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UV Raman spectroscopy of segregated carbon
in silicon oxycarbides
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Polymer-derived silicon oxycarbides exhibiting <1 and 10 vol. % of segregated carbon finely dispersed within a glassy Si,O0,C;
matrix have been investigated by UV Raman spectroscopy using a laser excitation of 4.8 eV (1 = 256.7 nm). Carbon exists as
amorphous sp>-sp® bonded component in SiOC/C (<1 vol.%) pyrolyzed at 1100°C in H,, including C—C single bonds, polymeric
chains and small polycyclic aromatic hydrocarbons (PAHs). The formation of nanocrystalline carbon at T > 1400°C is seen in the
Raman spectra of SiOC/C (<1 vol.%) and SiOC/C (10 vol. %) by the appearance of the G band of graphite. Tempering at 1600°C
increases the degree of order within the carbon phase. However, the slight narrowing of the G peak with processing temperature
(by about 5%) indicates still not well-crystallized carbon: the Raman results can be best explained by turbostratic carbon (with a

lateral size L, of 2 nm) and do not support the model description in literature as a network of single layer graphene.
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1. Introduction

Polymer-derived ceramics possess a variety of interesting
properties like outstanding thermal stability against decomposi-
tion and crystallization,)> excellent high-temperature creep
resistance,- piezoresistivity at ambient as well as high temper-
ature,® high reversible capacity concerning lithium-ion uptake
and release” and electromagnetic shielding® which all rely on
the presence of a segregated carbon phase randomly distributed
within a glassy matrix.

Two types of carbons are present in silicon oxycarbides (SiOC):
sp3-hybridized, tetrahedrally bonded carbon within SiOy;Cs_m
(1 < m < 4) structural units and a segregated carbon phase (“free
carbon”), which is generated in situ upon the thermolysis of
the organic substituents bonded to silicon in the polysiloxane
precursor. Several studies indicate that the generation of the
segregated carbon phase begins at temperatures as low as 500—
800°C.2+"D According to Monthioux et al. carbon starts to segre-
gate as polycyclic aromatic hydrocarbons (PAHs) with lateral
sizes of ~1nm.'? Dehydrogenation and edge-to-edge-linkage
of neighboring PAHs lead to the formation of larger graphitic
clusters within the silicon oxycarbide matrix.

Raman spectroscopy is a powerful and non-destructive tech-
nique, which allows for assessing lattice dynamics and vibrational
spectroscopy of carbon-based materials such as amorphous car-
bon,!3!4) carbon nanotubes,'>™'? graphene,!®!?) graphite?®?D
and diamand like carbon (DLC) materials.??»*3) It is very sensitive
to the s-p hybridization state of carbon and thus provides valuable

" Corresponding author: E. Ionescu; E-mail: ionescu@materials.
tu-darmstadt.de

" Corresponding author: N. Nicoloso; E-mail: nicoloso @materials.
tu-darmstadt.de

1T Preface for this article: [ie]] http://dx.doi.org/10.2109/jcersj2.124.P10-1

1042

[Received April 27, 2016; Accepted May 21, 2016]

information about the nano/microstructure and the degree of
ordering of the material. The Raman spectrum of, e.g., diamond
shows a single peak at 1333cm™' due to the tetrahedral sp’-
bonds, whereas sp?-bonded graphite exhibits a peak at 1580 cm™!
assigned to the E,, vibration (G mode). In case of structurally
disordered graphite, the D mode with A, symmetry appears at
1380 cm™! together with the G mode. Additional modes can be
present in disordered carbon such as the v3- and v;-mode (1180
and 1520 cm™!) due to polyolefinic chains and the G mode of
amorphous carbon down-shifted to ~21500cm™!, respectively.
Visible Raman spectroscopy is far more sensitive to sp>-sites than
to sp-sites, making it hard to investigate the latter.>*>> With
its higher photon energy of 4.8e¢V, UV Raman spectroscopy
excites both the 77- and the o-states allowing to probe sp* sites. We
therefore applied UV Raman spectroscopy to gain more detailed
insight into the different hybridization states of carbon in SiOC
ceramics and their changes with temperature and concentration.
As shown in the following, the ordering of carbon gradually
increases with temperature and initial carbon concentration,
ultimately leading to sp?>-bonded turbostratic graphite distributed
within the glassy Si,O0,C. matrix.

