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Abstract

The 13C NMR spectra of chemical vapor deposited amorphous hydrogenated carbon nitride thin films were measured and a
number of sharp lines superimposed on top of a broad peak were observed. These sharp lines have been interpreted as arising
from nanocrystals of nitrogen-containing aromatic rings terminated by amino groups. The concentration of these nanocrystals
increases with increasing nitrogen concentration and decreases with thermal annealing. These nanocrystals are responsible for
the increased structural order in these films. Similar nanocrystals are probably present in sputtered carbon nitride thin films.
There is no13C NMR evidence of any phase of crystalline carbon nitride in either the chemical vapor deposited or sputtered
films. q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There has been an increased interest in amorphous
hydrogenated carbon nitride (a-C : N : H) in recent
years because of a number of exciting developments.
First, theoretical calculations that suggested crystal-
line carbon nitride might be harder than diamond [1]
sparked interest in both carbon nitride and a-C : N : H.
Second, the experimental observation that the addi-
tion of nitrogen to amorphous hydrogenated carbon
(a-C : H) decreased its stress [2] motivated an inves-
tigation of a-C : N : H as an overlayer material for
hard disks [3]. Third, the measured low electron affi-
nities and high field emmissions in a-C:N:H made it a
possible candidate for thin film cold cathodes in field
emission displays [4].

These possible applications also motivated a great
deal of basic research on a-C : N : H [5–8]. One of
the most surprising fundamental observations on

a-C : N : H is that the addition of nitrogen increases
the structural order of the film. This was determined
from optical absorption, photoluminescence (PL),
Raman, electrical conductivity, and electron spin
resonance (ESR) measurements: the absorption tails
right below the band gap (Urbach tails) sharpened, the
PL lineshape narrowed, the Raman G line narrowed,
the conductivity exponential prefactor decreased, and
the ESR spin count decreased with increasing nitro-
gen concentrations [5,7,8]. We now report13C NMR
measurements that both provide further evidence of
this increasing order and also give a possible explana-
tion of this trend.

2. Experimental procedure and results

Our chemical vapor deposited a-C : N : H and a-
C : H thin films were grown from a feedstock to
methane (CH4) and nitrogen (N2) in a capacitively
coupled RF plasma reactor. The aluminum foil
substrates were mounted on the anode, the substrate
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temperature was 608C, and the RF power was 23 W.
Four samples will be discussed: Samples 1 and 2 were
grown with a N2 partial pressure of 270 mTorr and a
CH4 partial pressure of 27 mTorr; Sample 3, a N2

partial pressure of 200 mTorr and a CH4 partial pres-
sure of 100 mTorr; and Sample 4, a CH4 pressure of
300 mTorr. The films grown on the aluminum foil
were immersed in dilute HCl, dissolving the alumi-
num. Sample 2 was annealed in air at 3008C for 1 h.
The free standing films were inserted into a Varian
Unity Plus 300 MHz NMR spectrometer at a13C reso-
nance of 75.42 MHz. The high resolution spectra were
measured using Cross-Polarization Magic Angle
Spinning (CP-MAS) and total sideband suppression
(TOSS) for removal of spinning sidebands. Data
were obtained using a 7 mm Magic Angle NMR
probe at a spin rate of 5000 Hz at room temperature.
A pulse width of 4msec was used with a relaxation

time of 10 s. Cross-Polarization contact times of
2.5 ms were used. Chemical shifts are reported rela-
tive to external hexamethylbenzene (ppm). The13C
CP-MAS TOSS NMR spectra for Samples 1–4 are
shown in Fig. 1.

3. Discussion

In interpreting the NMR spectra in Fig. 1, let us
start with the spectrum of Sample 4 – the a-C : H
thin film. This spectrum is well understood; the two
broad peaks at 40 ppm and 140 ppm are from sp3 and
sp2 C, respectively [9–12]. Now compare the NMR
spectrum of Sample 1 to that of Sample 4. The most
striking difference is the sharp intense lines in the
Sample 1 spectrum at 121 and 164 ppm and weak
lines at 95 and 140 ppm, superimposed on top of the
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Fig. 1. The13C CP-MAS NMR spectra of Sample 1 (high nitrogen concentration a-C : N : H), Sample 2 (annealed high nitrogen concentration
a-C : N : H), Sample 3 (low nitrogen concentration a-C : N : H), and Sample 4 (a-C : H).



broad lines at 25 and 140 ppm. These sharp lines are
evidence of crystalline order – nanocrystals imbedded
in an amorphous matrix – that explain the increased
order that was previously reported.

