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Structural studies of reactive pulsed laser-
deposited CN, films by X-ray photoelectron
spectroscopy and infrared absorption
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The changes in the structure of reactive pulsed laser-deposited (RPLD) CN, films with
nitrogen content from 3.6-22 at% have been investigated by X-ray diffraction, X-ray
photoelectron spectroscopy (XPS) and Fourier transform—infrared (FT—IR) absorption. The
films were found to be amorphous, and to consist of a network of rings. The rings that were
composed solely of carbon atoms gave rise to an XPS peak located between 284.3 and
284.8eV (C' component). The rings containing nitrogen led to another peak located between
285.5 and 286.4eV (C? component). When the nitrogen content increased, the relative
intensity of the C' component fell, while that of the C2 component rose, indicating that some
carbon atoms in the rings were replaced by nitrogen atoms. C=N bonds also contributed to
the C? component. The FT-IR data were consistent with this interpretation. No evidence for

the existence of a B-CsN4 phase was found in RPLD CNy films.

1. Introduction

There has been considerable interest in the synthesis
of carbon nitride (CN,), since it was predicted that
a B-C3;N, phase with a hardness comparable with that
of diamond, may exist [1,2]. However, no one has
successfully prepared CN, with a high nitrogen con-
tent (57 at%) as predicted for the B-C;N, phase
[3-21]. In the preparation techniques employed so
far, such as particle-beam-assisted laser processing
[3-6], dual-ion-beam deposition [7-10], electron
cyclotron resonance [ 11], reactive sputtering [ 12—18],
ion-assisted evaporation [19] and nitrogen implanta-
tion [20], energetic particle bombardments were gen-
erally involved, so the lack of nitrogen was attributed
to the preferential sputtering of nitrogen [8, 10, 18],
thereby preventing the formation of a B-C3;N, phase.
However, in a recent study on reactive pulsed laser-
deposited (RPLD) CN, films, it was found that even
when energetic particle bombardments are absent,
and selective sputtering of nitrogen is negligible, the
nitrogen content in the films is still low [21]. This
result suggests that there are other factors limiting the
nitrogen incorporation into the films. Therefore, it is
of great interest to investigate how the structure of
CN, films changes when the nitrogen content in-
creases. In this article, we present the results of a study
of the structure of RPLD CN, films as a function of
nitrogen content using X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS) and Fourier trans-
form—infrared absorption (FT-IR). In particular, to

interpret the results of the XPS measurements, we
fitted the C 1s peaks by referring to the published data
of some related materials as a guideline. Furthermore,
the XPS data of CN, films reported by some other
groups were also collected and discussed.

2. Experimental procedure

In this study, the CN, samples were prepared by
reactive pulsed laser deposition. The preparation sys-
tem was described in detail elsewhere [21,22]. The
deposition processes were performed in a stainless
steel chamber evacuated by a diffusion pump to
a background pressure < 5x 10" torr (1 torr =
133.322 Pa). The second harmonic from a Q-switched
Nd-YAG laser with a wavelength of 532 nm was fo-
cused by a quartz lens on to a graphite rod. The
graphite rod was rotated and moved back and forth
during deposition to prevent the formation of craters.
The laser power density was fixed at 9.2x
10® Wem ™2, Nitrogen gas (purity > 99.995%) was
admitted into the chamber by a mass flow controller
(MKS Model 1259C). The flow rate was fixed at 20
standard cm®min~!, and the nitrogen partial pres-
sure, Py,, was varied from 5-300m torr by adjusting
a butterfly vacuum valve. A (100) silicon substrate
was mounted at a distance of about 4cm from the
target. Within the experimental range of Py, the mean
free path of the particles in the gas was shorter than
the substrate/target distance, such that any energetic
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particles, including the laser-ablated carbon species
ejected from the target, would be thermalized and
slowed down before reaching the substrate surface. As
a result, preferential sputtering of nitrogen from the
growing film was negligible.

