content of the samples was measured with a carbon analyzer (CS 800,
Eltra GmbH, Neuss, Germany), which detects and quantifies the oxidized carbon species by means
of IR spectroscopy. An N/O analyzer (Leco TC-436, Leco Corporation, St. Joseph, MI, US) was used
to determine the oxygen content. The silicon weight fraction was considered to be the difference to
100 wt %, assuming no other elements being present in the sample.

Visible Raman spectra were recorded with a Horiba HR800 micro-Raman spectrometer
(Horiba Jobin Yvon GmbH, Bensheim, Germany) equipped with an Argon laser (A = 514.5 nm).
The excitation line has its own interference filter (to filter out the plasma emission) and a Raman
notch filter (for laser light rejection). The measurements were performed with a grating of 600 and
a confocal microscope (magnification 50x, NA = 0.5) with a 100 um aperture, giving a resolution of
approximately 2—4 pm. The laser power (20 mW) was attenuated by using neutral density filters; thus,
the power on the sample was in the range from 6 pW to 2 mW. All spectra were background subtracted,
smoothed (SMA, simple moving average) and fitted to Lorentzian line shapes using Origin Pro 9.1.0G.

For the temperature-dependent measurements of the electrical conductivity, cylindrical samples
were clamped between two electrodes (two-point method) within a quartz tube and subsequently
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hermetically sealed before the tube was introduced into a cylindrical alumina furnace (LOBA
1400-45-400-1, HTM Reetz GmbH, Berlin, Germany). Temperatures up to T = 800 °C were available
and were verified by a thermocouple placed next to the sample. The quartz tube was sealed and then
evacuated and flushed three times with argon (purity > 99.5%, Air Liquide, Frankfurt, Germany) before
the heating program was started. Impedance spectroscopy measurements were performed using an
alpha-A high performance modular measurement system (Novocontrol Technologies, Montabaur,
Germany). The measurements were conducted in a frequency range of v = 0.1-3 MHz at an applied
voltage of U = 0.1 V. No sign of a second contribution to the conductivity (contact or matrix dependent
resistance) was observed in the most extensively investigated samples. Since the bulk resistance
obtained from the impedance spectra equaled the dc resistance, only dc data were reported in
the following.

Hall measurements were conducted to measure the electrical conductivity, the Hall constant,
and the carrier mobility and carrier density of the samples using a system built at the Fraunhofer Institute
for Physical Measurement Techniques in Freiburg, Germany (IMP-HT-Hall-900K). Square-shaped
samples (1 mm X 10 mm X 10 mm) were placed into a sample holder installed within a vacuum
chamber. The chamber was subsequently evacuated and flushed with argon. The samples were
contacted according to the van der Pauw measurement theory [85]. Thus, four points were connected
at the edge of the sample whereas on one side of the sample the current was applied and on the
other side the resulting voltage was measured. The separation of the current and voltage electrode
eliminated the contact and led resistance from the measurement and consequently increased the
accuracy. The measurement was done in all four permutations of the contacts, and due to the used
AC-resistance bridge in both polarizations. The vacuum chamber was moved into the positive and
negative field position to determine the Hall coefficient and the carrier concentration and mobility.

4. Conclusions

The results obtained in the present work indicate that the charge carrier transport behavior of
SiOC/C materials correlated with the amount and the ordering of their sp?>-hybridized free carbon
phase, which could be tuned upon adjusting the molecular structure of the precursor and the pyrolysis
temperature, respectively. Thus, the sp? free carbon content could be varied within a broad range from
nearly negligible fractions to as high as ca. 58 vol.%. Whereas the ordering of the free carbon phase
could be significantly improved by increasing the treatment temperature. The percolation threshold
in SiOC/C was obviously a function of the ordering of the carbon phase and could be significantly
reduced from ca. 20 vol.% (as for samples prepared at 1100 °C) to ca. 6 vol.% for samples exposed
to 1800 °C. SiOC/C shows near the percolation threshold a charge carrier transport dominated by
tunneling and hopping processes between the carbon-based precipitates; whereas VRH transport in
localized states of the glassy SiOC matrix and carbon-dominated p-type transport is concluded for
carbon contents being far below or beyond the percolation threshold in SiOC/C, respectively.