What is the nature of these nanocrystals? The infra-
red absorption measurements on a-C : N : H provide
useful hints. As the nitrogen concentration is
increased, the C–H stretching mode absorption at
2930 cm21 decreases and the amino (NH2) stretching
mode absorption at 3300 cm21 increases [5]. This
suggests that amino groups are the predominant termi-
nating species in a-C : N : H [5]. As the nitrogen
concentration increased, the Raman active G line
becomes infrared active because the presence of nitro-
gen in the aromatic rings destroys the symmetry of the
structure [6]. The combination of these results
suggests the presence of nitrogen-containing aromatic
rings terminated by amino groups. This became our
starting point in interpreting these sharp lines in the
NMR spectrum of Sample 1.

We made use of CNMR software that generates13C
NMR solution spectra for various simple structures
[13]. We looked at a large number of one-, two- and
three-ring aromatic structures terminated by amino
groups and the ones that gave NMR spectra close to
our experimental results are shown in Figs. 2 and 3,
along with their NMR spectra. Notice that the
predicted NMR lines in Fig. 2 at 143, 167 and
170 ppm are in reasonable agreement with the experi-
mental lines at 140 and 164 ppm. All the other struc-
tures we looked at did not have any lines above
140 ppm. For example, look at a very similar structure
in Fig. 3, where the three aromatic rings are in a linear
arrangement;13C lines are at 90, 109 and 121 ppm, in
reasonable agreement with the experimental lines at
95 and 121 ppm.

From Fig. 1, if we compare the NMR spectrum of
Sample 2 – the annealed sample – to that of Sample 1
– the unannealed sample – there is clearly less sharp
structure in the annealed sample’s spectrum, and
consequently, less structural order in the annealed
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Fig. 2. The stick model of a nitrogen-containing three-ring aromatic
group with amino termination and its calculated NMR spectrum.

Fig. 3. The stick model of a different nitrogen-containing three-ring
aromatic group with amino termination and its calculated NMR
spectrum.



sample. This is consistent with previous infrared
absorption and ESR measurements. From infrared
absorption measurements on annealed and unan-
nealed a-C : N : H samples, the strong amino absorp-
tion line at 3300 cm21 decreases with annealing [14].
This is strong evidence for the deabsorption of amino
groups owing to annealing. If the nitrogen-containing
aromatic rings lose amino groups during annealing,
the intensity of the sharp lines in the NMR spectra
decreases. From ESR measurements on annealed
and unannealed a-C : N : H films, the spin counts of
the annealed a-C : N : H samples were higher than the
spin counts of the unannealed samples [8]. The deab-
sorption of amino groups would increase the number
of unterminated bonds, thus increasing the spin count.

Similarly, if we compare the NMR spectrum of
Sample 3 – the low nitrogen concentration sample –
to that of Sample 1 – the high nitrogen concentration
sample – the NMR spectrum of Sample 3 has much
less sharp structure and consequently Sample 3 has
less structural order. This is also in agreement with
previous work, where increased nitrogen concentra-
tions led to increased structural order [5,7,8].

It is useful to compare our a-C : N : H NMR results
to those on sputtered carbon nitride. The13C NMR
spectrum of sputtered carbon nitride consists of five
sharp peaks at 118, 125, 135, 155, and 164 ppm super-
imposed on top of a broad peak centered at 40 ppm
[15]. Two of these sharp lines, 118 and 164 ppm, are
very close to the two sharp, intense lines observed in
Sample 1 at 121 and 164 ppm. It is very likely that
both materials contain very similar nanocrystals-
nitrogen-containing aromatic rings as seen in Figs. 2
and 3. As a matter of fact, the authors of Ref. [15]
come to the exact same conclusion based on their15N
NMR measurements.

Finally, it is interesting to compare our a-C : N : H
NMR results to theoretical calculations of the various
phases of crystalline carbon nitride [16]. The calcu-
lated 13C spectra for all phases consist of lines
between 80 and 90 ppm, clearly very different from
that observed in both a-C : N : H and sputtered carbon
nitride. One can conclude that none of these phases of
crystalline carbon nitride are detectable by NMR in
either a-C : N : H or sputtered carbon nitride.

4. Conclusions

In conclusion, we have measured the13C NMR
spectra of a-C : N : H and have observed a number
of sharp lines superimposed on top of a broad peak.
We have interpreted these sharp lines as arising from
nanocrystals of nitrogen containing aromatic rings
terminated by amino groups. The concentration of
these nanocrystals increases with increasing nitrogen
concentration and decreases with annealing. These
nanocrystals are responsible for the increase in struc-
tural order in these films. Similar nanocrystals are
probably found in sputtered carbon nitride. The
various phases of crystalline carbon nitride were
undetected by13C NMR in a-C : N : H or sputtered
carbon nitride thin films.
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