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Nanosized carbon clusters self-formed in polymer-derived ce-
ramics (named free carbon) play a key role in determining the
properties of the materials. However, it is difficult to quantita-
tively measure the concentration of the free carbon. Lack of this
information restricts the understanding of the properties of the
materials. In this paper, we report a Raman spectroscopy-based
quantitative method to measure the free carbon concentration by
using silicon as an external reference. We demonstrate that the
technique provides a simple and reliable way for the carbon
content quantification.

I. Introduction

RECENTLY, amorphous silicon-based ceramics were synthe-
sized by thermal decomposition of polymeric precursors.'
This new class of materials, named polymer-derived ceramics
(PDCs), has attracted extensive attention due to their unusual
structures/properties and potential applications.>”> One unique
structural feature of PDCs is that they always contain a certain
amount of free carbon, formed spontaneously during pyrolysis.®
Previous studies suggested that these nanoscaled free carbon
clusters play a key role in determining the properties of PDCs.
For example, the conduction mechanism of PDCs strongly de-
pends on the concentration of the carbon clusters,”® varying
from a tunneling percolation mechanism for materials with a
high free carbon concentration to an amorphous semiconducting
mechanism for materials with a low free carbon concentration.
The free carbon is also responsible for the high-temperature
thermal stability of the materials.'

While free carbon clusters were widely observed in PDCs,
quantitatively measuring their concentration has not been re-
ported. Transmission electron microscopy (TEM) can only be
used to observe these carbon clusters within relatively small ar-
eas,'! but is not suitable for large-scale quantitative measure-
ments. X-ray diffraction is also not suitable for such
measurements due to the amorphous nature of the materials.
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Electron paramagnetic resonance has been used to determine
the concentration of the free carbon by measuring the carbon-
dangling bond concentration.'> However, the two concentra-
tions have no direct relationship. The lack of quantitative
information on the free carbon concentrations drastically limits
the understanding of the properties of PDCs in detail.

In this paper, we report a Raman spectroscopy-based method
for quantitative measurements of free carbon concentrations
within PDCs. The method uses silicon as an external reference.
First, a calibration curve is obtained by measuring the relation-
ship between the concentration ratio of silicon to carbon and the
Raman band intensity ratio of the two materials. The calibra-
tion curve is then used to obtain free carbon concentrations in
PDC:s by analyzing the Raman band intensity ratio of silicon to
PDCs. The average size of the free carbons is also estimated
from the Raman intensity ratio of D to G bands.

1L

The intensity of the Raman band, 7, of a given species can be
expressed as'®

Quantitative Raman Analysis

I =k(v)A(W)J (v)CIL,(v)* (1
where k(v) is a constant related to the spectrometer, 4(v) the self-
absorption of the medium, J(v) a molar scattering parameter, C
the concentration of the species responsible for the scattering, 7,
the intensity of the incident beam, and v the frequency of the
incident radiation. Equation (1) cannot be directly used to mea-
sure the concentration of the species because the constants as-
sociated with the materials are usually difficult to obtain. More
importantly, Raman intensity is sensitive to the surface condi-
tions of the sample; thus it can vary significantly from sample to
sample, even when they share the same composition.

However, quantitative Raman analysis can be performed by
using an external reference. From Eq. (1), Raman signals ob-
tained from the sample containing the external reference can be
expressed as

I

I,

C;
— K=t

C. (@)

where 7. and [ are respective Raman band intensities of the
reference and the species to be measured; C, and Cs are re-
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spective concentrations of the reference and the species. The
prefactor K is only related to the properties of the species and
the reference; thus it should be a constant for a given species—
reference system. Note that because both the species and the
reference are in the same sample, K is no longer affected by the
surface conditions of the sample. It is seen from Eq. (2) that if K
is known, the concentration of the species can be calculated by
measuring the relative Raman band intensities from a sample
containing a known amount of reference.

For a given species—reference system, K can be determined
experimentally. This can be simply done by measuring the rel-
ative Raman band intensities from the sample of the known
species-to-reference ratio. K can also be determined graphically
based on Eq. (2) by measuring relative Raman band intensities
from a set of samples with different species-to-reference ratios.

III. Experimental Procedure

In this study, we use silicon powder (NP-Si-P50, MTI Corpo-
ration, Richmond, CA) as the external reference because it has
a strong and sharp Raman signal. In order to obtain the cal-
ibration curves, the silicon powder is mixed with pure carbon
(graphite) powder (633100, Sigma-Aldrich Corp., St. Louis,
MO) at different volume ratios using high-energy ball milling
(8000M-115, Spex Certiprep Group, Metuchen, NJ) for 40 min.
The obtained powder mixtures are then pressed into disks of
12.5 mm in diameter and 3 mm in thickness. The Raman spec-
tra are obtained for the disks using Renishaw invia Raman mi-
croscopy (Renishaw Inc., Gloucestershire, UK). The excitation
source used is the 532 nm line of a silicon-solid laser, and the
size of the focused laser beam is ~ 10 um. In order to minimize
the measurement error as a result of a possible nonhomoge-
neous mixture, at least 20 Raman spectra are obtained for each
disk from sites randomly selected.