Author Contributions: Conceptualization, ER., N.N. and E.I.; methodology, software, validation, formal analysis,
data curation, ER., B.B., N.N,, E.I,; writing—original draft preparation, ER., N.N., E.I; writing—review and
editing, ER., B.B.,, N.N,, RR,, E.L; project administration, ER., N.N., E.I; funding acquisition, N.N., R.R., E.I
All authors have read and agreed to the published version of the manuscript.

Funding: Financial support from the German Science Foundation (DFG, Bonn, Germany, project no. 411658150)
is gratefully acknowledged. EI acknowledges furthermore support within the Heisenberg program of the DFG
(IO 64/14-1).

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2020, 25, 5919 14 of 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Stabler, C.; Ionescu, E.; Graczyk-Zajac, M.; Gonzalo-Juan, I.; Riedel, R. Silicon oxycarbide glasses and
glass-ceramics: “All-Rounder” materials for advanced structural and functional applications. J. Am.
Ceram. Soc. 2018, 101, 4817-4856. [CrossRef]

Widgeon, S.J.; Sen, S.; Mera, G.; Ionescu, E.; Riedel, R.; Navrotsky, A. 296 and 13C Solid-State NMR
Spectroscopic Study of Nanometer-Scale Structure and Mass Fractal Characteristics of Amorphous Polymer
Derived Silicon Oxycarbide Ceramics. Chem. Mater. 2010, 22, 6221-6228. [CrossRef]

Sen, S.; Widgeon, S.J.; Navrotsky, A.; Mera, G.; Tavakoli, A.; Ionescu, E.; Riedel, R. Carbon substitution for
oxygen in silicates in planetary interiors. Proc. Natl. Acad. Sci. USA 2013, 110, 15904-15907. [CrossRef]
[PubMed]

Moysan, C.; Riedel, R.; Harshe, R.; Rouxel, T.; Augereau, F. Mechanical characterization of a polysiloxane-
derived SiOC glass. |. Eur. Ceram. Soc. 2007, 27, 397-403. [CrossRef]

Gonzalo-Juan, I.; Detsch, R.; Mathur, S.; Ionescu, E.; Boccaccini, A.R.; Riedel, R. Synthesis and In Vitro
Activity Assessment of Novel Silicon Oxycarbide-Based Bioactive Glasses. Materials 2016, 9. [CrossRef]
[PubMed]

Ionescu, E.; Sen, S.; Mera, G.; Navrotsky, A. Structure, energetics and bioactivity of silicon oxycarbide-based
amorphous ceramics with highly connected networks. J. Eur. Ceram. Soc. 2018, 38, 1311-1319. [CrossRef]
Arango-Ospina, M.; Xie, F; Gonzalo-Juan, I.; Riedel, R.; Ionescu, E.; Boccaccini, A.R. Silicon oxycarbide based
materials for biomedical applications. Appl. Mater. Today 2019, 100482. [CrossRef]

Xie, F; Juan, I.G.; Arango-Ospina, M.; Riedel, R.; Boccaccini, A.R.; Ionescu, E. Apatite Forming Ability
and Dissolution Behavior of Boron- and Calcium-Modified Silicon Oxycarbides in Comparison to Silicate
Bioactive Glass. ACS Biomater. Sci. Eng. 2019, 5, 5337-5347. [CrossRef]

Xie, ET.; Gonzalo-Juan, I.; Breitzke, H.; Fasel, C.; Trapp, M.; Buntkowsky, G.; Kleebe, H.J.; Riedel, R.;
Boccaccini, A.R.; Ionescu, E. Effect of Ca and B incorporation into silicon oxycarbide on its microstructure
and phase composition. J. Am. Ceram. Soc. 2019, 102, 7645-7655. [CrossRef]

Xie, F; Ionescu, E.; Arango-Ospina, M.; Riedel, R.; Boccaccini, A.R.; Gonzalo-Juan, I. Facile Preparative
Access to Bioactive Silicon Oxycarbides with Tunable Porosity. Materials 2019, 12, 3862. [CrossRef]

Fukui, H.; Ohsuka, H.; Hino, T.; Kanamura, K. A Si—-O—C Composite anode: High capability and proposed
mechanism of lithium storage associated with microstructural characteristics. ACS Appl. Mater. Interfaces
2010, 2, 998-1008. [CrossRef] [PubMed]

