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Abstract

Raman spectroscopy is a standard tool for the characterisation of carbon materials, from graphite to diamond-like carbon and carbon
nanotubes. An important factor is the dependence of the Raman spectra on excitation energy, which is due to resonant processes. Here, we
calculate the resonant Raman spectra of tetrahedral amorphous carbon. This is done by a tight-binding method, using an approach different
from Placzek’s approximation, which allows calculation of Raman intensities also in resonant conditions. The calculated spectra confirm that
the G peak arises from chains of sp? bonded atoms and that it correlates with the atomic and electronic structure of the samples. The
calculated dispersion of the G peak position with excitation energy follows the experimental observations. Our ab initio calculations also
show that the sp® phase can only be seen by using UV excitation above 4 eV, confirming the assignment of the T peak at ~1060 cm ™', seen

only in UV Raman measurements, to C—C sp3 vibrations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Amorphous and diamond-like carbons are widely used
as protective coating materials [1]. Raman spectroscopy is
a fast and non-destructive tool for characterisation of
these carbons [2]. All carbons show common features in
their Raman spectra in the 8002000 cm ' region, the so
called G and D peaks, which lie at around 1560 and
1360 cm™ ' respectively for visible excitation, and the T
peak at around 1060 cm™', which becomes visible only
for UV excitation [2-10]. The G peak is due to the bond
stretching of all pairs of sp” atoms in both rings and
chains [2]. The D peak is due to the breathing modes of
sp® atoms in rings [2-6]. The T peak is commonly
assigned to the C—C sp” vibrations [7-9].
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An empirical three-stage model was developed to
describe the Raman spectra of carbon films measured at
any excitation energy [2,9,10]. The evolution of the
Raman spectra is understood by considering an amorph-
isation trajectory, starting from perfect graphite. The main
factor affecting peaks position, width and intensity is the
clustering of the sp® phase. The sp” clustering can in
principle vary independently from the sp® content, so that
for a given sp’ content and excitation energy, we can
have a number of different Raman spectra, or, equiv-
alently, similar Raman spectra for different sp® contents.
For UV excitation, an increase in clustering always
lowers the G peak position. However, in visible Raman
the G peak does not depend monotonically on cluster
size. If two samples have similar G peak positions in
visible Raman but different ones in UV Raman, the
sample with the lower G position in the UV has higher
sp® clustering. A multi-wavelength Raman analysis is
thus important to fully characterise the samples. A very
useful parameter is then the G peak dispersion Disp(QG).
This is defined as the slope of the line connecting the G
peak positions, measured at different excitation wave-



S. Piscanec et al. / Diamond & Related Materials 14 (2005) 1078—1083 1079

lengths. Another useful parameter to monitor the carbon
bonding is the Full Width at Half Maximum of the G
peak, FWHM(G). Both FWHM(G) and Disp(G) always
increase as the disorder increases, at every excitation
wavelength.

The three-stage model does well describe the evolution
of the Raman spectra of any carbon film for any excitation
energy. However, a further step is necessary to understand
more deeply the physical origin of the Raman spectra of
carbon films. This step consists in getting computational
tools able to calculate the resonant Raman spectra of any
carbon material at any excitation energy. Here we report on
the initial development of such a code and we apply it to
tetrahedral amorphous carbon. The code is based on tight-
binding and implements an approximation, different from
Placzek’s, which allows calculations of Raman intensities
also in resonant conditions. The calculated variation of the
G peak position with excitation energy closely follows the
experimental G peak dispersion. Our calculations also show
that the sp> phase can only be seen by using UV excitation
above 4 eV, confirming the assignment of the T peak to C—C
sp> vibrations.

2. Theory of resonant Raman and computational details

The general formula for the Raman intensity consists of
terms depending on the vibrational eigenfunctions calcu-
lated for the excited Born—Oppenheimer surfaces [11]. The
exact calculation of these terms for an amorphous carbon
network, such as the one in Fig. 1, which has several tens of
atoms in the unit cell [12], is nowadays computationally not
possible. The standard approximation used for the Raman
intensity calculations in solid-state physics is the so-called
Placzek’s approximation [13]. In this model, the general
expression for the Raman intensity is simplified, and is valid
only if the energy of the incoming radiation is smaller than

the electronic band gap and no electrons are excited into a
real state:
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where the index s runs over the normal modes Q; with
frequency w, and occupation <n,>={exp[w,/(kgT)—1]} ',
wy is laser frequency, up and u are the polarisations of the
incident and scattered light and y(w;) is the electronic
susceptibility. It is clear that Placzek’s approximation can be
used only for the calculation of Raman intensities in non-
resonant conditions. It would thus not work as such for
carbon films, where resonance is in principle always present
[9,10].

