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Introduction 

Laminar pyrolytic carbons (so-called pyrocarbons or 
PyCs) are dense, graphene-based carbons used in many 
applications such as in aerospace industry for rocket nozzles 
or aircraft brake pads. In order to characterize the properties of 
PyCs, optical and transmission electron microscopy (TEM) 
are often reported. While TEM requires a time-consuming and 
specific sample preparation, Raman scattering can be obtained 
directly onto the sample without any preparation. Raman 
spectroscopy, which is optical and non-invasive, is an 
interesting tool to consider as several parameters linked to the 
nanotexture can be deduced from a single spectrum. 
Moreover, anisotropy, which is usually evidenced with 
polarized light, can also be evidenced through Raman 
selection rules. The crystallite size is directly calculated from 
the intensity ratio of two bands, D to G. Moreover, by varying 
the excitation wavelength, the intensity ratio of D/G can be 
modified and compared with the same D/G variation in a 
graphite material taken as a reference. The differences 
observed between both are due to some modifications in the 
electronic properties.  

Fitting the bands in a Raman spectrum has always been a 
difficult task. Every Raman specialists around the world have 
developed their own procedure. Usually, several sub-bands, 
the existence of which is even not necessarily related to any 
physical meaning, are added until the spectrum is well 
described. The major problem with this strategy is to 
discriminate the signal coming from the regular vibrational 
theory from the double resonance effect which is wavelength-
dependent through both its intensity and energy position. To 
account for changes in the background intensity, considering a 
Breit-Wigner-Fano shape has also been proposed. The major 
problem is that disorder activates a Raman signal due to a 
double resonance effect which cannot be easily incorporated 
in simulations. Moreover, disorder activates the phonon 
density of states as well, which cannot be described by a mere 
Lorentzian.  

In this Raman study, three types of PyC were analyzed at 
several excitation wavelengths and compared to a highly-
oriented pyrolytic graphite (HOPG) reference. Attention was 
paid to the absolute Raman scattering intensity, the D/G band 
intensity ratio, and the possible occurrence of new bands at 
any wavenumber. We were able to propose a strategy 
involving few adjustable parameters, allowing the 
wavenumbers of both the G and D bands as well as their 
integrated intensities to be accurately found. What could be 
learnt from using several wavelengths is also discussed, as 
well as the Knight-and-White’s law [1] determined with green 

wavelength. We discuss why these extreme wavelength values 
do not always follow the law reported in the literature and why 
it is interesting to acquire them when aiming to characterize 
PyCs or other bulk carbon materials, as suggested by previous 
studies [2]. 
 
Sample and experiments 

Three kinds of PyC materials were prepared in an 
industrial oven: rough laminar (PyC-1), smooth laminar (PyC-
2) and regenerated laminar (PyC-3). More details about 
material preparation are reported in [3]. 

Raman measurements were carried out without any 
surface preparation. The backscattering configuration with 
objectives x50 to x100 was used. The laser power was kept 
low, in the range of 0.5 to 4 mW depending on the objective, 
in order to prevent heating although the thermal conductivity 
of the samples is relatively high. Several spectrometers were 
used : Dilor UV spectrometer for wavelengths ranging from 
275 nm to 364 nm (4.5 eV to 3.4 eV), Dilor XY spectrometer 
with Ar laser and T64000 Jobin-Yvon Horiba with Kr laser for 
visible lines, and XPlora Jobin-Yvon Horiba spectrometer for 
the 532, 638 and 784 nm wavelengths (2.34, 1.96 and 
1.54 eV). With the XPlora spectrometer, during the laser line 
switching, the alignment is preserved, allowing the spectra 
recorded using three different excitation wavelengths onto the 
very same sample area to be compared. Studies were 
performed at room temperature (~ 295 K) with nine excitation 
lines for PyC-1 (from 1.58 to 3.53 eV), ten for PyC-2 (1.58-
4.5 eV) and four for PyC-3 (1.58-2.33 eV). In order to obtain 
the absolute Raman cross section, the signal on the surface of 
a <111>-CaF2 crystal was acquired using the same conditions. 
The optical phonon observable at 322 cm-1 is allowed by 
Raman selection rules. In backscattering configuration, the 
Raman signal is observed in crossed and parallel 
configuration. With the Z(XX)Z configuration, the Raman 
selection rules give a2 while with the Z(XY)Z configuration 
2/3a2 is found where a is the tensor element. The phonon is 
fitted by a simple Lorentzian and the integrated intensity is 
used to normalize the Raman spectra of the PyCs. In the 
literature, the height of the peak (labelled I) and the area 
(labelled A) are indifferently used, particularly for the D/G 
ratio. As the broadening of the D band is nearly twice that of 
the G band, a rough correspondence can be proposed. We 
decided in this study to use only the area as this parameter is 
more universal than the height. For example, as temperature 
increases, the area of the peak is maintained while the height 
decreases. Going from crystalline to amorphous, the integrated 
signal is roughly constant while no comparison is possible 
with height. 