Kaspar, J.; Graczyk-Zajac, M.; Riedel, R. Lithium insertion into carbon-rich SiOC ceramics: Influence of
pyrolysis temperature on electrochemical properties. J. Power Sour. 2013, 244, 450-455. [CrossRef]
Pradeep, V.S.; Graczyk-Zajac, M.; Riedel, R.; Soraru, G.D. New Insights in to the Lithium Storage Mechanism
in Polymer Derived SiOC Anode Materials. Electrochimica Acta 2014, 119, 78-85. [CrossRef]
Graczyk-Zajac, M.; Reinold, L.M.; Kaspar, J.; Sasikumar, P.V.W,; Soraru, G.D.; Riedel, R. New Insights into
Understanding Irreversible and Reversible Lithium Storage within SiOC and SiCN Ceramics. Nanomaterials
2015, 5, 233-245. [CrossRef]

Wilson, A.M.; Reimers, ].N.; Fuller, EW.; Dahn, J.R. Lithium insertion in pyrolyzed siloxane polymers.
Solid State Ion. 1994, 74, 249-254. [CrossRef]

Mazo, M.A.; Tamayo, A.; Caballero, A.C.; Rubio, J. Enhanced electrical and thermal conductivities of silicon
oxycarbide nanocomposites containing carbon nanofibers. Carbon 2018, 138, 42-51. [CrossRef]

Gurlo, A,; Ionescu, E.; Riedel, R.; Clarke, D.R. The Thermal Conductivity of Polymer-Derived Amorphous
Si-O-C Compounds and Nano-Composites. J. Am. Ceram. Soc. 2016, 99, 281-285. [CrossRef]

Stabler, C.; Reitz, A.; Stein, P.; Albert, B.; Riedel, R.; Ionescu, E. Thermal Properties of SiOC Glasses and Glass
Ceramics at Elevated Temperatures. Materials 2018, 11, 279. [CrossRef]

Riedel, R.; Toma, L.; Janssen, E.; Nuffer, J.; Melz, T.; Hanselka, H. Piezoresistive Effect in SiOC Ceramics for
Integrated Pressure Sensors. J. Am. Ceram. Soc. 2010, 93, 920-924. [CrossRef]

Toma, L.; Kleebe, H.-J.; Miiller, M.M.; Janssen, E.; Riedel, R.; Melz, T.; Hanselka, H. Correlation Between
Intrinsic Microstructure and Piezoresistivity in a SiOC Polymer-Derived Ceramic. J. Am. Ceram. Soc. 2012,
95,1056-1061. [CrossRef]

Roth, F,; Schmerbauch, C.; Ionescu, E.; Nicoloso, N.; Guillon, O.; Riedel, R. High-temperature piezoresistive
C /SiOC sensors. |. Sens. Sens. Syst. 2015, 4, 133-136. [CrossRef]


http://dx.doi.org/10.1111/jace.15932
http://dx.doi.org/10.1021/cm1021432
http://dx.doi.org/10.1073/pnas.1312771110
http://www.ncbi.nlm.nih.gov/pubmed/24043830
http://dx.doi.org/10.1016/j.jeurceramsoc.2006.01.016
http://dx.doi.org/10.3390/ma9120959
http://www.ncbi.nlm.nih.gov/pubmed/28774079
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.10.002
http://dx.doi.org/10.1016/j.apmt.2019.100482
http://dx.doi.org/10.1021/acsbiomaterials.9b00816
http://dx.doi.org/10.1111/jace.16620
http://dx.doi.org/10.3390/ma12233862
http://dx.doi.org/10.1021/am100030f
http://www.ncbi.nlm.nih.gov/pubmed/20423119
http://dx.doi.org/10.1016/j.jpowsour.2012.11.086
http://dx.doi.org/10.1016/j.electacta.2013.12.037
http://dx.doi.org/10.3390/nano5010233
http://dx.doi.org/10.1016/0167-2738(94)90217-8
http://dx.doi.org/10.1016/j.carbon.2018.05.075
http://dx.doi.org/10.1111/jace.13947
http://dx.doi.org/10.3390/ma11020279
http://dx.doi.org/10.1111/j.1551-2916.2009.03496.x
http://dx.doi.org/10.1111/j.1551-2916.2011.04944.x
http://dx.doi.org/10.5194/jsss-4-133-2015

