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Raman spectra of amorphous carbon nitride films (a-C:N) resemble those of typical amorphous carbon (a-C), and
no specific features in the spectra are shown due to N doping. The present work provides a correlation between the
microstructure and vibrational properties of a-C:N films from first principles. The six periodic model structures of 64
atoms with various mass densities and nitrogen contents are generated by the liquid-quench method using Car—Parinello
molecular dynamics. By using Raman coupling tensors calculated with the finite electric field method, Raman spectra are
obtained. The calculated results show that the vibrations of C=N could directly contribute to the Raman spectrum. The
similarity of the Raman line shapes of N-doped and N-free amorphous carbons is due to the overlapping of C=N and C=C

vibration bands. In addition, the origin of characteristic Raman peaks is also given.
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1. Introduction

Since Liu and Cohen!!! first reported that the crystalline
B-C3N4 might possess hardness exceeding that of diamond,
amorphous carbon nitride thin films have been widely investi-
gated. The films have potential applications as thin protective
coatings on magnetic hard disks and flat cold cathodes in field
emission displays.?! It is well known that the physical proper-
ties of materials strongly depend on their specific microstruc-
ture. The a-C:N films have several CN bonding configurations
because both carbon and nitrogen can form three hybridiza-
tion sites (sp, sp?, and sp?).>* The structure of a-C:N films
can be characterized by many methods, such as diffraction,
electron energy loss spectroscopy (EELS), spectroscopic el-
lipsometry, X-ray photoelectron spectroscopy (XPS), Fourier
transform infra-red (FTIR) absorption spectroscopy, and Ra-
man spectroscopy.”! As a popular, rapid, and non-destructive
technique for structural characterization of materials, Raman
spectroscopy!®8! is frequently used to characterize bonding
configurations of a-C:N films.

Raman spectra of most amorphous carbons (a-C) show a
common broad band*”! in the range of 800-2000 cm~'. For
visible excitation, this broad band can be empirically decom-
posed into two peaks,[%! the G peak (around 1560 cm~') and D
peak (around 1360 cm~!). The T peak at around 1060 cm ™!
can be directly observed in ultraviolet (UV) Raman.!'9) Ra-
man spectra of a-C:N resemble those of typical a-C and no
specific features in the spectra are shown due to N doping.
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Therefore, it is now customary to perform most vibrational
characterization by adopting the ideas commonly assessed for
N-free carbons.!*! However, there is strong evidence for the
presence of a third peak at around 1450 cm~! between D and
G peaks. This peak has been assigned to a nitrogen-related
vibrational peak due to the incorporation of nitrogen atoms in
a-C networks.”11! Tt is, therefore, desirable to address the ef-
fects of nitrogen doping on the Raman spectra of a-C:N by
using theoretical methods.

The Raman spectra of the tetrahedral amorphous car-
bon (ta-C)'%!13] have been calculated by using a tight-binding
method. However, no theoretical Raman studies on a-C:N
films have been reported. The main aim of this work is to
investigate the relationship between Raman spectroscopy and
the bonding structure of a-C:N from first principles. The a-
C:N structures are generated with different densities and nitro-
gen contents by using the liquid-quench technique. The struc-
tural optimization is performed through damped first-principle
molecular dynamics. Calculations of the vibrational density
of states (v-DOS) and Raman spectra are then carried out for
these structures. This allows us to correlate the Raman fea-
tures with the bonding structure.

2. Computational methods

Six model structures of a-C:N were generated by the
liquid-quench method using Car—Parinello molecular dynam-
ics (CPMD).I'# The parameters used in this work were the
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same as those of Ref. [15] except that nitrogen atoms replaced
some carbon atoms of the initial structure. It was assumed
that nitrogen atoms were dispersed in the carbon network, and
there were no neighbouring nitrogen atoms in the final struc-
ture. There were four steps for modeling the structures of
a-C:N: spontaneous melting process, liquid phase equilibrat-
ing, cooling process, and solid phase stabilizing. By using
a damped molecular dynamics scheme based on the density
functional theory, the model structures were subsequently re-
laxed until the calculated forces on all the atoms were less than
1 x 1079 Ry/a.u. (1 Ry=13.6056923 eV).

