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Carbon nitride films prepared by magnetron sputtering were studied by multiwavelength Raman spectros-
copy. The low/intermediate wavenumber features observed near 400 and 700 cm−1 are addressed, and the
relaxation of the Raman selection rule due to curvature of the graphene planes in the nanoparticles(similar to
carbon nanoonions) embedded in CNx thin films is invoked to explain the possible origin of the near 700 cm−1

band. The shift in theG peak center andID / IG ratio are correlated with the observed microstructural changes
(published before) in order to understand the effect of nitrogenation and deposition temperature on the structure
of the films.

DOI: 10.1103/PhysRevB.70.035406 PACS number(s): 68.65.La, 42.62.Fi, 78.30.Jw, 82.35.Np

I. INTRODUCTION

Since the discovery of diamond-like-carbon film in 1971
by Chabotet al.,1 considerable efforts have been made to
improve and tailor the properties of the films using various
synthesis techniques.2–7A set of carbon-based thin films such
as hydrogenated DLC(DLC:H), nitrogen-doped DLC
(DLC:N), tetrahedral carbon(ta-C), hydrogenated ta-C, and
CNx films have been produced with aiming to achieve high
hardness, managable stress, and good adhesion. On the other
hand C3N4 has theoretically been predicted to be a superhard
material,8 but little has been achieved in synthesizing it in the
form of a thin film. Among these carbon films CNx films
exhibit remarkably superior properties for application such
as wear resistance coatings.5 CNx films can be synthesized
by different techniques including reactive sputtering,5 a fil-
tered cathodic vacuum arc(FCVA), plasma-enhanced chemi-
cal vapor deposition(PECVD), and electron cyclotron wave
resonance(ECWR). CNx films prepared by various tech-
niques have different structures, and therefore exhibit differ-
ent properties. For example, films prepared by PECVD con-
tain considerable amounts of H and are less dense,7 whereas
CNx films prepared by reactive sputtering contain carbon
nanoparticles in a diamondlike-carbon matrix and are
hydrogen-free.6

Structurally, CNx films can be considered as a nanocom-
posite thin film having fullerenelike nanoparticles(soft) in a
DLC matrix (hard).4 The incorporation of nirtrogen in the
deposition chamber is believed to promote formation of pen-
tagonal rings in the graphene sheets inducing curvature in the
basal plane of graphite and facilitates cross-linking between
the planes.4,9 Such cross-linked carbon films from N have
also been synthesized.10,11 Such films have shown the char-
acteristic of being highly elastically deformable. It has been
proposed that this is due to underloading most of the strain
being accommodated in these curved nanoparticlelike re-
gions. This characteristic leads to a significant improvement
in the toughness of the film.4 Various characterization tech-
niques such as Raman spectroscopy,7,12–16 infrared

spectroscopy,7,15electron energy loss spectroscopy(EELS),14

x-ray photoelectron spectroscopy (XPS),16 and
nanoindentation17 have been used to characterize these films.
Among these, Raman spectroscopy is one of the most easy-
to-use and informative techniques. It is capable of distin-
guishing different C–C bonding in all kinds of carbon struc-
tures, such as diamond, graphite, carbon nanotubes,
fullerenes, amorphous carbon, and DLCs. Raman spectros-
copy is widely used to characterize DLC films for research as
well as for quality control in an industrial production line.
Unlike crystalline structures such as graphite and diamond,

the Raman selection rule(wave vectorkW <0) is relaxed in
amorphous structures. Therefore, a wide band instead of
sharp peaks, is observed in the spectrum. Furthermore, Ra-
man scattering fromp bonding is more than 50 times stron-
ger than that froms bonds.18 Therefore, there are different
degree of resonances of theG (graphitic) and theD (disorder

FIG. 1. 514 nm laser Raman spectrum of CNx and carbon nano-
onions.(a) Raman spectrum of CNx; (b) magnified low/intermediate
wave number region of the spectrum of CNx; (c) the magnified
2210 cm−1 band from the spectrum of CNx; (d) the Raman spec-
trum of carbon onions.
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induced) bands,19 which prohibit direct estimation of the %
sp3 and %sp2 bonding.