Molecules 2020, 25, 5919 15 0f 17

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Papendorf, B.; Ionescu, E.; Kleebe, H.-J.; Linck, C.; Guillon, O.; Nonnenmacher, K.; Riedel, R.; Wakai, F.
High-Temperature Creep Behavior of Dense SiOC-Based Ceramic Nanocomposites: Microstructural and
Phase Composition Effects. J. Am. Ceram. Soc. 2013, 96, 272-280. [CrossRef]

Stabler, C.; Roth, F.,; Narisawa, M.; Schliephake, D.; Heilmaier, M.; Lauterbach, S.; Kleebe, H.-J.; Riedel, R.;
Ionescu, E. High-temperature creep behavior of a SiOC glass ceramic free of segregated carbon. J. Eur.
Ceram. Soc. 2016, 36, 3747-3753. [CrossRef]

Stabler, C.; Schliephake, D.; Heilmaier, M.; Rouxel, T.; Kleebe, H.-J.; Narisawa, M.; Riedel, R,
Ionescu, E. Influence of SiC/Silica and Carbon/Silica Interfaces on the High-Temperature Creep of Silicon
Oxycarbide-Based Glass Ceramics: A Case Study. Adv. Eng. Mater. 2019, 21, 1800596. [CrossRef]

Ionescu, E.; Balan, C.; Kleebe, H.-J.; Miiller, M.M.; Guillon, O.; Schliephake, D.; Heilmaier, M.; Riedel, R.
High-Temperature Creep Behavior of SiOC Glass-Ceramics: Influence of Network Carbon Versus Segregated
Carbon. J. Am. Ceram. Soc. 2014, 97, 3935-3942. [CrossRef]

Du, B.; He, C.; Qian, J.J.; Cai, M.; Wang, X.; Shui, A.Z. Electromagnetic wave absorbing properties of
glucose-derived carbon-rich SiOC ceramics annealed at different temperatures. J. Am. Ceram. Soc. 2019, 102,
7015-7025. [CrossRef]

Tamayo, A.; Pefia-Alonso, R.; Rubio, J.; Raj, R.; Sorarti, G.D.; Oteo, J.L. Surface Energy of Sol Gel-Derived
Silicon Oxycarbide Glasses. J. Am. Ceram. Soc. 2011, 94, 4523-4533. [CrossRef]

Zhuo, R.; Colombo, P.; Pantano, C.; Vogler, E.A. Silicon oxycarbide glasses for blood-contact applications.
Acta Biomater. 2005, 1, 583-589. [CrossRef]

Narisawa, M.; Watase, S.; Matsukawa, K.; Dohmaru, T.; Okamura, K. White Si—-O-C(-H) Particles with
Photoluminescence Synthesized by Decarbonization Reaction on Polymer Precursor in a Hydrogen Atmosphere.
Bull. Chem. Soc. Jpn. 2012, 85, 724-726. [CrossRef]

Blum, Y.D.; MacQueen, D.B.; Kleebe, H.-J. Synthesis and characterization of carbon-enriched silicon
oxycarbides. J. Eur. Ceram. Soc. 2005, 25, 143-149. [CrossRef]

Kleebe, H.-J.; Blum, Y.D. SiOC ceramic with high excess free carbon. J. Eur. Ceram. Soc. 2008, 28, 1037-1042.
[CrossRef]

Rosenburg, F.; Ionescu, E.; Nicoloso, N.; Riedel, R. High-Temperature Raman Spectroscopy of
Nano-Crystalline Carbon in Silicon Oxycarbide. Materials 2018, 11, 93. [CrossRef] [PubMed]
Martinez-Crespiera, S.; Ionescu, E.; Kleebe, H.J.; Riedel, R. Pressureless synthesis of fully dense and crack-free
SiOC bulk ceramics via photo-crosslinking and pyrolysis of a polysiloxane. J. Eur. Ceram. Soc. 2011, 31,
913-919. [CrossRef]