2. Experimental

Silicon oxycarbide (SiOC/C) containing 10vol.% segregated
carbon was prepared from a commercially available poly(meth-
yl)silsesquioxane (PMS MK, Wacker AG, Munich, Germany),
which was cross-linked at 250°C, pyrolyzed at 1100°C for 2h
under Argon and subsequently ball-milled and sieved to a particle
size <40 um. SiOC/C with very low content of segregated car-
bon (<1 vol.%) was synthesized from polysiloxane microspheres
(Tospearl 2000B) upon pyrolysis in hydrogen atmosphere, as
described previously.?®2?” Both powders were hot-pressed at
1400 and 1600°C (50 MPa, Argon atmosphere, 30 min) to obtain
monolithic samples. Diamond nanoparticles (particle size <10
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nm, Sigma-Aldrich) and B-silicon carbide (B8-SiC, particle size
<400 nm, Sigma-Aldrich) were used as reference materials.

A tunable Ti:sapphire solid state laser (Coherent, Indigo-S)
with an excitation wavelength of 256.7 nm (i.e., 4.8 eV) was em-
ployed for the UV Raman studies carried out at room temper-
ature. Anisotropic BBO (fB-barium borate) and LBO (lithium
triborate) crystals have been used to generate the UV radiation
by frequency tripling the fundamental (770.1 nm) of the laser.
Scattered radiation is dispersed and detected with a triple stage
spectrometer (Princeton Instruments, TriVista 555) equipped with
a CCD camera (Princeton Instruments, Specl10:2kBUV). The
spectral resolution of the spectrometer is &1 cm™!. For a more
detailed description of the laser assembly and the spectrometer,
the reader is referred to Ref. 28.

A mirror system has been designed to guarantee an efficient
collection of the scattered Raman photons. A spherical mirror
(Edmund Optics) focuses the laser beam onto the sample. Two
90° off-axis parabolic mirrors (Thorlabs) collect and refocus the
scattered photons into the spectrometer.

Prior to each measurement, the spectrometer has been cali-
brated using boron nitride (BN, 99%) and the laser power was
reduced to <400 uW to avoid sample damage. The acquisition
time of each spectrum was >1h to obtain a signal-to-noise ratio
>3. All spectra were background subtracted, smoothed (SMA,
simple moving average) using Matlab R2010a and fitted to
Lorentzian line shapes using Origin Pro 9.1.0G.

3. Results and discussion

Figure 1 compares the UV Raman spectrum of SiOC/C (<1
vol.%) prepared upon pyrolysis at 1100°C with those of dia-
mond nanoparticles (<10nm), highly ordered pyrolytic graphite
(HOPG) and of B-SiC. Nanodiamond and SiC show the charac-
teristic modes of sp>-bonded tetrahedral carbon at 1333 cm~! and
of the Si—C bond at 790 cm™! (and its 2nd harmonic at 1580
cm™!), respectively. The nanodiamond sample exhibits a broad
signal at 1600 cm™ corresponding to the E,, mode (G band)
of polycrystalline surfacial graphite. A much narrower G peak
is seen in the spectrum of highly ordererd pyrolytic graphite
(HOPG).? Note that graphite shows no D mode (1380 cm™') as
it is suppressed in UV Raman.’” In comparison to these refer-
ence materials, the SiOC/C sample does not exhibit the typical
resonances of graphitic (or diamond-like) carbon. Therefore, the
signals at wave numbers >1000 cm™! are considered to belong to
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Fig. 1. UV Raman spectra of SiOC/C (<1 vol.%), SiC, HOPG*” and
nanodiamond. Spectra are offset for clarity.
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non-graphitic carbon. The most prominent feature at 1500 cm™!
can be attributed to the E,; mode (G band) in amorphous carbon
where conjugated sp®> bonds (ring- and chain-like structures)
coexist with sp* single bonds.3!