II. EXPERIMENTAL DETAILS

In this work, the CNx films were prepared by reactive dc
magnetron sputtering in mixed Ar/N2 discharges using a py-
rolytic graphite disk as the target.4 The details of the depo-
sition process are published elsewhere.5 All the films were
deposited at a constant pressure of 3 mTorr and with a N2
concentration varying from 0% to 100%. Substrate tempera-
tures were 100 °C, 350 °C, and 550 °C, and it was moni-
tored by a calibrated thermocouple in the substrate holder.
Raman measurements were performed using Renishaw Ra-
man microscope with different excitation wavelength includ-
ing 325, 488, 514, 633, and 785 nm. Care was taken to avoid
damage due to laser heating during the measurements. The
spectral resolutions were between 2–4 cm−1. Chemical com-
position of the films was analyzed by x-ray photoelectron
spectroscopy(XPS) using VG Microlab 310F instrument.

III. RESULTS AND DISCUSSIONS

Four characteristic features are observed in a Raman spec-
trum of a CNx film: two low/intermediate wave number
bands near 400 cm−1 and near 700 cm−1, broad and an over-
lappedD andG band similar to that of DLC in the region of
1000–2000cm−1 and a weak feature near 2210 cm−1 [Figs.
1(a)–1(c)]. The low/intermediate bands and the 2210 cm−1

band from Fig. 1(a) are shown five times magnified in Figs.
1(b) and 1(c), respectively. Similar spectra have also been
reported by other authors.12,14–16The assignment of the band
near 700 cm−1 is controversial. Some of the assignments by
different authors are listed in Table I. Often it is associated to
sp3-carbon-related vibration.20,21 Tamor et al. observed the
band only from nonhydrogenated amorphous carbon films.18

However, this weak intermediate wave number feature has
also been observed from nitrogenated carbon films with or
without hydrogen. Liet al. reported Raman bands centered
around,430 and 800 cm−1 from glassy carbon and assigned
them to disorder-induced Raman scattering(DIRS).13 In this
work, two distinct bands were observed always together near
400 and 700 cm−1: the ,700 cm−1 band being more intense
than the,400 cm−1 band. Similar bands also appeared in the
Raman spectrum acquired from carbon nano-onions[Fig.
1(d)]. The details of the assignment of the bands from carbon
nano-onions has been published elsewhere.22 Relaxation of
the Raman selection rule due to curvature in graphene planes
appears to induce Raman scattering away from theG point.
The bands that appeared near 400 cm−1 and near 700 cm−1

from carbon nano-onions have been assigned to the trans-

TABLE I. List of assignment to the near 700 cm−1 peak observed in CNx films.

Author Assignment Reference
Number

Kumar et al. Out of planesp3-type C–C bonding 21

Chowdhuryet al. Nitrogenated carbon 20

Rodil et al. In-plane-rotation of six-fold rings in
graphitic layers

15

Li et al. Disorder-induced Raman scattering
(DIRS) in glassy carbon

13

Tamoret al. Raman inactive acoustic and out-of-plane
optical vibrational modes of graphite

18

Roy et al. Out of plane transverse optic phonon near
the M point zone boundary induced by
curvature of graphene planes

22

TABLE II. Raman peak centers of the near 700 cm−1 band and
the near 400 cm−1 band measured with lasers of different
wavelength.

Laser wavelength Center of the
,700 cm−1 band

Center of the
,400 cm−1 band

488 nm 699 cm−1 365 cm−1

514 nm 722 cm−1 361 cm−1

785 nm 741 cm−1 391 cm−1

FIG. 2. Normalized Raman spectra of CNx films with a 488 nm
laser:(a) a Raman spectrum showing a relatively intense 2200 cm−1

from CwN vibration but a very weak 400 and 700 cm−1 band;(b)
the Raman spectrum showing relatively intense 400 and 700 cm−1

bands but a significantly weak 2200 cm−1 band.
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verse optic and transverse acoustic vibrations at the M
point.23 It is well known that there are curved graphene
planes embedded in an amorphous matrix in CNx films.5,9