An alternative approximation of the general expression
of the Raman intensity was proposed in Ref. [14]. The key
assumption is that in a periodic solid with dispersive bands
the electronic excitations are generally delocalised, and the
excited Born—Oppenheimer surfaces can be simply obtained
from a vertical displacement of the ground-state. In this
model, the computation of the excited Born—-Oppenheimer
surfaces is thus greatly simplified. This allows the calcu-
lation of Raman spectra also in resonance. The Raman
intensity is now given by:
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where q, is the unit vector of the Q; mode, p(ny) is the
probability of finding the system in the state n; and & is a
generalised susceptibility, which reduces to y of Eq. (1) for
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Fig. 1. 64 atoms model ta-C used for the calculations [12].
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EDOS (a. u.)
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Fig. 2. (A) Calculated electronic density of states of the sample in Fig. 1.
The ¢ and 7 contributions are indicated. 7 defect states are present in the
gap. The calculated bandgap is 1.4 eV. (B) Calculated electronic dielectric
susceptibility. Peaks in Im[¢(wy)], corresponding to electronic transitions
between defect states in the gap, are responsible for the anomalous
absorption at their energies.

R=R’ [14]. Placzek’s approximation can be recovered by
performing an additional partial derivative of k (R, R/, ®r)
with respect to R,

Here we apply Eq. (2) to the tetrahedral amorphous
carbon network of Drabold et al. [12] in Fig. 1. After
performing a geometry optimisation, we calculate and
analyse its electronic structure and vibrational properties
and then we calculate its Raman spectra for excitation
wavelengths ranging from 785 to 229 nm.

The geometry optimisation and the calculation of the
vibrational properties are performed in the Density Func-
tional Theory (DFT) framework within the Local Density
Approximation (LDA) [15], using the Car—Parrinello-
Molecular Dynamics (CPMD) code [16]. The electronic
wavefunctions are expanded on a planewave basis and the
first Brillouin zone is sampled at the I' point only. The
carbon atoms are described by using Troullier—Martins
norm-conserving pseudopotentials [17]. In the geometry
optimisation, a 50 Ry cut-off energy is used for the

expansion of the electronic wavefunctions. The calculation
of the dynamical matrix is done by using the finite difference
method [16]. Due to its greater computational requirements,
the calculation of the Raman intensities is performed within a
tight-binding model using s and p orbitals [18].

3. Results and discussion

The Raman spectrum of a material is determined by its
electronic and vibrational properties. Thus, in order to
obtain reasonable results in the prediction of Raman
intensities, we first need to check our ability to calculate
both the electronic and vibrational properties of the material
and verify if they reproduce the experimental results. As a
test network, we used the 64 atoms sample of Fig. 1. This
sample has 18 sp® bonded atoms and the others are sp’
coordinated. This model was generated in Ref. [12] using
tight-binding molecular dynamics.

In order to test the electronic structure of our network, we
calculated the Electronic Density Of States (EDOS) and the
electronic susceptibility y(wy). The EDOS in Fig. 2(A)
shows two maxima, above and below the Fermi energy.
These peaks correspond to the ¢ and o * states. Two smaller
and sharper peaks are present at the edges of the band gap.
They correspond to the 7 and 7* states generated by the sp*
bonds. Some sp” defect states are present in the band gap,
which is of 1.4 eV. This gap is smaller than experimental ta-
C, but consistent with that usually found for simulated
samples, which systematically underestimate it. It is not due
to any inaccuracy in the computational procedure nor to an
unrealistic network geometry.

Fig. 2(B) plots the dielectric function &(wy )=1+4my(wy).
Re[e(0)] is 5.8, in good agreement with the typical values
experimentally measured in ta-C [19-21]. Three sharp peaks
are present in the imaginary part of the susceptibility. They
correspond to three discontinuities in the Re[e(wy)]. These
features are due to the presence of n defect states in the gap,

VDOS (a.u.)
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Fig. 3. Calculated vibrational density of states of the sample in Fig. 1. The
partial sp> and sp> contribution are also shown.
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and are artefacts due to the small number of atoms in the
network. The peaks in Im[e(wy)] correspond to electronic
transitions between the defect states in the gap. They thus
give an anomalous absorption of radiation with an energy of
1.3, 2.9 and 4.9 eV. If we neglect the defect states in the
computation of &(wy), this gives no peaks and a smooth

dependence of the susceptibility on the excitation energy.

Fig. 3 plots the Vibrational Density Of States (VDOS) of

the sample. The density of normal modes, ranging from
~300 to ~1800 cm ™, is centred at ~1000 cm™ ! and has a
bell shape, with a high frequency tail. Fig. 3 also plots the
VDOS of the sp? and sp® phases, which show two distinct
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behaviours. The total VDOS is clearly dominated by the sp*
contribution, however no sp> contribution is present for
frequencies above 1500 cm™'. On the other hand, sp® modes
are present in the whole range of the network vibration
frequencies and they have an almost constant density, which
only shows a weak maximum at ~500 cm™". It is clear that
the VDOS in Fig. 3 does not resemble at all the measured
Raman spectra and it is not possible to use it to identify the
Raman features as often done in previous papers. In order to
directly compare it with the experimental results, it is
necessary to “dress” the VDOS with the mode susceptibility
at a given excitation energy.