Lu, K,; Erb, D.; Liu, M. Thermal stability and electrical conductivity of carbon-enriched silicon oxycarbide.
J. Mater. Chem. C 2016, 4, 1829-1837. [CrossRef]

Cordelair, J.; Greil, P. Electrical conductivity measurements as a microprobe for structure transitions in
polysiloxane derived Si-O-C ceramics. J. Eur. Ceram. Soc. 2000, 20, 1947-1957. [CrossRef]

Haluschka, C.; Engel, C.; Riedel, R. Silicon carbonitride ceramics derived from polysilazanes Part II.
Investigation of electrical properties. J. Eur. Ceram. Soc. 2000, 20, 1365-1374. [CrossRef]

Kim, KJ.; Eom, J.-H.; Kim, Y.-W.; Seo, W.-S. Electrical conductivity of dense, bulk silicon-oxycarbide ceramics.
J. Eur. Ceram. Soc. 2015, 35, 1355-1360. [CrossRef]

Nguyen, V.L.; Zanella, C.; Bettotti, P.; Sorart, G.D. Electrical Conductivity of SiOCN Ceramics by the
Powder-Solution-Composite Technique. J. Am. Ceram. Soc. 2014, 97, 2525-2530. [CrossRef]

Roth, F.; Waleska, P.; Hess, C.; Ionescu, E.; Nicoloso, N. UV Raman spectroscopy of segregated carbon in
silicon oxycarbides. J. Ceram. Soc. Jpn. 2016, 124, 1042-1045. [CrossRef]

Wen, Q.; Yu, Z.; Riedel, R. The fate and role of in situ formed carbon in polymer-derived ceramics.
Prog. Mater. Sci. 2019, 100623. [CrossRef]

Sorart, G.D.; D’Andrea, G.; Campostrini, R.; Babonneau, F; Mariotto, G. Structural Characterization and
High-Temperature Behavior of Silicon Oxycarbide Glasses Prepared from Sol-Gel Precursors Containing
Si-H Bonds. J. Am. Ceram. Soc. 1995, 78, 379-387. [CrossRef]

Rouxel, T.; Soraru, G.-D.; Vicens, J. Creep Viscosity and Stress Relaxation of Gel-Derived Silicon Oxycarbide
Glasses. J. Am. Ceram. Soc. 2001, 84, 1052-1058. [CrossRef]

Bréquel, H.; Parmentier, J.; Sorart, G.D.; Schiffini, L.; Enzo, S. Study of the phase separation in amorphous
silicon oxycarbide glasses under heat treatment. Nanostruct. Mater. 1999, 11, 721-731. [CrossRef]


http://dx.doi.org/10.1111/jace.12067
http://dx.doi.org/10.1016/j.jeurceramsoc.2016.04.015
http://dx.doi.org/10.1002/adem.201800596
http://dx.doi.org/10.1111/jace.13206
http://dx.doi.org/10.1111/jace.16549
http://dx.doi.org/10.1111/j.1551-2916.2011.04810.x
http://dx.doi.org/10.1016/j.actbio.2005.05.005
http://dx.doi.org/10.1246/bcsj.20110357
http://dx.doi.org/10.1016/j.jeurceramsoc.2004.07.019
http://dx.doi.org/10.1016/j.jeurceramsoc.2007.09.024
http://dx.doi.org/10.3390/ma11010093
http://www.ncbi.nlm.nih.gov/pubmed/29315211
http://dx.doi.org/10.1016/j.jeurceramsoc.2010.11.019
http://dx.doi.org/10.1039/C6TC00069J
http://dx.doi.org/10.1016/S0955-2219(00)00068-6
http://dx.doi.org/10.1016/S0955-2219(00)00009-1
http://dx.doi.org/10.1016/j.jeurceramsoc.2014.12.007
http://dx.doi.org/10.1111/jace.12963
http://dx.doi.org/10.2109/jcersj2.16100
http://dx.doi.org/10.1016/j.pmatsci.2019.100623
http://dx.doi.org/10.1111/j.1151-2916.1995.tb08811.x
http://dx.doi.org/10.1111/j.1151-2916.2001.tb00789.x
http://dx.doi.org/10.1016/S0965-9773(99)00360-8