These embedded curved graphene planes can exhibit charac-
teristics similar to carbon onions,24 or these can be
bowl-shaped:4 therefore, the two low/intermediate wave
number bands similar to those from carbon nano-onions are
also expected to appear from CNx films. Indeed their inten-
sities depend upon the concentration of these nano-particle/
curved graphene planes in the film. These two Raman bands
were fitted with two Gaussian functions and the centers of
these peaks are listed in Table II at different laser energies
for a film deposited at 350 °C. From the systematic variation
of the ,700 cm−1 peak it is clear that there is significant
dispersion of that band. It is possible that there is also some

contribution from the maxima of the PDOS to the intensity
of the two bands. However, if it originates only from the
maxima of PDOS, it is not expected to exhibit dispersion. No
obvious trend could be observed for the near 400 cm−1 band.
It is noticed that the bands from CNx films are broader than
those from carbon onions. This is presumably due to large
distribution of curvature of the graphene planes in the CNx
films.

The peak that appears near 2200 cm−1 is assigned to C
wN bonding.15 N2 plays a role in the formation of the
curved graphene planes in these films, however, the low/
intermediate bands are not related to vibrations of CwN
bonding. This is confirmed in Fig. 2 where two Raman spec-
tra from two different films are shown. A relatively strong
2200 cm−1 band can be seen in Fig. 2(a) with very weak
low/intermediate wave number bands, whereas in Fig. 2(b) a
relatively weak 2200 cm−1 band and strong low/intermediate
wave number bands can be observed: it is clear that these
two features are not due to the same structural characteristic.
From the above analysis we propose that the low/
intermediate wave number Raman bands from CNx films ap-
pear due to curvature in the graphene planes, and their inten-
sities are not related to CwN bonding. However, nitrogen
can form different bonding with carbon and it is difficult to
correlate the intensities of the low/intermediate bands with
any other particular type of nitrogen-carbon bonding.

Significant variations were observed in theD andG bands
of the CNx films deposited at different temperatures. Films
grown at 100 °C, 350 °C and 550 °C are shown in Fig. 3.D
andG bands dominate in the Raman spectrum of any amor-
phous carbon.18 The G band that appears between
1500–1600 cm−1 is due to theE2g vibrational mode of a
graphitic structure. The band that appears near 1350 cm−1 is
described as aD band: a disorder-induced Raman band.
Double resonance phenomenon is invoked to explain the ori-
gin of theD band in graphitic structures.25,26 The D band is
absent in highly perfect graphite and it appears in all other
defected graphitic structures.19 The ratio ofD and G band

FIG. 3. Raman spectra with 488 nm laser of CNx films depos-
ited at a different temperature with 100% N2: (a) Deposited at
100 °C temperature and contain 26% nitrogen(b) deposited at
350 °C and contain 20% nitrogen(c) deposited at 550 °C and con-
tain 17% nitrogen.

FIG. 4. Raman spectra with
488 nm laser of CNx films grown
at 350 °C having(a) 1% nitrogen,
(b) 12% nitrogen, (c) 20%
nitrogen.

PROBING CARBON NANOPARTICLES IN CNx THIN… PHYSICAL REVIEW B 70, 035406(2004)

035406-3



intensitiessID / IGd is often used as a measure of the size of
graphitic domains in DLC films.19,27For example, ta-C films
that have a.80% sp3 component shows a very weakD
band. TheG band was fitted with a Breit-Wigner-Fano
(BWF) function and theD peak was fitted with a Lorentzian
function to estimate the peak parameters. This fitting method
has been widely used for a quantitative analysis of theD and
G peak intensities for a variety of carbon structures.27–29For
various resonance mechanisms, theD peak is consistently
Lorentzian.27 The asymmetry of BWF lineshape arises from
coupling of discrete mode to a continuum and the degree of
asymmetry depends on the value of the coupling coefficient.
For example, for a continuous crystal, the coupling coeffi-
cient becomes zero and the curve takes a symmetric Lorent-
zian lineshape. On the other hand, for a disordered system,
the lineshape becomes very asymmetric(refer to Ref. 27 for
details). CNx films falls somwhere between a completely dis-
ordered system and continuum,6 therefore a BWF lineshape
was used for fitting theG peak.

