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SUMMARY

Carbon nitride materials have been the focus of research efforts worldwide. Most materials studied have been
amorphous, with only a few groups claiming to have found a crystalline material. In this paper, carbon nitride materials
prepared by two different techniques are analysed, and found to be remarkably similar in bonding and structure. The
materials appear to have a primarily sp2 bonded carbon structure with a lower bond length than found in an amorphous
carbon. This is explained by nitrogen substituting into 'rings' to a saturation level of about one nitrogen per three
carbon atoms. We found no evidence for a crystalline structure of formula C3N4, or any amorphous derivative of it.

I. INTRODUCTION

Carbon nitride materials containing varying nitrogen
concentrations have been reported using various
deposition techniques [1-4]. Ab initio theoretical
calculations by Liu et al. [5] proposed a crystalline
material P-C3N4 with a structure similar to pt-Si)N4but
having a bulk modulus predicted to be greater than that
of diamond. Subsequent refinements of this structure
have predicted other possible crystalline forms [6,7]. To
To our knowledge only two reports have been made
claiming to observe small crystallites of p*-CjN4 [8,9].

In this paper we present analysis of carbon nitride
materials produced by two separate techniques:
unfiltered cathodic arc deposition and implantation of
glassy carbon with 50keV nitrogen ions. Ion
implantation provides a means of studying the solubility
limit of nitrogen in carbon under non-equlibrium
conditions. Transmission Electron Microscopy (TEM),
Electron Energy Loss Spectroscopy (EELS), energy
filtered electron diffraction and Infra-Red (IR)
Spectroscopy are all used to derive structural
information. The results from these experiments and the
validity of various structural models is discussed. A new
structural model for carbon nitride alloys is proposed.

II. EXPERIMENTAL

Carbon Nitride Deposition
Carbon nitride films were deposited using an unfiltered
cathodic arc onto clean glass substrates using carbon
targets in a nitrogen ambient atmosphere. Chamber
pressures of 20mTorr and 50mTorr were used to deposit
two different CN films named CN-20mTorr and CN-
50mTorr respectively. At these pressures, the arc
behaves as a low energy ion assisted deposition system.
In all cases graphite targets of 99.9% (or better) purity
were used. For comparitive purposes a carbon film
(henceforth referred to as a-C) was also deposited using
argon as the ambient inert gas. Specimens for TEM
were prepared by floating glass substrates in de-ionised
water.

Nitrogen implantation into carbon
Glassy carbon substrates in the form of plates were
obtained from Atomergic Chemetals Corp. (New York).
According to the manufacturers specifications, these
have been heat treated to a temperature of 2500°C. The
subsequent material has a density of 1.5 g/cm\ Prior to
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implantation, these glassy carbon substrates were
polished to a mirror finish. The polished substrates were
then implanted with 50keV N+ ions to doses up to
lxlO11 N/cm2. The implanted glassy carbon samples
were prepared is cross section for TEM using
ultramicrotomy.

m . ANALYSIS TECHNIQUES.

Electron Energy Loss Spectroscopy
EELS spectra were acquired using a Phillips EM430
transmission electron microscope fitted with a GATAN
666 parallel electron energy-loss spectrometer. Using an
operating voltage of 200keV, an energy resolution in the
energy loss spectra of 1.6eV was acheived. The plasmon
energy which is related to the electron density [10], was
determined by analysing the low-loss region (0-100eV).
Measurements of the [N]/[C] ratios were made using the
k-edge features at 285eV and 400eV for carbon and
nitrogen respectively.

Spectroscopy
The cathodic arc deposited samples were prepared for
IR spectroscopy by mixing the material into KC1 and
compressing. The IR spectrum was collected used a
Shimadzu IR-470 Spectrometer.

Energy Filtered Electron Diffraction
A useful technique for determining the structure of
amorphous or polycrystalline materials is the calculation
of the reduced density function (RDF) from energy
filtered diffraction patterns [11]. The RDF, denoted
G(r), gives information on nearest neighbour (NN)
distances and average bond angles.

IV. RESULTS & DISCUSSION.

Cathodic Arc Deposited Films
Except for the presence of graphite macroparticles, the
CN films deposited in the cathodic arc were featureless
in the TEM. The diffraction patterns were typical of
amorphous materials and no crystallinity was found.

Figures I and 2 show the carbon and nitrogen EELS K-
edges for CN-20mTorr, CN-50mTorr and a-C after
background subtraction. The interesting features of the
nitrogen and carbon EELS K-edges shown in Fig. 1 and
2 arc: (I) the strong Jt* feature on both, indicative of sp2

type bonding and (2) the similarity between N and C K-
edges.
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Figure 1. The carbon EELS K-edges for (i) glassy
carbon, (ii) cathodic arc system deposited a-C with
argon ambient, (Hi) nitrogen implanted glassy
carbon to dose of 1x10" N*/cm2,(iv) cathodic arc
deposited carbon nitride materials at 20mTorr (CN-
20mx) and SOmTorr (CNSOmx).
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Figure 2. The nitrogen EELS K-edges (i) nitrogen
implanted glassy carbon to dose of lxl&' N*/cm2

and (ii) cathodic arc deposited carbon nitride
materials at 20mTorr(CN-20rm) and 50mTorr (CN-
50mz).