The film thickness, measured by an a-step depth
profiler (Tencor 100), varied between 570 and
1450nm. The XRD experiment was performed by
using a Philips X’PERT System. The results show that
all the samples were amorphous. For XPS analyses,
a Kratos Analytical System equipped with a Mgk,
1253.6eV X-ray source was used. Before performing
the XPS experiment, the sample was first cleaned by
a 4keV argon ion beam for 10 min. The Shirley
method was used to subtract the background from the
XPS spectra [23]. After subtracting the background,
the peak energy was determined by referring to the
Au 1s peak at 83.98¢V. The atomic fraction of nitro-
gen in the films, defined as F = [N]/([N] + [C]), was
evaluated by using the expression

Ax Ac Ax
= <m>/ (@ ¥ m) M

where Ay and A¢ are the areas under the N 1s and
C 1s peaks, and the constants 0.42 and 0.25 are the
sensitivity factors of nitrogen and carbon, respectively.
The values of F were found to vary from 0.036-0.22 as
Py, increased from 5-300m torr. The infrared ab-
sorption spectra of the films were obtained from
500-4000cm ! using a Nicolet's Magna-TR™
System 750.

3. Results

Fig. 1a and b show the carbon XPS spectra of the
samples deposited at Py, = 5 and 300m torr, respec-
tively, and Fig. 2a and b show the corresponding C 1s
peaks after the backgrounds have been subtracted. We
see from Fig. 2 that, as F increases, the C 1s peak
becomes broader and more asymmetrical, and the
peak position moves towards higher binding energy.

We first note that the C 1s peak of graphite is also
asymmetrical. The peak has a tail located on the
higher energy side, which was suggested to be induced
by the delocalized © bonds [24, 257]. Warner et al. [24]
first characterized the asymmetry of highly oriented
pyrolytic graphite (HOPG) and hydrogenated amor-
phous carbon (a-C: H) by a parameter, o.. A Gaussian
curve was used to fit the lower energy side of the C 1s
spectrum, and then o was taken to be (4., — A)/Ag,
where A.,, and Ag are the areas under the observed
curve and the Guassian curve, respectively. For
HOPG, o was found to be about 0.25, whereas a-C: H
had lower o values (0.0075-0.15).

To check whether the broadening of the C 1s peak
of our samples arises from the same cause, we followed
the procedure of Warner et al. [24], and found that the
o values (0.45-0.82) of our samples were much higher
than those of HOPG and a-C:H. Therefore, we be-
lieve that the broadening of the C 1s peak of our
samples was not due to the « electrons. After exclud-
ing this possibility, we analysed the C Is peak by
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Figure 1 The carbon XPS spectra of the samples deposited at Py, of
(a) 5Sm torr (F = 0.036), and (b) 300 m torr (F = 0.22) .
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Figure 2 The XPS spectra of C 1s peak after subtracting the back-
ground. (a) Py, = 5m torr (F = 0.036), and (b) Py, =300 m torr
(F=0.22). ( ) C! + C2

referring to the XPS data of two groups of related
materials. The first group, which includes graphite and
benzene, is composed of rings of carbon atoms, and
have C 1s peaks with energy < 284.8eV. The other
group includes the materials containing carbon and
nitrogen atoms. The C 1s peaks of these materials
have higher energies owing to the charge transfer
resulting from the incorporation of nitrogen, which is
more electronegative than carbon. As a simple model,
the C 1s peak of our samples is assumed to consist of
two components, C' and C?, which are attributed to
the pure carbon rings and the chemical bonds asso-
ciated with nitrogen, respectively. A Gaussian curve is
used to describe each component. Then the peak posi-
tions and peak widths of the two Gaussian curves are
adjusted to give a least-squares fit to the data. As



examples of the results of fitting, the components for
two samples are shown in Fig. 2a and b. We note that
Mansour and Ugolini [26] have previously used
a similar model to fit the C 1s peak of a-CN,: H films,
and have assigned the Gaussian curve at low binding
energy to the carbon atoms surrounded by carbon
and hydrogen atoms, and the Gaussian curve at high
binding energy to the carbon atoms surrounded by
nitrogen, carbon and hydrogen atoms.