According to the elemental analysis,?® the SiIOC/C (<1 vol.%)
sample contains significant amounts of hydrogen (*24 mol %),
suggesting that amorphous hydrogenated carbon (a-C:H) is
formed. The band at 1115cm™! indicates the presence of poly-
acetylene (-C=C-), with chain length n & 10.>? Configurational
and conformational deformation leads to the strong broadening
of the Raman signal. Short chains (-CH=CH-), with n < 4 are
expected to give rise to a Raman band at ~1650cm™'. Such a
band has been observed only in case of laser excitation with a
power >1mW able to fragment the longer chains.

Small polycyclic aromatic hydrocarbons (PAHs) are identified
by the signal at 1360 cm™!,3%-33) and C—C single bonds (sp*) by
the signal at 980 cm™'.3) Finally, the broad resonances appearing
at 345, 510 and 830cm™' correspond to glassy Si,0,C. (Si-O,
Si—O and Si—C). Figure 2 depicts the Raman results in the range
of 1900-3500cm™". All signals can be attributed to the 2nd
harmonics of the Raman modes described above. According to
Ref. 31 the bands at 3295 and 2940 cm ™! correspond to the over-
tones of polymeric chains ((CH=CH-),s.100 and of C-H vibra-
tions in a-C:H. The three other bands at 2690, 2390 and 2000
cm™! are overtones of the PAHs, polyacetylene (<CH=CH-),~¢
and the C—C bonds.

According to the Raman analysis SiOC/C (<1vol.%) pyro-
lyzed at 1100°C in H, contains a variety of carbon states deter-
mining the actual microstructure. Carbon sp*- and sp’-bonds
coexist at the local scale creating severe disorder, as displayed by
the strong broadening of the Raman signals. There appears to be
no formation of larger clusters of either sp*- or sp’-type carbon.
Especially, we do not see a clear indication of 2-dimensional car-
bon structures (network of single layer graphene) as proposed in
the model description of SiOC/C by Saha et al.>® and suggested
by the etching experiments of SiOC/C with 0.2-31.3vol.% of
segregated carbon.>> H-terminated edges in PAHs, polyacetylene
and a-C:H prevent 2D growth and disorder also favors 3D bond-
ing. Hence, it appears unlikely that the observed carbon struc-
tures form a 2D network. The chain and ring structures can act,
however, as nucleation centers for extended 3D carbon structures
with long-range interaction. Raising the pyrolysis temperature
should then result in more ordered/crystalline carbon, i.e. the
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Fig. 2. UV Raman spectrum of SiOC/C (<1vol.% of segregated
carbon) within the range of 1950-3300 cm™".
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Fig. 3. UV Raman spectra of the SiOC/C sample with <1vol.% of
segregated carbon pyrolyzed at 1400°C.
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Fig. 4. UV Raman spectra of the SiOC/C sample with 10vol.% of
segregated carbon pyrolyzed at 1400°C.

concentration of olefinic chains, PAHs and a-C:H should decline
at the expense of nanocrystalline graphite. Accordingly, the
Raman spectrum at T 3> 1000°C should be dominated by the
G and D band of graphite-like carbon. As shown in Fig. 3, the
polyacetylene and polycyclic aromatic hydrocarbon bonds have
disappeared and only a broad resonance at 1500cm~' with
shoulders at 1600 and 1380 cm™! is visible in the SiOC/C sample
(<1vol.%) pyrolyzed at 1400°C.

The deconvolution of the spectrum clearly demonstrates the
occurrence of polycrystalline graphite (G and D band at 1600 and
1380 cm™!, respectively) besides amorphous carbon.

As supported by elemental analysis,?® the change in the carbon
microstructure results from the loss of hydrogen at temperatures
in the range of 1000 to 1250°C: breaking up C-H bonds pro-
motes the formation of aromatic sp>-bonded carbon. Note that
under the chosen experimental conditions amorphous carbon still
exists, indicating an early stage of graphitization.