Electronic and structural relaxations were performed us-
ing first-principles methods, which were provided in the
QUANTUM-ESPRESSO package.['®! Only valence electrons
were treated explicitly, while core valence interactions were
described by norm-conserving pseudopotentials for C and N.
The exchange-correlation energy was accounted for by a local
density approximation (LDA).'”! Plane-wave basis sets with
energy cutoffs of 55 Ry were used to expand the valence wave
functions. Periodic boundary conditions and gamma point
sampling of the Brillouin zone were used.

The normalized vibrational modes £" and frequencies ®,
were obtained through the linear-response approach.!'8! The

Raman scattering processes in the Placzek’s approximation
were considered. The Raman coupling tensors were calculated
by applying finite electric fields of intensity +0.001 a.u. to our
periodic model structures. The reduced Raman intensities of
a-C:N were obtained in the back-scattering geometry. A de-
tailed description of the methodology and the used formulas is
given in Refs. [19]- [22].

Because of theoretical simplicity, the calculated intensi-
ties should be compared with the measured values using long-
wavelength incident light. Taking into account the experimen-
tal width of the Raman lines and the finite size of the model,
the final spectra were obtained by applying a Gaussian broad-
ening of 50 cm~! to the mode intensities.

3. Results and discussion

Each model generated by liquid quench contains 64 atoms
in a periodic cubic cell. The six models are at densities of 2.6,
2.9, and 3.2 g/cm® with two nitrogen concentrations (corre-
sponding to two and eight nitrogen atoms in a cell). Upon the
damped first-principles relaxation, only minor readjustments
of the atomic positions are observed. Figure 1 shows relaxed

Fig. 1. (color online) Ball-and-stick representation of six a-C:N structures. Black, grey, light grey, and blue atoms denote sp> carbon,

sp? carbon, sp carbon, and nitrogen atoms, respectively.
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Table 1. Summary of structural parameters from simulations in this work.

Structure Carbon/nitrogen Density Bond length/A Carbon coordination Nitrogen coordination

ratio /gem™  C=C  C=N ¢ & o ) fourfold/% Ny N7 NY

A Ce2N» 2.61 1.50 1.43 2 38 0 22 355 0 0 2

B Ce2No 2.92 1.52 1.43 0 18 6 38 61.3 0 0 2

C Ce2No 3.22 1.54 1.41 0 5 3 54 87.1 0 1 1

D Cs6Ng 2.65 1.49 1.41 0 37 0 19 339 3 0 5

E Cs6Ng 2.96 1.49 1.40 0 31 0 25 44.6 1 2 5

F CseNg 3.27 1.51 1.41 0 16 2 38 67.9 2 0 6

The coordination is defined using a cut-off distance of 2.0 A.

structures of six models using ball-and-stick representation,
while Table 1 summarizes some important structural parame-
ters. The nearest-neighbour coordination of an atom is defined
as the number of atoms sitting within a sphere of radius 2.0 A
centered on this atom, which is determined from the atomic
radius and the radial distribution function.

For fixed N content, the average bond length of C=C and
the amount of 4-coordinated carbon (sp3 C) atoms increase
with the mass density. The large rings and long chains of the
sp? clusters become short chains or dimers (see Fig. 1). The
structure with a higher density becomes more compact and
disordering. On the other hand, at a fixed mass density, the
addition of N leads to the decrease of the average bond length
of C=C and the sp3 C content. Thus, there are more clustering
of sp? C sites in the structure with a higher N content.