Fig. 3 shows that, as F increases from 0.036 to 0.22,
there is a slight shift in the peak position of the
C' component, but the peak lies within the range
284.3-284.8 ¢V. This covers the range of C 1s peak
positions of graphite and benzene reported by various
groups [7, 11,12, 26-31], so the result is consistent
with our assumption that the C' component is asso-
ciated with pure carbon rings.

On the other hand, the peak position of the
C? component falls within 285.5-286.4 ¢V. Compar-
ing with the energies of the C 1s peaks of the related
well-known compounds, we first found that pyridine
(CsHsN), a molecule consisting of an aromatic ring
with one nitrogen atom at the sp? site, has a peak at
285.5¢eV [9,26,32]. This indicates that the C*> com-
ponent partly arises from rings containing nitrogen
atoms. Secondly, the energy of the C* component is
also close to that of the C=N triple bonds of benzo-
nitrile (Ph—C*=N) at 285.4 ¢V [33], suggesting that
C=N groups may also exist in the films. Furthermore,
the C? component may also include the contribution
from C-C groups similar to those in acetonitrile
(H3C*-C=N), which lead to a peak at 286.3 eV [32].

The fractions of the C' and C* components were
obtained by calculating the areas under the curves. As
shown in Fig. 4, when the nitrogen content increases,
the relative fraction of the C! component drops, while
that of the C? component rises. This is because the
number of the rings consisting of pure carbon de-
creases, while the number of chemical bonds contain-
ing nitrogen increases.
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Figure 3 The peak positions of the (O) C! and (@) C? components
versus atomic fraction of nitrogen.

Fig. 5 shows the dependence of the peak width of
the two components on the nitrogen content. The
full-width at half-maximum (FWHM) of the C! com-
ponent shows a slight increase (from 1.6 eV to 1.9¢eV)
as F increases from 0.036 to 0.22. Because the
C! component is believed to be associated with the
carbon rings in the films, it is natural to attribute
the broadening of this component to the increase of
disorder of the bond length and bond angle within
a carbon ring. In order to estimate the magnitude of
the broadening due to a similar kind of disorder, the
FWHM of the C 1s peak of graphite and a-C: H were
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Figure 4 The relative fractions of the (O) C! and (@) C? components
versus atomic fraction of nitrogen. (——) The prediction obtained
from a simple model (see text).
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Figure 5 The full-width at half-maximum of the (@) C! and (A)
C? components versus atomic fraction of nitrogen: ((J) graphite
[25], (V) a-C: H prepared by ionized deposition of methane [27],
(O)a-C:H and a-CN: H prepared by ion-beam deposition [26], (<)
CN, films deposited by dual-ion-beam technique [7], (A, @) present
data.
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calculated from published XPS spectra, and found to
be about 1.3 and 1.8eV, respectively [25-27]. The
fact that the data for our samples fall within the above
range (see Fig. 5) provides further confirmation that
the broadening of the C' component is due to the
higher disorder within the carbon rings.

It is also seen from Fig. 5 that the FWHM of the
C? component exhibits a pronounced increase with
increasing nitrogen content. Because this component
is believed to be associated with the groups containing
nitrogen atoms, we suggest that the broadening is due
to the disorder of bond length and bond angle of the
chemical bonds associated with the incorporated ni-
trogen atoms. To check the influence of the nitrogen
atoms on the peak width, we calculated the FWHM of
the overall C 1s peak from the published XPS spectra
of CN, films prepared by other techniques [7, 26]. The
results obtained are plotted in Fig.5, which show
a trend similar to that of the FWHM of the C* com-
ponent of our samples, indicating that the broadening
of this component is probably caused by the disorder
of nitrogen-related chemical bonds. We also note that
the broadening effect of this component is rather in-
sensitive to the preparation processes employed, but
depends mainly on the nitrogen content in the films.

The results of FT-IR experiments are shown in
Fig.6. For the pure carbon sample (F =0), three
absorption bands (bands I, II and III) are barely
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Figure 6 The Fourier transform-infrared absorption spectra of

RPLD CN;, films.