Molecules 2020, 25, 5919 16 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ionescu, E.; Terzioglu, C.; Linck, C.; Kaspar, J.; Navrotsky, A.; Riedel, R. Thermodynamic Control of Phase
Composition and Crystallization of Metal-Modified Silicon Oxycarbides. |. Am. Ceram. Soc. 2013, 96, 1899-1903.
[CrossRef]

Ferrari, A.C.; Robertson, J. Interpretation of Raman spectra of disordered and amorphous carbon. Phys. Rev. B
2000, 61, 14095-14107. [CrossRef]

Pimenta, M.A.; Dresselhaus, G.; Dresselhaus, M.S.; Cancado, L.G.; Jorio, A.; Saito, R. Studying disorder in
graphite-based systems by Raman spectroscopy. Phys. Chem. Chem. Phys. 2007, 9, 1276-1291. [CrossRef]
Lépez-Diaz, D.; Holgado, M.L.; Garcia-Fierro, J.L.; Velazquez, M.M. Evolution of the Raman Spectrum with
the Chemical Composition of Graphene Oxide. . Phys. Chem. C 2017, 121, 20489-20497. [CrossRef]
Vazquez-Santos, M.B.; Geissler, E.; Laszlo, K.; Rouzaud, J.-N.; Martinez-Alonso, A.; Tascén, ].M.D.
Comparative XRD, Raman, and TEM Study on Graphitization of PBO-Derived Carbon Fibers. . Phys.
Chem. C 2012, 116, 257-268. [CrossRef]

Larouche, N.; Stansfield, B.L. Classifying nanostructured carbons using graphitic indices derived from
Raman spectra. Carbon 2010, 48, 620-629. [CrossRef]

Cancado, L.G.; Takai, K,; Enoki, T.; Endo, M.; Kim, Y.A.; Mizusaki, H.; Jorio, A.; Coelho, L.N.;
Magalhaes-Paniago, R.; Pimenta, M.A. General equation for the determination of the crystallite size
La of nanographite by Raman spectroscopy. Appl. Phys. Lett. 2006, 88, 163106. [CrossRef]

Cangado, L.G.; Jorio, A.; Ferreira, E.H.; Stavale, E; Achete, C.A.; Capaz, R.B.; Moutinho, M.V.; Lombardo, A.;
Kulmala, T.S.; Ferrari, A.C. Quantifying Defects in Graphene via Raman Spectroscopy at Different Excitation
Energies. Nano Lett. 2011, 11, 3190-3196. [CrossRef] [PubMed]

Lucchese, M.M,; Stavale, F; Ferreira, E.H.M.; Vilani, C.; Moutinho, M.V.O.; Capaz, R.B.; Achete, C.A.; Jorio, A.
Quantifying ion-induced defects and Raman relaxation length in graphene. Carbon 2010, 48, 1592-1597.
[CrossRef]

Cattin, C.; Hubert, P. Piezoresistance in polymer nanocomposites with high aspect ratio particles. ACS Appl.
Mater. Interfaces 2014, 6, 1804-1811. [CrossRef] [PubMed]

Li, J.; Ma, P.C.; Chow, W.S,; To, CK,; Tang, B.Z.; Kim, J.K. Correlations between Percolation Threshold,
Dispersion State, and Aspect Ratio of Carbon Nanotubes. Adv. Funct. Mater. 2007, 17, 3207-3215. [CrossRef]
Mathew, M.; Schilling, T.; Oettel, M. Connectivity percolation in suspensions of hard platelets. Phys. Rev. E
2012, 85, 061407. [CrossRef] [PubMed]

Batrouni, G.G.; Hansen, A.; Larson, B. Current distribution in the three-dimensional random resistor network
at the percolation threshold. Phys. Rev. E 1996, 53, 2292-2297. [CrossRef]

Clerc, J.P; Podolskiy, V.A.; Sarychev, A.K. Precise determination of the conductivity exponent of 3D
percolation using exact numerical renormalization. Eur. Phys. J. B 2000, 15, 507-516. [CrossRef]
Vionnet-Menot, S.; Grimaldi, C.; Maeder, T.; Stréssler, S.; Ryser, P. Tunneling-percolation origin of
nonuniversality: Theory and experiments. Phys. Rev. B 2005, 71, 064201. [CrossRef]