The PDC tested in this study is synthesized using a commer-
cially available liquid-phase polysilazane (Ceraset, Kion, Hun-
tingdon Valley, PA) as a precursor. First, Ceraset is mixed with
4 wt% of dicumyl peroxide. The mixture is then solidified by
heat treatment at 150°C for 30 min in pure N,. The solid is
crushed into powder using high-energy ball milling for 40 min,
and then pyrolyzed in a flow of ultrahigh-purity nitrogen at
1300°C for 4 h to convert it into an amorphous silicon carbon-
itride (SiCN) ceramic powder of ~ 1 pm in diameter.'* The ob-
tained ceramic powder is mixed with the silicon powder at
different volume ratios using high-energy ball milling for 40
min. The mixtures are then pressed into disks. Raman spectra
are then obtained for these disks using the same procedure and
parameters described above.

IV. Results and Discussion

Figure 1 shows typical Raman spectra obtained for the pure
silicon powder, the pure carbon powder, and the mixture of the
silicon and carbon powders. As is expected, the positions and
curve shapes of Raman signals for both silicon and carbon in the
mixture remain the same, as they are in free-stand forms. This is
the first sign that the silicon could be a good reference for mea-
suring the concentration of free carbons.

The intensities of Raman signals are represented by the area
underneath the bands (Fig. 1). For carbons, the intensity is the
sum of the area underneath both the G and D bands. Figure 2
shows the intensity ratio of silicon to carbon Raman bands as a
function of the volume ratio of the two materials (because sil-
icon and carbon are the only two components of the mixture,
the volume ratio of the two is equal to their volume fraction
ratio). It is not a surprise that the signal ratio and the volume
fraction ratio exhibit a well-defined linear relationship, as pre-
dicted by Eq. (2). Such a well-defined linear relationship is also
indicative that our measurements are accurate. The K factor for
the silicon—carbon system is equal to 0.0164, as calculated from
the data presented in Fig. 2.
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Fig.1. Raman spectra of (a) the pure silicon reference, (b) pure graph-
ite powder, and (c) the silicon—carbon mixture with a volume ratio of 2:1.

To measure the free carbon concentration in amorphous
SiCN, silicon powder is mixed with the SiCN powder in known
proportions. The typical Raman spectra of the SiCN powder
and the mixture are shown in Figs. 3(a) and (b), respectively.
The spectrum of the SiCN contains only two bands, belonging
to the D and G bands of free carbon. The position and shape of
the Raman bands for the SiCN powder in the mixture are the
same as for pure SiCN.
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Fig.2. A plot of the Raman band intensity ratio of Si to C as a function
of the volume ratio of Si to C.
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Fig.3. (a, b) Typical Raman spectra obtained from the silicon carbon-
itride (SiCN) powder and the silicon—-SiCN mixture with a volume ratio
of 1:1. (c) Plot of the silicon to SiCN volume ratio as a function of the
normalized silicon to SiCN Raman intensity ratio.

The SiCN contains a certain amount of the free carbon, in
which the volume fraction, C'c, is

_ 14
Vsicn

Ce 3)
where V¢ is the volume of the free carbon in the SiCN and the
Vsicn volume of the SiCN (including that of the free carbon).

The respective volume fractions of the free carbon and the sil-
icon powder in the silicon—SiCN mixture are

Ve
Co=—"C 4a
€™ Vsien + Vsi (42)

Vsi
Csi=—> 4b
7 Veien + Vsi (46)

where Vg; is the volume of the reference silicon within the mix-
ture. According to Egs. (2) and (4), we have

Is; Csi Vsi
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Fig.4. Free carbon sizes measured in the polymer-derived ceramic.

Combining Egs. (3) and (5), we obtain

Ii 1 Vsi/Vsien 1 Vs

L VM 6a
Ic K Vc/Vsien  Ci Vsien (6a)
Rearranging Eq. (6a), we obtain that
Vsi Is;
S _ 7 Si (6b)

Vsien S IcK

Equation (6b) suggests that the volume ratio of silicon to
SiCN (Vsi/Vsicn) should exhibijt a linear relationship with the
normalized intensity ratio ZI%K) and the slope of the curve is
the free carbon concentration i SiCN to be measured. Figure
3(c) plots the V;/Vsicn as a function of the normalized intensity
ratio. A well-defined linear relationship is obtained, as predicted
by Eq. (6b). Again, such a well-defined linear relationship sug-
gests that the measurement is highly accurate. The free carbon
concentration of the SiCN is measured from the curve to be 15.8
vol%. A previous study® showed that this material possesses a
tunneling-percolation behavior, suggesting a high free carbon
concentration, which is in conformity with the current results.

The Raman spectra can also be used to estimate the diameter,
L,, of the carbon clusters. Tuinstra and Koening suggested that
the L, is related to the relative intensity of the G and D, ac-
cording to following equation'™:

I Cc(h
. g
G a
where Ip and I are the intensities of D and G bands, respec-
tively; C(A) is a constant that depends on the wavelength of the
incident beam. For the beam used in this study (A = 532 nm),
Cis ~4.95 nm.">"® Figure 4 plots the diameters of the free car-
bon from 80 measurements. The average size of the carbon clus-
ter is 2442 A. This value is consistent with the TEM results.'!

V. Summary

We report a simple Raman spectroscopy-based technique to
quantitatively measure the concentration of the free carbon
within PDCs. Silicon powder is used as the external reference.
Our results suggest that the technique is highly accurate.
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