TABLE I Infrared absorption bands of CN, films

observed. When the nitrogen content increases, the
intensities of all three bands increase. In particular,
bands II and 11T grow remarkably even when a small
amount of nitrogen, e.g. F = 0.036, is incorporated.
Similar absorption bands of CN, films were reported
by other workers, who associated the bands with the
vibrational modes of the graphite structure (see Table
I). Bands I and III were assigned to the out-of-plane
bending modes [15,21] and in-plane vibrational
modes (E,, symmetry) [15, 16, 20, 21] of the graphite-
like sp*> domains, respectively, and band II to the
in-plane vibrational modes at the surface of the sp?
domains [15,16,21]. To explain the rapid growth of
bands II and III, we first note that the vibrational
modes of pure carbon rings are IR forbidden (but
Raman active) [16]. When nitrogen atoms are incorp-
orated into the films, they replace some of the carbon
atoms and disrupt the symmetry of the hexagonal
atomic rings, thereby giving rise to IR active vibra-
tional modes. Moreover, band IV appears at
2200 cm ~ L. This band is associated with the stretching
mode of C=N [11, 12, 15, 21, 34].

The FT-IR data are consistent with the inter-
pretations derived from the XPS experiment, which
indicate the existence of pure carbon rings, the re-
placement of carbon atoms in the rings by incorpor-
ated nitrogen, and the formation of C=N triple bonds
in RPLD CN, films.

Finally, we observed a band at 3300cm ™!, which
may be attributed to the stretching mode of NH,
bonds [21, 34]. However, the origin of hydrogen in the
present experiment is still not known.

4. Discussion
To date, there is no consensus on the structure of CN,,
films. This may be due to the difference in deposition
methods, or the limitations of diagnostic techniques.
The results of the present study suggest that RPLD
CN;, films are graphitic and contain C=N bonds,
consistent with the model proposed by Wood et al.
[34] for CN, films prepared by r.f. plasma decomposi-
tion of a mixture of hydrocarbon vapor and nitrogen
gas. CN, films prepared by other techniques, such as
ion-assisted pulsed laser deposition, ion-beam depos-
ition, d.c. magnetron sputtering, electron cyclotron
resonance and ion-assisted eclectron-beam evapor-
ation [4,9, 11], were found to contain a certain frac-
tion of graphitic structure. The related XPS data are
collected and discussed below.

It has been claimed that there is evidence for the
existence of sp®> bonds in CN, films, which is the
necessary condition for the formation of a B-C;Ny,

Observed IR bands Assignments Reference
1 Below 840 cm ™!, minimum ~670 cm ~* Graphite-like sp? domains [15,21]
11 1200—1450 cm ™!, minimum ~1300 cm ~*! Disordered sp? domains [15,16,21]
111 1500-1750 cm !, minimum ~1600 cm ~* Graphite-like sp? domains [15,16,21]
v 2200 cm ! C=N [11,12, 15,21, 34]
\% 2900-3600 cm ~ !, minimum ~3300 cm ! NH, [21,34]
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phase. Niu et al. and Song et al. associated their C 1s
peaks at 284.6 [5] and 285.8 eV [7] with the diamond
peak, which led them to suggest that sp® bonds were
present in their CN, films. However, because the re-
ported positions of the C 1s peak of diamond are
widely scattered between 284.3 and 287.28eV
[5,7,11,27, 28, 35], it is uncertain which peak posi-
tion should be chosen as an indication of sp*® bonds.
Similarly, Ren et al. and Marton et al. correlated their
C 1s peaks at 286.9 [4] and 287.7¢eV [9], respectively,
with the carbon atoms located at sp* sites. In particu-
lar, Marton et al. [9] referred their peak to that of
urotropine ((CH,)¢N,) at 286.9¢V, a molecule in
which the carbon atoms have sp® bonds. However,
one notices that the C 1s peak of the C=N bond in
acetonitrile (H;C-C*=N) is located at 287.2¢eV [32],
which is very close to the peaks reported by Ren et al.
[4] and Marton et al. [9]. Finally, it should be pointed
out that all of the above C 1s peaks which have been
assigned to sp? bonds lie in a range as broad as 3.1¢eV.
Therefore, we suggest that more experiments other
than XPS need to be carried out in order to identify
the B-C;N, phase.