Figure 4 shows the UV Raman spectrum of the SiOC/C
(10vol.%) sample processed under the same conditions as the
SiOC/C (<1vol.%) sample, but starting from a different pre-
cursor. Comparison of Figs. 3 and 4 allows to estimate the impact
of the precursor on the graphitization process. Both samples
show the same carbon signals, i.e. D (*1400cm™"), a-C (*21500
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Fig. 5. UV Raman spectrum of SiOC/C (10 vol.% segregated carbon/

1600°C). The inset presents the Raman modes due to double resonant
scattering.

ecm™") and G (*1600 cm™") but with different relative intensities.
The change in the signal intensities as well as the shift of the G-
band from 1580 cm™! (SiOC/C < 1vol.%) to 1600 cm™! (SiOC/
C = 10vol.%) signalize the (gradual) change from amorphous to
nanocrystalline carbon.'® The graphitization progresses at differ-
ent rates in the two samples, as indicated by the decrease of the
intensity of the a-C signal with respect to the G-band, i.e. the
formation of graphitic domains proceeds faster in the carbon-rich
sample. The transformation to nanocrystalline carbon can be
regarded as finished when the a-C signal disappears. Figure 5
presents the UV Raman spectrum of the SiOC/C sample with
10 vol.% segregated carbon pyrolyzed and hot-pressed at 1600°C
under Argon. The band due to a-C has vanished and the two
characteristic UV Raman bands of graphitic carbon appear: the
G band at 1580 cm™' and the complex signal at 23000 cm™' due
to double resonant Raman scattering.3®3” The inset of Fig. 5
displays the deconvolution of the latter signal.

The peak positions of the fitted lines are in excellent agreement
with literature UV Raman data for graphite.?® The only remarka-
ble difference appears to be the broadening of the Raman lines
(by a factor of =5) which very likely arises from the higher
distortion of graphite in contact with the glassy matrix. Note that
the obtained data rule out graphene as carbon component in
SiOC/C nanocomposites, as assumed in Ref. 35. The UV Raman
spectrum of single layer graphene shows less marked signal
structure, i.e. fewer peaks are observed in the range of 2600 to
3400 cm™".*® The weak but still visible D peak and the change in
the full width at half maximum (FWHM) of the G signal also hint
at non-ideal graphite. The FWHM exceeds the value of highly-
ordered graphite by far (FWHMjpopg = 10cm™!) and decreases
only slightly from 51 cm™" (1400°C) to 47 cm™" (1600°C). The
lateral size L, of non-distorted/ideally crystallized graphite can
be estimated from Raman measurements with visible light (514
nm) yielding domain sizes of <2 nm, which remain almost con-
stant within the temperature range 1400-1600°C.3” Combining
these data with our UV Raman results, the state of carbon or
stage of graphitization at T = 1600°C, respectively, can be best
described by turbostratic carbon.

4. Summary and conclusion

SiOC/C ceramics with two different concentrations of segre-
gated carbon (<1 and 10vol.%) processed at temperatures
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1100°C < T < 1600°C have been investigated by UV Raman
spectroscopy (A = 256.7 nm) to follow the different stages of the
graphitization of the carbon phase. At 1100°C, carbon forms a
non-uniform amorphous sp>~sp> bonded network in SiOC/C (<1
vol.%) including C—C single bonds, polymeric chains and small
polycyclic aromatic hydrocarbons. Dehydrogenation at about
1200°C promotes sp> bonding at the expense of sp® bonding
creating extended aromatic carbon structures. The transformation
of amorphous carbon to nanocrystalline carbon at T > 1400°C is
seen in the Raman spectra of SiOC/C (<1 vol.%) and SiOC/C
(10vol.%) by the decrease of the a-C signal and the appearance
of the G band (and its shift to higher wavenumbers) of crystalline
carbon. Upon thermal annealing at 1400°C < T < 1600°C, the
nanocrystalline carbon phase gradually transforms into graphite
which is, however, far from being well-ordered at T = 1600°C.
In agreement with previous TEM studies,*? the obtained results
suggest the presence of turbostratic carbon within the SiOC
glassy matrix and do not support the model description of carbon
as a network of single layer graphene bonded to silica SiO,Cy_py
tetrahedra (1 < m < 4).
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