Balberg, I. Tunneling and nonuniversal conductivity in composite materials. Phys. Rev. Lett. 1987, 59,
1305-1308. [CrossRef]

Balberg, I. Limits on the continuum-percolation transport exponents. Phys. Rev. B 1998, 57, 13351-13354.
[CrossRef]

Carcia, PF; Suna, A.; Childers, W.D. Electrical conduction and strain sensitivity in RuO, thick film resistors.
J. Appl. Phys. 1983, 54, 6002. [CrossRef]

Renlund, G.M.; Prochazka, S.; Doremus, R.H. Silicon oxycarbide glasses: Part II. Structure and properties.
J. Mater. Res. 1991, 6, 2723-2734. [CrossRef]

Ma, B.; Wang, Y.; Wang, K.; Li, X.; Liu, J.; An, L. Frequency-dependent conductive behavior of polymer-derived
amorphous silicon carbonitride. Acta Mater. 2015, 89, 215-224. [CrossRef]

Zhang, L.G.; Wang, Y.S.; Wei, Y.; Xu, W.X.; Fang, D.J.; Zhai, L.; Lin, K.C.; An, L.N. A Silicon Carbonitride
Ceramic with Anomalously High Piezoresistivity. . Am. Ceram. Soc. 2008, 91, 1346-1349. [CrossRef]
Terauds, K.; Sanchez-Jimenez, PE.; Raj, R.; Vakifahmetoglu, C.; Colombo, P. Giant piezoresistivity of
polymer-derived ceramics at high temperatures. J. Eur. Ceram. Soc. 2010, 30, 2203-2207. [CrossRef]

Engel, C. Elektrische Eigenschaften gefiillter Pyrolyse-Keramiken im System Si-O-C.; Shaker Verlag: Aachen,
Germany, 2000.

Mott, N.E; Davis, E.A. Electronic Processes in Non-Crystalline Materials; Clarendon Press: Oxford, UK, 1979.


http://dx.doi.org/10.1111/jace.12327
http://dx.doi.org/10.1103/PhysRevB.61.14095
http://dx.doi.org/10.1039/B613962K
http://dx.doi.org/10.1021/acs.jpcc.7b06236
http://dx.doi.org/10.1021/jp2084499
http://dx.doi.org/10.1016/j.carbon.2009.10.002
http://dx.doi.org/10.1063/1.2196057
http://dx.doi.org/10.1021/nl201432g
http://www.ncbi.nlm.nih.gov/pubmed/21696186
http://dx.doi.org/10.1016/j.carbon.2009.12.057
http://dx.doi.org/10.1021/am404808u
http://www.ncbi.nlm.nih.gov/pubmed/24410147
http://dx.doi.org/10.1002/adfm.200700065
http://dx.doi.org/10.1103/PhysRevE.85.061407
http://www.ncbi.nlm.nih.gov/pubmed/23005096
http://dx.doi.org/10.1103/PhysRevE.53.2292
http://dx.doi.org/10.1007/s100510051153
http://dx.doi.org/10.1103/PhysRevB.71.064201
http://dx.doi.org/10.1103/PhysRevLett.59.1305
http://dx.doi.org/10.1103/PhysRevB.57.13351
http://dx.doi.org/10.1063/1.331779
http://dx.doi.org/10.1557/JMR.1991.2723
http://dx.doi.org/10.1016/j.actamat.2015.02.020
http://dx.doi.org/10.1111/j.1551-2916.2008.02275.x
http://dx.doi.org/10.1016/j.jeurceramsoc.2010.02.024

Molecules 2020, 25, 5919 17 of 17

68.

69.
70.

71.

72.

73.

74.

75.
76.

77.

78.
79.

80.
81.

82.

83.

84.

85.