The N 1s peak, located around 399 ¢V (Table II), is
broad (FWHM = 3.3eV). Because the shape of the
peak is almost independent of F, it is difficult to
suggest a curve-fitting procedure based on visual in-
spection. It is also difficult to obtain structural in-
formation by referring to the N 1s peaks of related
materials. As summarized in the third column of
Table I, the nitrogen atoms in the following chemical
groups give N 1s peaks in the energy range between
398.8 and 404¢V:

(i) N=N in nitrogen gas molecule (399-404 eV)
[7,11, 12,19, 20, 28, 36];

(i) pyridine molecule (398.8-400.5¢V) [9, 26, 32,
37, 387;

(i) C=N in N-benzylideneaniline [39], C=N in
benzonitrile [37], C-N in aniline [37], sp® bonds in

urotropine [9,37], and N=N in trans-azobenzene
[37,40] (399.1-400.1¢V).

The N 1s peaks for CN, films reported by various
authors are listed in the second column of Table 11 for
reference. Possibly because of the difficulty in fitting
the N 1s peak, or finding correlation between the peak
energies and chemical bonds, most of these data have
been reported without detailed interpretation.

With the aid of a simple model, it is possible to find
the fraction of the C' component from the atom frac-
tion of nitrogen, F. Consider an infinite graphitic
network composed of carbon and nitrogen atoms.
A particular carbon atom in this network may be
surrounded by three carbon atoms, or two carbon
atoms and one nitrogen atom, or one carbon atom
and two nitrogen atoms, or three nitrogen atoms. The
probability for the first case, (1 — F)3, should be equal
to the fraction of the C' component. Although the
curve y = (1 — F)* does not agree exactly with the
experimental data, it reproduces the F dependence of
the fraction of the C' component reasonably well (see
Fig. 4). The discrepancy between the theoretical pre-
diction and the experimental data can be attributed to
the existence of disorder, defects and clusters in the
graphitic network.

5. Conclusion

In conclusion, both the results of XPS and FT-IR
analyses of RPLD CNj films indicate that the struc-
ture of the samples is graphitic. By fitting the C 1s
peak, we can estimate the relative fraction of rings of
carbon atoms and the chemical bonds containing
nitrogen, such as the bonds in nitrogenated rings and
C=N bonds. With increasing nitrogen content, the
relative fraction of pure carbon rings drops, while the
chemical groups containing nitrogen increases.
The incorporation of nitrogen leads to a weakening of
the mechanical strength [21]. There is no evidence for

TABLE II Energies of N 1s peaks for CN, films and some related materials containing carbon and nitrogen

Energy (eV)

Present work Other work (eV)

N 1s peaks of related materials

397.4 covalent carbon nitride structure [4]
398.0 [20]

398.3 associated with B-C3N, [9]

398.5 [19]

398.6 [11]

398.9 [7, 20]

399 399.0 [3]

Width 3.3 eV 399.1 [4, 5]
399.2 [12]

399.5 [26]

400.0 associated with pyridine [9]
400.1 [20]

398.8 CsH;sN (pyridine) [37]

399 nitrogen [7, 12, 28]

399.1 PhCH=NPh (N-benzylideneaniline) [39]

399.2 PhC=N (benzonitrile) [37]

399.3 nitrogen [11] CsHsN (pyridine) [32]

399.4 PhNH, (aniline) [37] (CH,)sN, (urotropine) [9, 37]
399.5 nitrogen [19]

399.6 PhAN=NPh (trans-azobenzene) [40]

399.8 CsHsN (pyridine) [9, 38]

400.1 PhN=NPh (trans-azobenzene) [37]
400.5 CsHsN (pyridine) [26]
404 physisorbed N, on graphite [20, 36]
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the formation of a B-C;N, phase in RPLD CN,
films.
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