The bonding details for carbon and nitrogen atoms in all
simulations are also shown in Table 1. In addition to the neu-
tral Cg (sp3), Cg (spz), and Cg (sp) carbon sites, the threefold
coordinated C;r (sp?) defect sites are also observed in the high
intensity structures. In the case of nitrogen, the most common

[23] where a nitro-

nitrogen site is the uncharged NY (sp?) site,
gen atom forms three single ¢ bonds and a lone pair of elec-
trons. The second most common nitrogen site is the uncharged
N(z) (spz) site, where a nitrogen atom forms two single ¢, one &
bond and a lone pair. The charged N (sp?) defect site formed
three o, one 7 bond, and an unpaired electron, can potentially
act as dopant. No onefold- and fourfold-coordinated nitrogen
atoms are found.

The v-DOS underlies all the vibrational spectra. We first
analyze the v-DOS in terms of the vibrational eigenmodes
Figures 2(a)-2(f) show
the calculated v-DOS and their decompositions of six a-C:N

before addressing Raman spectra.

structures from A to F. For the structure A with a density of
2.6 g/lcm? and a nitrogen content of 3.1 at%, the total v-DOS is
decomposed in its partial contributions coming from sp> car-
bon, sp? carbon, sp carbon, and N atoms. The sp> C vibra-
tions clearly dominate the total v-DOS below 1800 cm™! and
show a maximum at ~ 660 cm~!. The sp? C vibrations form
a peak centered at 1000 cm™!, which dies over 1500 cm™!.
Thus, the modes involve only sp? carbons in the frequency
range from 1500 to 1800 cm™!.

carbon chain with a triple bond are responsible for the weak

The vibrations of the sp

peak around 2100 cm~!. The contribution of N atom vibra-
tions is very small to the total v-DOS of the structure A. For
a fixed N content, the decomposition shows that the sp® C vi-
brations increase with the density but the sp? C vibrations de-
crease. On the other hand, the increase of N contents leads
to a decrease of the sp® C vibrations and an increase of sp?
C vibrations at a fixed mass density. These results are con-
sistent with changes of the sp> and sp? carbon contents. For
the high-density 3.2 g/cm? structures, the vibrational modes
below ~1500 cm™! mostly arise from sp® C vibrations and
the modes at higher frequencies show strong localization of
sp® carbons. Similar theoretical results have been reported in
Refs. [12] and [13], confirming the reliability of our models.
There are no distinctive features associated with vibrational lo-
calization of nitrogen sites in all the structures that have been
found.
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Fig. 2. (color online) Total and partial v-DOS of six a-C:N struc-
tures from A to F. We use a Gaussian broadening of 50 cm™! to
obtain continuous curves in this figure and in the following figures.

Figures 3(a)-3(f) show the reduced Raman spectra and
their decompositions of six a-C:N structures from A to F. This
decomposition is achieved by selecting specified components
of the vibrational eigenmodes prior to the calculation of the
Raman intensities. Unlike the v-DOS, the sum of the partial
Raman spectra does not give the full spectrum because of in-
terference terms. However, this decomposition can provide a
measure of the relative contributions from various features. It
can be seen that Raman spectra are dominated by the sp> C
sites due to their larger scattering cross sections. Because of
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the limited number of sp? atoms in our models, the G peaks
show a bimodal shape in the A and C structures. The sp car-
bon chain results in a weak C peak at 2100 cm ™!, and the peak
position is consistent with the experimental data.>*! A small T
peak centered at 1000 cm™!, which results from the sp? C=C
vibrations, can be observed. Moreover, there is a prominent
D peak in the structure D with the highest sp> content. For a
fixed nitrogen content, the G peak position moves to a high
wave number with the increasing density. While when the
mass density is fixed, the G-peak position with different ni-
trogen contents is almost unchanged.[*->]

(a) CgNy (d) Cs6Nsg

Raman intensity
Raman intensity

L N

=T —] - —

0 500 1000 1500 2000 0 500 1000 1500 2000
Stokes shift/cm™? Stokes shift/cm™?

Fig. 3. (color online) Total and partial Raman spectra (a)—(f) for six
a-C:N structures from A to F.