Fitting is an important point for comparing the results 
with the literature. For the PyCs, spectra are fitted using a 
linear background and only two Lorentzians for D and G 
bands. Some errors are present but this simplicity allows our 
results to be used and compared with previous reports. When 
the fitting was not satisfactory at all, for example with infra-



 

 

red, we modified the shape and used the integrated intensity. 
Anyway, we preferred to have in all cases only two 
wavenumbers, one for the D band and one for the G band. All 
parameters were kept free and determined using the non-linear 
least-square method. 

The ratio of anisotropy in the PyCs was determined using 
the ratio of Raman intensities between the parallel and the 
crossed configuration: Ra = IY(XX)Y/IY(ZX)Y with Z aligned along 
the c crystallographic axis for the HOPG and along the growth 
axis for the PyCs. For the HOPG, if the polarization of the 
light is along the c axis, no Raman signal is observed. For the 
PyCs, this ratio varies from 1 (phonons are unpolarized) to 
infinity. In order to obtain an absolute value, each spectrum 
could be normalized with CaF2 or, alternatively, the 
wavelength for which the spectrometer has the same response 
for both polarizations could be used (checkable with white 
light). In such a case, Y(XZ)Y or Y(ZX)Y are exactly the 
same.  
 
Results and Discussion 

In Fig. 1 is reported the typical Raman spectra of PyC-1 at 
four exciting wavelengths in the range 1000-2000 cm-1. With 
the ~275 nm excitation (UV), the G band dominates the 
Raman spectrum. At 488 nm (visible), one can clearly see an 
anomaly with a huge background. Shifting the excitation 
wavelength to 515, 532 and 568 nm (higher visible) leads to a 
strong reduction of the background (only the latter one is 
shown on the figure). With visible excitations, both the D and 
G bands are well described by a mere Lorentzian. With 
785 nm (infra-red), a double resonance signal corresponding 
to the D band is really large and the shape of the D band is 
changed, with shoulders to the main peak. 

 

 
Fig. 1. Typical Raman spectra for PyC-1  
 

In Fig. 2 is reported the Raman spectra of the three PyCs 
samples at 532 nm (green). The broadening of the D band is 
clearly different between the samples and can be used to 
selectively characterize the PyCs. The 2D band is also a 
criterion that will be used in a future work.  

In Fig. 3, the D band Full Width at Half Maximum 
(FWHM) is plotted versus the ratio of anisotropy, as 
introduced by [4]. However, instead of using Y(X,X+Z)Y 
versus Y(XZ)Y as in [4], the more universal definition 
Y(XX)Y versus Y(XZ)Y was used. Moreover, this ratio is 
simpler to obtain experimentally, through a rotation of the 
polarizer inducing a rotation of the incident polarization. In 
the ratio, Y(XZ)Y may be substituted by Y(ZX)Y which is 
equivalent. 

 

 
Fig 2. Raman spectra of PyC-1, PyC-2 and PyC-3 with an 
excitation wavelength of 532 nm (green). 
 

 
Fig. 3. Classification of the PyCs with data originating from 
our samples. 

 
In Fig. 4 is reported the Raman signal intensities for both 

the D and G bands normalized by the CaF2 signal. As the CaF2 
signal is non-resonant and nearly constant in the visible range, 
the normalization removes the spectrometer response. One can 
observe that the variation is quite large. The Z(X,X+Y)Z 
configuration was used, corresponding to unpolarized spectra 
obtained on the sample surface perpendicular to the growth 
axis. For both the UV and the infrared excitations, the Raman 
cross-section is lower than in most of the visible range, with 
an exception at 568 nm (2.18 eV) for which a dramatic 
reduction of the Raman intensity is seen. At 488 nm (2.54 eV), 
a huge background is observed (Fig. 1). Hence, either the 
green (515-530 nm) or red (630-650 nm) wavelengths seem 



 

 

good to be used to characterize PyC materials. In the previous 
work by Knight and White [1], the green wavelength had been 
selected (515 nm), which is definitively validated as a good 
choice with our work on different samples. Besides, with the 
UV 275 nm wavelength, there is no D band for PyC-1 (Fig. 1). 
Hence, visible wavelengths are better for easily extracting an 
AD/AG ratio.  

 

 
Fig. 4 Integrated intensities of the G (left) and D (right) bands 
versus the excitation energy.  
 

With the green excitation energy are obtained the AD/AG 
ratio values reported in Table 1. The related crystallite sizes La 
are deduced from them using the Knight-and-White’s law and 
compared to neutron measurements. The agreement is quite 
good. 