The temperature effect on the Raman spectra are shown in
Fig. 3. It can be seen that theD band that appears as a
shoulder in Fig. 3(a) separates out in Fig. 3(c). As the depo-
sition temperature increases, long range ordering in the gra-
phitic structures increases and theD peak becomes more
prominent. Effect of nitrogenation in the films grown at
350 °C is shown in Fig. 4. Films having low %N[e.g., 1% in
Fig. 4(a)] show a broadG peak and a broadD peak as a
shoulder. However, theD peak becomes less prominent as
the %N increases to 12%. Nitrogen is expected to increase
thesp3 content in the films, which is reflected in a reduction
in D peak intensity.12,30 With a further increase of the nitro-
gen content to 20%, theD peak separates out from the over-
lapped spectrum. The peak near 2200 cm−1 is due to the
−CwN vibration, as discussed above.

As described by Hellgrenet al.4 by a phase diagram there
are three distinct regions where three different microstruc-
tures are formed corresponding to different nitrogen concen-
trations and temperatures. The phase diagram is shown in
Fig. 5. For example, below 150 °C and less than 25% N, it
forms an amorphous structure, above 200 °C and less than
5% N, the structure is graphitelike, and between

200 °C–600 °C and 10%–20% N, it forms a fullerenelike
structure. It is known that theG peak center and theID / IG

ratio vary with the structure of DLC films.27 The variation of
the G peak center andID / IG against %N in the films depos-
ited at 350 °C and 550 °C are shown in Figs. 6 and 7, re-
spectively. It is seen that both theG peak position andID / IG

ratio decreases sharply near 5% N, where the transition in the
structural change is expected, before stabilizing. A similar
trend is observed for the films grown at 550 °C. Therefore, it
is clear from the trends that theG peak center andID / IG ratio
decrease in the regions.5%Nd where a fullerenelike struc-
ture is formed. A downshift of theG peak center is normally
observed with an increase in the nitrogen content in CNx

films prepared by magnetron sputtering.12 Nitrogen incorpo-
ration in the films enhancessp3 characteristic in the carbon
bonds due to crystallinity of the graphene planes, due to the
N-induced formation of pentagonal rings. Consequently, the

FIG. 5. Schematic phase of CNx films depos-
ited by reactive magnetron sputtering after
Hellgrenet al. (Ref. 4).

FIG. 6. Shift of theG peak center and variation of theID / IG

ratio with %N for the CNx films deposited at 350 °C. Measure-
ments were performed using a 514 nm laser. Broken lines are drawn
to guide the eyes. A transition region near 5% N is shown in shade.
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G peak center is shifted downward.12 This is also reflected in
the decrease of theID / IG ratio. TheG peak center of the film
deposited at 350 °C with no nitrogen is 1590 cm−1 (Fig. 6),
which is a characteristic of a graphitelike amorphous struc-
ture, and it shifts down to 1550 cm−1 as the nitrogen concen-
tration increases to 10%. However, Rodillet al.15 observed
opposite trends(Fig. 4 in Ref. 15) on the shift of theG peak
center and variation of theID / IG ratio with increasing %N. It
is exactly the opposite effect of nitrogen incorporation in
these two types of films. The films prepared by ECWR with-
out any nitrogen contain as high as 80%sp3 carbon, and,
when nitrogen is incorporated, it decreasessp3 content and
shifts the G peak position upward (e.g., from
1535 to 1570 cm−1 in Ref. 15). Therefore, the structure of
CNx films prepared by different techniques appears to vary
differently with nitrogen incorporation.

IV. CONCLUSIONS

In summary, we have discussed the characteristic features
of the visible Raman spectrum of CNx film that can display a
similar fullerenelike structure. The low/intermediate wave
number bands observed from CNx films were correlated with
those observed from carbon nano-onions. Considering the
microstructure of the films and characteristic Raman spec-
trum of carbon onions, it is suggested that the curvature of
the graphene planes observed in CNx films may induce these
new Raman bands. Scattering from the transverse optic pho-
non near theM point is a possible origin of the near
700 cm−1 band. However, there may also be some intensity
contribution from the maxima of the phonon density of
states. The effect of nitrogen incorporation and temperature
on the Raman spectra of CNx films is demonstrated. The
variation of theG peak position andID / IG ratio with %N is
explained in the context of a structural change.
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