Because of the obvious contribution of nitrogen vibra-
tions to the Raman spectra in the structures CgpN»-3.22,
C56Ng-2.65, and Cs5¢Ng-2.96, we now consider the role of ni-
trogen in the Raman spectra. Figure 4 shows the decomposi-
tion of nitrogen weight into N9, N9, and N7 sites for the struc-
ture CgpN»-3.22, Cs56Ng-2.65, and Cs56Ng-2.96, respectively.
The vibrational modes above 1500 cm~! appear to originate
almost exclusively from Ng and N3+ sites, whereas Ng sites
only contribute to the rest of the spectrum. This indicates that
the vibrational contribution of N atoms to the high frequency
modes might result from the carbon—nitrogen double bond in
Ng and N3+ sites. Therefore, the Raman vibrations arising from
all pairs of sp® atoms in both olefinic chains and rings, atoms
with the C=C double bonds, and atoms with the C=N double
bonds are investigated and shown in Fig. 5. It is obviously
that the G peak is due to the bond stretching motion of all
pairs of sp? sites. Moreover, the Raman vibrations of CN are
significant. Because the vibrational frequencies of the C=N
stretching mode are very close to those of the C=C stretching
mode, the main Raman features resemble those observed in
N-free carbon films. The obtained results also give the reason
of the G-peak shift. When the sp? sites change their configu-
ration from large rings to short chains, the vibration frequency
moves towards the frequency of the C=C or C=N dimers em-
bedded in the C=C sp® matrix. The C=C or C=N bond length
in the chains or dimers is shorter, so the G peak lies at a higher
frequency.
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Fig. 4. (color online) Partial Raman spectra of nitrogen and decom-
position for the structures (a) CepN»-3.22, (b) C56Ng-2.65, and (c)
Cs6Ng-2.96, respectively.
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Fig. 5. (color online) Raman spectra and decomposition for the
structures (a) CgN3-3.22, (b) Cs5¢Ng-2.65, and (c) Cs5¢Ng-2.96, re-
spectively.

In general, the presence of the D peak indicates the pres-
ence of sixfold aromatic rings.’®) However, the results of
Ref. [27] show that the D peak can arise from odd rings and es-

pecially fivefold ones. These odd rings break the Dgj;, symme-
try of aromatic rings and exhibit a dipolar moment, resulting
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in a nonvanishing contribution to the first order Raman spec-
trum. In order to confirm these results, the sp2 C vibrations of
the Raman spectrum are decomposed according to the fivefold
and sixfold rings in the C5¢Ng-2.65 structure (see Fig. 6). The
calculated results show that the fivefold ring has a strong con-
tribution to the D peak. It confirms that the D peak is due to
the breathing modes of sp? atoms in rings.

C56Ng-2.65 G peak

Raman intensity

sixfold ri

PR Ll
1000 1500

Stokes shift/cm™!

Fig. 6. (color online) Further decomposition of the sp? carbon Ra-
man spectra for the structure CsqNg-2.65.

-

2000

4. Conclusions

Using a first-principles approach, we calculated reduced
Raman spectra of six a-C:N structures with different nitrogen
contents at three densities of 2.6, 2.9, and 3.2 g/cm3. The mi-
crostructure, vibrational properties, and their relations were
investigated. The analysis in terms of atomic vibrations in-
dicates that the direct contribution of CN vibrations to the
Raman spectrum is significant, and it results mainly from the
carbon-nitrogen double bonds in sp>-type nitrogen atoms. Be-
cause of the overlapping of the C=N and C=C vibration bands,
it is difficult to distinguish vibrational modes due to C or N
atoms in the experimental analysis. The results confirm that
the G peak arises from stretching vibrations of all pairs of sp-
type atoms and the C peak arises from the C=C sp vibrations.
The T peak is due to the C=C sp> vibrations, and the D peak
is due to the breathing modes of sp? atoms in rings, including

fivefold and sixfold rings.
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