 
Table 1. Crystallite size from Raman (Cançado-et-al’s law) 
and X-ray/Neutron 
Sample AD/AG La (Raman) La (Xray -neutron)
PyC - 1 1.43 6.2 4.6 
PyC - 2 2.46 3.6 3.9 
PyC - 3 4.05 2.2 2.8 

 
Fig. 5 shows the linear excitation-energy dependence of 

the D band wavenumber for the PyCs. Considering the double 
resonance effect, Thomsen and Reich [5] have derived a value 
of 60 cm-1/eV for graphite, i.e., a graphene-based material 
with a low density of defects. For disordered graphene-based 
materials, this value is reduced. Slopes deduced from the 
linear fits vary between 44 to 56 cm-1/eV which is consistent 
with experimental values reported in the literature ranging 
typically between 44 to 51 cm-1/eV [6–8]. Our values were 
extended both to far UV and to infra-red with respect to the 
literature. As expected by the linearity of the electronic 
dispersion around the Dirac cone, the wavenumber shift versus 
the exciting energy remains linear, even in the UV range. Two 
vibrational behaviors are expected with graphene-based 
materials, the breathing mode of the rings and the double 
resonance. As the slope found is not far from the slope of 

genuine graphite, and as the crystallite size is larger than the 
value of 2 nm corresponding to the change between a 
dependence on squared La (for La<2 nm) and a dependence on 
the inverse of La (for La>2 nm) [9], the PyC materials studied 
can be seen as highly disordered graphite from the point of 
view of Raman spectroscopy. 

 

Fig. 5 Position of the D band with respect to the excitation 
energy for the three PyCs materials. 

In Fig. 6, we have reported the Raman spectra at 785 nm, 
revealing that a double Lorentzian is a good way to fit the 
curve.  

 
Fig. 6 Spectrum at 785 nm fitted with a single Lorentzian 
(left) and a double Lorentzian (r) 

 
As the double resonance masks the signal corresponding 

to phonon authorized by the Raman selection rules, these 
infrared wavelengths can be only used to know if some 
spectral features are due to double resonance. Knight and 
White [1] proposed a relationship between the crystallite size 
La of graphite and the ratio of intensity ID over IG as 
La(nm) = 4.4(ID/IG)-1. This law can be modified to deal with 
integrated intensity as La(nm) = 8.8(AD/AG)-1. The FWHM of 
the D band is about twice the FWHM of the G band. Cançado 
et al. [10] have extended this law to other excitation 
wavelengths E and found La(nm) = 560E-4(AD/AG)-1. Using 
E = 2.41 eV, the prefactor of Cançado et al. is 16.7, nearly the 
double than the value found previously. The work of Cançado 
et al. was validated with neutron diffraction, X-ray diffraction, 



 

 

and STM measurements. In Fig. 6, the plot of the AD/AG ratio 
versus the excitation energy is reported. We have fitted the 
data with an aE-b dependence and found a value of b around 2 
(depending on the sample), to be compared to the value of 4 
obtained by Cançado et al. The values for our samples are 
reported in Table 2. 

 
Table 2. Coefficients a and b for AD/AG versus the 
excitation energy E following a law aE-b. 

Sample a b 
pyC-1 7.21 2.12 
pyC-2 5.83 1.24 
pyC-3 22.75 2.21

 
This difference of behavior is believed to be related to the 

difference in sample nature: “nano-graphite” for Cançado et 
al, PyCs in our case. It should be noted that Barros et al. [11] 
have also found a different value for b (2.62) for graphitic-
foams. 

 
Fig. 7. AD/AG ratio versus excitation energy (eV) for the 
different PyCs in logarithmic scale corresponding to Table 2. 
 
Hence, the Cançado et al value of ~4 is not universal for all 
graphene-based materials. This power dependence is also a 
complication to calculate the La value for a wavelength 
different from that of Knight and White’s original work. To 
see if uncertainties cannot explain the deduced value, we have 
plotted in Fig. 7 a power dependence of -4. Consequently, it is 
clearly visible that we are far from this dependence. The 
second order signal does not follow the same behavior as it 
reaches its maximum for an exciting wavelength of 632 nm.  
 
Conclusion 

By varying the laser excitation wavelength from UV to 
infrared, we showed that (1) the wavenumber of the D band 
varies linearly; (2) the AD/AG ratio follows a power law versus 
the excitation energy but with a lower dependence than for 
genuine graphite; (3) the absolute Raman cross-section 
reaches a maximum with green wavelength (515-530 nm) 
which corresponds to the experimental conditions of Knight-
and-White’s work. The law for the AD/AG ratio versus the 
excitation energy deduced by Cançado et al. with an 

increasingly annealed sample is also valid for the green 
excitation; (4) the absolute Raman cross-section for the PyC 
materials does not vary monotonously, preventing finding any 
general law and any explanation treating both the D and G 
bands separately. The crystallite size La deduced from the ID/IG 
ratio at 532 nm (green) is consistent with the determination by 
means of neutron and X-ray diffractions. With UV, the double 
resonance effect is too attenuated to be clearly visible. The 
differences between the various PyCs studied are clearly 
visible through the D band broadening as well as from their 
ratio of anisotropy. Due to the resonance condition which 
varies considerably, the ID/IG ratio is the best parameter to 
characterize PyCs. The anomaly in the background using blue 
(488 nm) excitation wavelength will be studied in a further 
work. Hence, the green excitation wavelength is confirmed as 
a quasi-optimal wavelength whereas extreme wavelengths 
around the visible light enhance too much one type of signal 
selectively: with infrared, the double resonance signal 
dominates the Raman spectrum whereas, with UV, the double 
resonance signal is weaker. 
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