Davis, E.A.; Mott, N.F. Conduction in non-crystalline systems V. Conductivity, optical absorption and
photoconductivity in amorphous semiconductors. Philos. Mag. 1970, 22, 0903-0922. [CrossRef]

Jenkins, G.M.; Kawamura, K. Structure of Glassy Carbon. Nature 1971, 231, 175-176. [CrossRef]

van Hapert, ].]. Hopping Conduction and Chemical Structure. A study on Silicon Suboxides. Ph.D. Thesis,
Utrecht University, Utrecht, The Netherlands, 2002.

van Hapert, ].J.; Tomozeiu, N.; van Faassen, E.; Vredenberg, A.; Habraken, F. Charge transport through
localized states in sputtered amorphous silicon suboxides. MRS Proc. 2001, 666, F3.6. [CrossRef]
Dasgupta, D.; Demichelis, F.; Tagliaferro, A. Electrical conductivity of amorphous carbon and amorphous
hydrogenated carbon. Philos. Mag. B 1991, 63, 1255-1266. [CrossRef]

Jenkins, G.M.; Kawamura, K. Polymeric Carbons—Carbon Fiber, Glass and Char; Cambridge University Press:
New York, NY, USA, 1976.

Dresselhaus, M.S.; Dresselhaus, G.; Sugihara, K.; Spain, I.L.; Goldberg, H.A. Graphite Fibers and Filaments;
Springer: Berlin, Germany, 1988.

Robertson, J. Properties of diamond-like carbon. Surf. Coat. Technol. 1992, 50, 185-203. [CrossRef]

Kim, K.J.; Eom, J.-H.; Koh, T.Y.; Kim, Y.-W.; Seo, W.-S. Effects of carbon addition on the electrical properties
of bulk silicon-oxycarbide ceramics. J. Eur. Ceram. Soc. 2016, 36, 2705-2711. [CrossRef]

Liu, C.-C.; Walters, A.B.; Vannice, M.A. Measurement of electrical properties of a carbon black. Carbon 1995,
33, 1699-1708. [CrossRef]

Chung, D.D.L. Review Graphite. . Mater. Sci. 2002, 37, 1475-1489. [CrossRef]

Berezkin, V.I; Kholodkevich, S.V.; Konstantinov, PP. Hall effect in the natural glassy carbon of schungites.
Phys. Solid State 1997, 39, 1590-1593. [CrossRef]

Noda, T.; Inagaki, M.; Yamada, S. Glass-like carbons. J. Non-Cryst. Solids 1969, 1, 285-302. [CrossRef]
Mrozowski, S.; Chaberski, A. Hall Effect and Magnetoresistivity in Carbons and Polycrystalline Graphites.
Phys. Rev. 1956, 104, 74-83. [CrossRef]

Klein, C.A.; Straub, W.D. Carrier Densities and Mobilities in Pyrolytic Graphite. Phys. Rev. 1961, 123,
1581-1583. [CrossRef]

Baker, D.F,; Bragg, R.H. The electrical conductivity and Hall effect of glassy carbon. J. Non-Cryst. Solids 1983,
58, 57-69. [CrossRef]

Esquinazi, P.; Kruger, J.; Barzola-Quiquia, J.; Schonemann, R.; Herrmannsdorfer, T.; Garcia, N. On the
low-field Hall coefficient of graphite. AIP Adv. 2014, 4, 117121. [CrossRef]

van der Pauw, L.J. A Method of Measuring Specific Resistivity and Hall Effect of Discs of Arbitrary Shape.
In Semiconductor Devices: Pioneering Papers; World Scientific: Singapore, 1991; pp. 174-182.

Sample Availability: Samples of the compounds are not available from the authors.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1080/14786437008221061
http://dx.doi.org/10.1038/231175a0
http://dx.doi.org/10.1557/PROC-666-F3.6
http://dx.doi.org/10.1080/13642819108205558
http://dx.doi.org/10.1016/0257-8972(92)90001-Q
http://dx.doi.org/10.1016/j.jeurceramsoc.2016.04.034
http://dx.doi.org/10.1016/0008-6223(95)00125-4
http://dx.doi.org/10.1023/A:1014915307738
http://dx.doi.org/10.1134/1.1129903
http://dx.doi.org/10.1016/0022-3093(69)90026-X
http://dx.doi.org/10.1103/PhysRev.104.74
http://dx.doi.org/10.1103/PhysRev.123.1581
http://dx.doi.org/10.1016/0022-3093(83)90103-5
http://dx.doi.org/10.1063/1.4902099
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Materials Synthesis 
	Materials Characterization 

	Conclusions 
	References