These two facts indicate that the CN material is
predominantly sp2 bonded, and that nitrogen and carbon
are in a similar bonding state. Quantitation of the EELS
K-edges (listed in Table 1) shows that the nitrogen
content increases with nitrogen gas pressure: CN-
50mTorr had a [N]/[C] atomic ratio of 0-35 ± 0-05
wheras the CN-20mTorr was (0-25 ± 005).

The IR spectra for the a-C sample (see Figure 2) shows
a featureless spectrum except for an absorption peak at
2325 cm"1 assigned to C ^ C stretching. The CN-
50mTorr sample shows significant absorption in the
1200-1600 cm'1 region and an additional peak at 2200
cm"1. It has been pointed out [13] that substituting a N
atom in place of a C atom in an sp2 bonded carbon
network will induce strong IR activity in the 1200-1600

Exp Data
GC
CN-50mT
CN-20mx
Imp. GC*
a-C

[N]/[C]
atm. rat.

0
0.35
0.25
0.25

0

Plasmon
(eV)
24
23
24
24
24

1"NN
(A)
1.42
1.40
1.42

-
1.48

Bond
Angle
118.4°
119.6°
118.4°

-
116.7°

Table 1. Lists the experimentally measured plasmon
energy, [N]/[C] ratio and nearest neighbour for a-C, a
50keV nitrogen ion implanted glassy carbon of dose
lxl&'lT/cm2, CN-20mTorr, CN-SOmTorr and glassy
carbon.
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Figure 3. Infrared Absorption Spectra of (i) CN-
SOmTorr nad (ii) a-C materials. G*C and CsN
absorption peaks identified from Han and Feldman
113].

The G(r) from the a-C sample (Figure 3) shows an
increase in the first NN distance (1.48A) relative to
glassy carbon (1-42A), due to a small proportion of
diamond like bonds (bond length 1-5 5A) and bond angle
disorder caused by five and seven membered rings [15].
Compared to a-C, the nitrogen containing materials
have a shorter bond length. The bond angle of
approximately 120° is very close to the angle expected
for sp2 bonded hexagonal layers.

Nitrogen Implanted glassy carbon
Figures 1 and 2 show the carbon and nitrogen EELS K-
edges from the glassy carbon sample implanted to a
dose of lxlO'T^/cm2. The shapes of both C and N edges
in the implanted glassy carbon sample and arc deposited
materials are almost identical, strongly suggesting a
similar bonding configuration. The [N]/[C] ratio for the
implanted glassy carbon sample was calculated from the
EELS spectra to be 0-25 ±005.

Structural Model:
We have found that the material from the two different
deposition methods is remarkably similar: both in
bonding and nitrogen content. We propose that the two
materials share a common structure in which the
nitrogen primarily enters as an in-plane substitution into
aromatic rings. Occasional C-N (nitrile) groups are
attached as side groups. Evidence from the carbon and
nitrogen energy loss shows that the local bonding in
both materials is mostly sp2.

Additional evidence for sp2 bonding is provided by the
nearest neighbour distances and bond angles determined
from G(r). The NN distance and IR spectra also indicate
that nitrogen substitutes into the sp2 rings.
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Figure 4. Experimentally measured reduced density
functions for three cathodic arc deposited materials and
glassy carbon. *

Figure 5 shows the energy filtered electron diffraction
pattern for the a-C and CN-50mx materials. It can be
seen that there is an enhancement of the {002} carbon
peak in the carbon nitride material. This is caused by an
increased planarity of the carbon nitride material. The
presence of nitrogen therefore improves the in-plane
ordering as well as reducing the the number of sp1

bonded carbons.
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Figure 5. Electron scattering intensity of a cathodic arc
deposited carbon nitride and amorphous carbon.

These results parallel the findings for CN« films
deposited by d.c. magnetron sputtering where the CNX
structure was also found to be mainly sp2 bonded, with
the nitrogen is substituting into carbon lattice sites [16].

The observed atomic ratio of nitrogen of about 0.3 is
expected for the above structural model of nitrogen
substituting into rings, as sp2 bonded carbon rings with
greater than two nitrogen atoms per ring will then be
rare. In any case, each nitrogen atom substituting into an
spJ ring removes one bond between that ring and the
local environment by the formation of a lone pair. Rings
containing excess nitrogen atoms are likely to be
volatile and therefore readily lost from the network.

V. CONCLUSIONS:
The above structural model views the carbon nitride
network as being closer in structure to glassy carbon
than a-C because it has a lower density and a greater
amount of planarity.

The CN material is predominantly an sp2 network, but
with variable ring size and a smaller sp3 residual than a-
C. We have found no evidence for a crystalline structure
of C3N4, nor an amorphous derivative of it.
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