1500 2000

Raman Shift (cm™)

1000

Fig. 4. (a) Calculated Raman spectra for a set of different excitation wavelengths for the model ta-C sample shown in Fig. 1. The total Raman spectra are
decomposed in the contributions from sp® and sp® atoms. The double peak structure of the G peak is an artefact due to the small number of sp? sites in the

model ta-C. (b) Experimental multi-wavelength Raman spectra of ta-C.
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We thus calculate the Raman spectra of the ta-C network
in the 785-229 nm excitation range, chosen to match the
range of the experimental Raman measurements on ta-C [9],
Fig. 4a. The Raman spectra have not been calculated for the
excitation energies corresponding to the peaks of Im[e(wy)].

A key parameter in resonant Raman scattering is the
difference between the excitation energy and the possible
real electronic transitions. Since our calculations under-
estimate the electronic gap, the resonant spectral features are
expected to occur for energies slightly lower than the
experimental ones. Fig. 4b plots the experimental Raman
spectra of a ta-C film measured for different laser excitation
wavelengths from the visible to the UV [9]. The dependence
of the G peak position on the excitation wavelength is
evident just by eye inspection both in the calculated and in
the experimental spectra. The experimental spectra show the
extra T peak only for UV excitation. The second order of the
Si substrate is also seen for visible excitation, due to the
transparency of the thin ta-C sample to visible wavelengths.

Fig. 4(a) plots the calculated spectra. We calculated the
Raman intensity of every normal mode of the network. The
small number of atoms (64) in our system implies that the

A) C-C sp>high frequency range

Raman spectrum is discrete. Indeed, if N is the number of
atoms, the number of normal modes is 3N. Every mode has
its own Raman cross-section and contributes to the total
Raman intensity. For a very large number of atoms, such as
a real ta-C film, the resulting Raman spectrum is continu-
ous. On the other hand, for a few atoms structure the
spectrum is discrete. In order to obtain a continuous Raman
spectrum, to be compared with the experimental ones, the
contributions of the discrete vibrational eigenmodes have
been broadened with a Gaussian. This smoothens the
calculated spectrum, but due to the very small number of
sp” atoms, the G peak still shows a bimodal shape. It is
interesting to note, however, that the low-energy sp” modes
in the G peak decrease with excitation energy, whilst the
intensity of the high-energy sp> modes increases.

Fig. 4 shows that our calculated spectra reproduce all the
main features of the experimental spectra. In particular, the
shift of the average G peak position with excitation energy
(G peak dispersion) is clear. Also, the increase of the T peak
intensity with excitation energy is evident. In our simu-
lations the T peak intensity appears to be always higher than
the experimental one. This can be explained considering that

B) C-C sp? low frequency range
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Fig. 5. Representative (A,B) sp® and (C) sp> modes across the spectral range of a typical ta-C Raman spectrum.
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Fig. 6. Comparison between the experimental and the calculated G peak
dispersions.

our underestimated gap makes resonance occur at slightly
lower energies than the experimental ones.

We further decomposed the calculated spectra to
separate the sp> and sp° contributions, Fig. 4a. This clearly
proves that the G peak, which is the main spectral feature
of the ta-C spectrum, is entirely due to vibrations of sp”
atoms. It is also evident that for UV excitation, the T peak
closely resembles the density of states of the sp® bonded
atoms, confirming the original assignment of this peak
[7.8].

The analysis of the pattern of the vibrational eigenmodes
shows that the modes associated to the G peak are due to
bond stretching between sp® atoms. These involve the
motions of very few atoms and are easily distinguishable
from the low frequency sp® vibrations, which involve
motions of all atoms of all the sp® clusters in the network.
Fig. 5 plots a set of representative sp> and sp” modes across
the 300-1800 cm ™' frequency range.

By fitting our calculated spectra in a similar way to that
done for the experimental fits, we derive the dispersion of
the G peak, and compare it with a typical experimental
dispersion, Fig. 6. The agreement between theory and
experiment is good. For high excitation energies, the
theoretical dispersion tends to saturate. Due to the gap
underestimation, this corresponds to an excitation energy
range higher than the maximum so far probed experimen-
tally. The saturation of the G peak dispersion for very high
excitation energies however is not surprising. This is
expected to occur when the excitation energy is higher
than the highest local gap cluster [9]. By further increasing
the energy, the resonance conditions do not change
anymore.

Calculations on networks with lower sp’ contents are
consistent with the experimentally found decrease of the G
peak dispersion [9]. However, in order to properly treat the
sp> phase when rings are present we need to improve the
code used for ta-C, which contains only olefinic sp® chains,
in order to take into account the peculiar resonant nature of
the D peak [4,6]. This is underway and will be reported
elsewhere.

4. Conclusions

We presented a model for the calculations of resonant
Raman spectra of carbon films. We calculated the Raman
spectra for a number of different excitation energies on a
model ta-C sample. Our calculations reproduce well the
main experimental findings, such as the G-peak dispersion
as a function of excitation energy, the sp” nature of the G
peak and the appearance of a C-C sp® T-peak for UV
excitation.
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